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Preface

Studies and research activities conducted in the field of high-technology materials
show that advanced composite materials are successfully used in key components for
many fields of applications, from aerospace & automobile industries, marine construc-
tion, renewable energy, modern medicine to micro-/nano-material technologies, in-
cluding other more complex civil and mechanical engineering assemblies. In addition
to this variety of applications, the considerable increase in demand of these smart ma-
terials will open up many opportunities to design and manufacture new products for
the future. However, these products have to satisfy sustainable development require-
ments, which can be achieved by a balanced equation that simultaneously guarantees
economic growth and environmental protection.

According to these ecological considerations, researchers and industrials involved
with high-technology composite materials are strongly encouraged to integrate ecode-
sign aspects into the composite product lifecycle, providing then a better assessment
of environmental and health performances. Furthermore, “going green” can also con-
tribute to the world’s socio-economic well-being and living conditions for present and
future generations.

By adopting these principles of sustainable design, I am pleased to have this oppor-
tunity to edit this new book, which opens a new challenge in the world of composite
materials and explores the achieved advancements of specialists in their respective
areas of research and innovation.

The scientific and technological research contributions coming from both spaces of
academia and industry were so diversified that the 28 chapters composing the book
have been grouped into the following main parts:

. Sustainable materials and ecodesign aspects: research was focused on the integra-
tion of environmental aspects in the different stages of the design process, develop-
ment of eco-friendly, non-asbestos and fully biodegradable macro-/micro-/nano-com-
posite materials exhibiting less pollution and waste.

. Composite materials and curing processes: investigations were undertaken on
some technologies of fabrication and on the simulation of the curing process with a
reduction of VOC emissions and energy consumption.

. Modelling and testing of composites: studies were conducted on mechanical char-
acterization, tolerance analysis, fluid-structure interaction, buckling phenomenon,
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delamination growth and stress analysis using in one hand numerical approaches,
such as finite element method and on the other hand experimental investigations.

. Stress-strength analysis of adhesive joints: experimental testing, design formulas
and FE codes were used to predict the failure strength of the joint and evaluate the
structural behaviour of the damaged elements that were repaired and reinforced with
adhesive layers.

i Characterization and thermal behaviour: properties of composite material devices
for high demanding applications were investigated experimentally and numerically.

The results achieved from theoretical, numerical and experimental investigations can
help designers, manufacturers and suppliers involved with high-tech composite ma-
terials to boost competitiveness and innovation productivity. Specific recommenda-
tions are to give much more focus and attention to (i) the chemical substances used in
the manufacturing process, (ii) the amount of VOC emissions, (iii) the enhancement of
quality-health-environment performance, (iv) the amount of waste produced, expired
materials and ways of recycling, (v) the classification of companies and firms with re-
gard to the new regulations and eco-standards, and more...

The editor would like to thank all Chapter Authors for their remarkable contributions
coming from all around the world and appreciate the resulting synergy between aca-
demia and industry. Without this rich variety of contributions, the existence of the
Book “Advances in Composite Materials- Ecodesign and Analysis” would not have been
possible.

I also wish to acknowledge the help given by InTech Open Access Publisher staff, in
particular Ivana Lorkovi¢ for her assistance and support.

January 2011

Dr. Brahim Attaf
Marseille
France
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Generation of New Eco-friendly
Composite Materials via the Integration of
Ecodesign Coefficients

Brahim Attaf
Expert in Composite Materials & Structures
France

1. Introduction

Thanks to their excellent formability, their mass-saving advantage, their high stiffness-to-
density and strength-to-density ratios, i.e, E/p and o/p and the greater freedom to tailor
these high properties in the desired orientation and position, fibre-reinforced polymer (FRP)
composites are used in many fields of engineering, from architectural structures, ship
superstructures, automobiles, bridge decks, machine parts, dams and reservoirs, to the high
technology of the modern aerospace industries (Attaf & Hollaway, 1990a,b). Furthermore,
these lightweight materials have some precise objectives, which cannot be reached with
some other conventional materials. These attractive advantages coupled with economic
design have lead to open up many opportunities to design and manufacture new composite
materials and structures for future applications. However, these materials have to satisfy
ecodesign requirements, which are based on new standards for designing environmentally-
friendly composite products. Within this context, the industrial designers, manufacturers
and suppliers who work in the field of composites are having to factor in the impacts of
their products on the environment and find new feasible alternatives. Typically, these
alternatives are based on a set of equations, called “ecodesign function” (Attaf, 2007). This
function must guarantee quality assurance, health protection and environmental
preservation all at the same time, making it necessary to come up with ecodesign strategies
that include cleaner production, so as to be in compliance with new regulations and still
make the product more competitive in the worldwide market.

With this approach as an objective, codes and standards for future composite materials and
structures should integrate, at each stage of the designing process, three balanced key
criteria characterised mainly by quality assurance (Q for short), health protection (H for
short) and environmental preservation (E for short). To achieve these requirements, we have
defined and developed new criteria in the form of coefficients. Taking into account the
previously specified ecological considerations, these coefficients are now called “eco-
coefficients”. To assess these eco-coefficients, probability approach (Attaf, 2009) and
optimisation procedures based on additive colours technique are undertaken in this
analysis. And once these eco-coefficients are determined and approved by ecodesign
standards, they can then be integrated into the formulations of design and analysis, in
characterisation tests; they can also be implemented into future finite-element computer
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programs, etc. In addition, by simply undertaking a comparison of eco-results with classical
ones, which do not take into account eco-coefficients, designers and analysts can make
better use of ecodesign aspects to assess environmental and health performances.

The aim of this investigation is regarded as: (i) a stimulation for innovation, sustainability
and research activities within the field of ecodesign of composite materials and structures;
and (ii) an encouragement for designers and engineers involved with high-technology
composite materials to have more motivation towards the integration of Q-H-E aspects into
the development process of FRP products.

2. Ecodesign of composite materials and structures

2.1 Position of ecodesign approach within sustainable development concept
According to most scientific results related to the protection of biodiversity, global warming
and climate change may have severe effects on human health and the environment. To
improve the well-being and living conditions of present and future generations, it is
important that the negative impacts generated from human and industrial activities should
be seriously considered in all design phases of a new development. To this end, the
sustainable development concept is a strong key issue aiming to achieve the previously
discussed objective, which is obviously based on three main criteria or “pillars”; these are:
(i) environmental sustainability, (ii) economic sustainability and (iii) social sustainability. As
the concept of sustainable design or simply ecodesign is inseparable from the sustainable
development concept, it is therefore an undissociable part of it, where quality assurance,
health protection and environmental preservation aspects are considered to be important
branches belonging to the previously described main pillars. Figure 1 illustrates the specific
ecodesign situation in relation to the sustainable development concept.

__#Ecodesign

e —. Ly r‘__a--' m"""t;,.,,ﬂ._,w"f
Sustainable | =

% Development A h
..J‘me"-"'m.....-.ﬂmﬂ"‘*" . \ _.%_ |

'_M%J..M‘FM

Fig. 1. Ecodesign approach vs. sustainable development concept
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2.2 Evolution of the interaction between Q-H-E aspects

The main condition of ecodesign can be reached when the interaction between Q, H, E
aspects yields a common area of intersection between these aspects, i.e, QNHNE. The
original diagram (Figure 2a) shows health, quality and environment as three separate
aspects that operate independently from each other. Joining the Q, H, E aspects gives rise to
a new diagram fulfilling the ecodesign condition (Attaf, 2007) that is characterised by the

subset F resulting from this intersection (Figure 2b). The three dots (.".) above the character
F are only a brief description of the diagram illustrated in Figure 2a, showing interaction
between health, quality and environment aspects. In other terms, the three dots represent
the three pillars that characterise the basic elements of the sustainable development concept,
as discussed above (Figure 1).

Depending on the resultant area of interaction, an optimisation process can be applied to

subset F to maximise this area. If optimisation is highly improved (F = Fru ), then the
future diagram illustrated in Figure 1c is achieved and the searched objective is reached,
however.

QNHAE =2 QNHNE = F QAHAE = F o
(a) original diagram (b) actual diagram (c) future diagram

Fig. 2. Evolution of the interaction between Q, H, and E aspects

2.3 Ecodesign model and sample space

As it was shown in Figure 2¢, the interaction between the three Q-H-E aspects yields the

apparition of a certain number of events, which are illustrated in Figure 3. Each event is

assumed to accomplish one or several functions that are defined by the following subsets

(Attaf, 2007)

e Subset A (M): characterized by an assured quality, a non-protected health and a non-
preserved environment.

e Subset B (M): characterized by an assured quality, a protected health and a non-
preserved environment.

e Subset C (M): characterized by a non-assured quality, a protected health and a non-
preserved environment.

e Subset D (' ): characterized by a non-assured quality, a protected health and a preserved
environment.

e Subset S (MW): characterized by an assured quality, a non-protected health and a
preserved environment.

o Subset F° (d): characterized by an assured quality, a protected health and a preserved
environment.
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e Subset G (): characterized by an assured quality, a non-protected health and a
preserved environment.

Fig. 3. Diagram showing the ecodesign model and the outcome subsets

The possible outcome sets and subsets can be expressed by the universal sample space as
(Attaf, 2007)

Q={QHEABCD,SG F,J) 1)
in which, A=QNHANE B=QnHNE C=0NnHNE
D=QNHNE S=Q0nNnHNE G=Qn HNE
F=QNHANE @G=0NHNE

where, N denotes intersection symbol, and é, H , E are the complement of Q, H, E and
indicate that “Quality non-realizable”, “’Health non-realizable” and “‘Environment non-
realizable”, respectively. _

The subsequent analysis will concentrate only on the subset F, a unique searched subset
that characterises the event: “intersection between Q, H and E does exist all the time”.

3. Application of probability principles to ecodesign function

3.1 Probability approach

To illustrate the model-set probability, let us consider the sample space Q that contains all
the possible subsets (events) defined by Equation (1) and illustrated in Figure 3. Since the
three key sets Q, H and E are composed of several variable elements associated to the
different stages involved in the design process where each key set is assumed to fulfil a
specific function; it can therefore be written that (Attaf, 2007):

X1, X2, X3, veveey Xm}

Q={
H={yi,v2,y3, o Yn} )
E={z1,22,23, ... , Zp}

For better visualisation of different issues and calculation of the possible outcome
probabilities, it is convenient to construct the probability tree diagram providing simple
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probabilistic measure. Figure 4 illustrates the different branches representing the possible
events (Attaf, 2009).

1st proposition ___

2nd propasiticn — K \
QnH anA BAH ANH
3rd propositial —— -

Possible results —wQNHMEQNHNE QMHNE QNHNE GNHNE QNHNE GNHNE GNARE

Events —— o F B G A B] C 5 )

Fig. 4. Probability tree diagram and possible events

The probability theory will be applied to investigate the behaviour of the subset F,
identified by the encircled area in Figure 4. As a result, the corresponding event and its
associated probability can respectively be written as (Attaf, 2007 & 2009)

F = QnHNE ®)
P(F ) = P(QNHAE) )

3.2 Ecodesign function

The probability P(F ) represents the searched ecodesign function; a function that has

multiple variables and lies between the values of 0 and 1, and is defined by

f(Q=x; , H=y; ,[E=z;). However, according to the nature of sets Q, H and E (independent or

dependent) and the rules of multiplication in the probability theory, two possible cases

(Figures 2a and 2b) may be presented; these are:

a. The sets Q, H, E are independent (Figure 2a): a condition which does not satisfy the
searched objective because the probability of the intersection is an empty set. Thus, it
may be expressed by the following equation:

f(Q=x; H=y; E=z) = P(F ) = P(&) = 0 )

b. The sets Q, H, E are dependent (Figure 2b and/or 2c): a condition that does satisfy the
searched objective. Thus, the probability of the occurred intersection can be written as:

f(Q=x; ,H=y; ,E=z) = P(F ) = P(Q) x Po (H) x Pgyi (E) ©6)

where, P(Q) represents the probability of an achievable quality;

Pq (H) represents the probability of an achievable health, knowing that quality has been
achieved; and

Po~n (E) represents the probability of an achievable environment, knowing that quality
and health have been achieved.
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The following probability notations may be of some use in a certain literature reviews:
Pq (H)=P(H|Q) = P(QnH) / P(Q) (7a)

Pon~u (E) = P(E |QnH)=P(QnHNE) / P(QnH) (7b)

Equations (7a) and (7b) are only valid when P(Q) and P(QnH) are strictly greater than zero.

On the other hand and according to the probability analysis, the realization of the event F

can take several values as a final result. This latter can be recapitulated by the following

possible events (Attaf, 2007): »

e If probability value is null (P(F ) = 0), then the event is impossible.

e If probability value is equal to 1 (P( /' ) = 1), then the event is certain.

e If probability value is located between the two extreme values (0<P( F' )<1), then it does
exist a series of probable events.

3.3 Practical descriptions of the variable probability elements

To be familiar with the probability variable elements expressed by Equation (2), let us
consider for example the statement “quality-assurance aspect is achievable and sustainable for the
mould polymerisation process” and we let the letter “x” denotes the property named “quality-
assurance aspect is achievable and sustainable” and the subscript “k” refers to the stage number
involved in the design process, which corresponds here to “mould polymerisation process”, we
can then characterise the above statement as “x;”. For instance, if the subscript k=4, then the
statement can be represented as “x;”. The circular limit line labelled “Q” shown in Figure 3
encompasses the region that contains all the members that have the same property “quality-
assurance aspect is achievable and sustainable” (x1, X2, ....., Xp).

Proceeding in the same manner as previously, we may characterise the statement

“_,

“environment-protection aspect is achievable and sustainable for resin type” as “z”, where the
letter “z” denotes the property named “environment-protection aspect is achievable and
sustainable” and the subscript “k” denotes the stage number involved in the design process
which corresponds here to “resin type”. For instance, if the subscript k=2, then the previous
statement will be symbolised as “z,”. The circular limit line called “H” shown in Figure 3
encompasses the region that contains all the members that have the same property
“environment-protection aspect is achievable and sustainable” (z1, z2, ...., zp).

According to this representation for modelling, the property is always symbolised with a
letter x, y or z associated to quality, health or environment, respectively. Whereas the stage
number involved in the design process is symbolised with a subscript k (k=1,2,..., N). The

v

statement is denoted by “x;”,

“_,n

y” or “zy”.

4. Ecodesign coefficients

4.1 Identification of the eco-coefficients

As there are N successive stages in the design process, we found it convenient to assign to

each of Q, H and E aspects a specific coefficient representing the probability of approval.

When ecological considerations are taken into account, these coefficients are now called

“eco-coefficients”. From this standpoint, it may for stage (k) be assumed that:

e a = P(Q= x) is an eco-coefficient representing the probability of approval in terms of
quality assurance,
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e B =P(H= y |Q= xx) is an eco-coefficient representing the probability of approval with
regard to health protection and known that quality is achieved; and

e v =P(E=z|Q =xxn H= y3) is an eco-coefficient representing the probability of approval
with regard to environmental preservation, known that health and quality are achieved.

When the so-called “eco-coefficients” are taken into account during analysis and design of

composite materials and structures, the terms “eco-analysis”, “eco-formulation”,

“ecodesign”, etc. can be considered to apply.

4.2 Assessment of the eco-coefficients using code colours

To further facilitate the understanding of the ecodesign modelling and the approach allowing
the calculation of different eco-coefficients, we think that it will be easy to formulate the
problem by simply referring to Figure 3, which illustrates the synthesis of additive colours
between the three primary RGB ones. For instance, the red colour characterises the set H
(Health), the blue colour characterises the set Q (Quality) and the green colour characterises
the set E (Environment). Moreover, combining these three primary colours in equal amount

yields white that characterises the subset F . Furthermore, superposing in equal amounts one
of the primary colours with another colour gives a secondary colour; among them: yellow =
red + green (subset D), magenta = red + blue (subset B) and cyan = blue + green (subset G).
The total absence of colours yields the black, an empty subset, symbolised by &.

The eco-coefficients a, B, y may be located between as and 1, s and 1, ys and 1, respectively
(ie, as<a<l;Bs<P<1; ys<y<1). The subscript “s” refers to sustainability, whereas as, Ps,
Vs are sustainable coefficients, and their satisfaction measures are defined and established by
sustainability requirements and eco-standards.

Table 1, shows in separate cases a rating satisfaction measure in the form of colour gauges
when the events Q, H and E are independent and the values of a, p and y are varying
separately.

Colour gauges
Interval Assessment Quality Health Environment
9= q=8) q=v
1 1 —1
gs<q<1 Excellent
g B q Vs
Very good
<q< Y8
Goo
<q<
o — 0t Ba 13
<g< air
qQ2=q =3 . oty BE W
<qg< oor
N=q=q oty BE "
0<qg<q Very poor 0 0 0

Table 1. Probability colour gauges for different values of a, p and y when Q-H-E aspects are
independent
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On the other hand, Table 2 illustrates an example in which the Q-H-E aspects are dependent,
a is fixed while B and y are varying simultaneously.

a=0.982
a=0.982 3‘;0[;9;21 g:oYSS(i
1 1 -1

s Ps 15

0Ly Py 4

Qg Pa E

0l B2 12

0L P 11

0 0 0

Table 2. Probability gauge for the eco-coefficients a,  and y when Q-H-E aspects are
dependent

From this primary analysis, it would be advantageous to exploit interesting results through
the mixing additive colours technique when using the analogy between probability theory
and code colours (Attaf, 2009). This technique can help designers and analysts involved with
high-technology composite materials to easily understand the ecodesign approach and
provide them with a strategic vision to reduce the negative impacts and assess the Q-H-E
performances during the composite product life-cycle.

5. Ecodesign optimisation

5.1 Ecodesign flow-chart
The objective is characterised by an optimisation of the ecodesign function, in which the Q-

H-E aspects all interact together (probability of the event F' ). The optimisation process is
represented by a flow-chart and illustrated in Figure 6. The analysis of data after each loop
for the stage k=1 will be iterated for the other stages involved in the design process
(k=2,...,N). For instance, if the final probability output results are close to unity, then the
objective previously outlined in Figure 2c is fully reached! However, if the output results are
not close to the objective required by the ecodesign standards, we need to search for
possible new alternatives. These alternatives can be provided by practical variation of the
elements xi, yx and z.

5.2 Example of alternative solution

To illustrate the procedure of optimisation, let us consider for example stage k involved in
the design process and let the subscript k=4 characterising for instance the sentence “open-
mould polymerisation process” for which we assume that the “quality assurance aspect” and the
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Multiple database for the stage k
k=1,2,...,N)
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v
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Fig. 5. Process flowchart for ecodesign of FRP composite product

“health protection aspect” symbolised respectively by “x;” and “y,’ are achievable and
sustainable; whereas the “environmental preservation aspect”, symbolised by “z;” is
unachievable for such a manufacturing process (open-mould). This means that the elements
x4 and y4 belong simultaneously to both sets Q and H; and therefore they belong to subset B
(xs€ B and y4e B) as illustrated in Figure 6. However, the element z; does not belong to sets

Qand H (z¢ ¢ Q and z; ¢ H) but it belongs to set E; so it belongs to subset S. In order to

realise the event F, the element z; must be altered in practice to become a new element
satisfying the following statement “environmental preservation aspect is achievable and
sustainable for closed-mould polymerisation process”. With this alternative solution, achieved by
a modification of the moulding process from open-mould to closed-mould, the three elements

x4, Y4 and zyrelated to stage 4 now belong to subset F (Figure 6). Further alterations of these
elements are possible in practice to reach the maximum limit target and to fully satisfy the
ecodesign requirements.

As discussed previously, if we let “z;” denotes the statement “environmental preservation
aspect is unachievable for polyester resin with high-styrene-content”, this can be practically
changed to yield a new element satisfying the statement ”environmental preservation aspect is
achievable for polyester resin with low-styrene-content”. By replacing “high-styrene-content” with
“low-styrene-content”, this gives a new “z;” that satisfies the ecodesign requirements.
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Fig. 6. Example of alternative solution related to stage 4

5.3 Multidimensional optimisation software tool

Given the complexity of the optimisation process, which has to be applied in each phase
involved in the design of a FRP composite product whilst taking into account the three key
criteria Q, H & E, it is important to develop a software tool capable to solve the probability
problem and provide a high technique that can optimise the ecodesign function.

In this software tool, the optimisation process is composed of three steps which are
recapitulated as follows: the first step defines the stage involved in the design process
(k=1,2,..), collects the associated data and specifies the target value of probability to be
reached; the second step assesses and analyses results on the basis of the three main criteria
(Q, H & E) and then applies if necessary the optimisation procedure to achieve the required
value of probability; and the third step reports in the form of a specification sheet the final
eco-results and provides a comparison with classical ones.

The analysis of the ecodesign function will be made systematically by phase and according
to the type of data collected, the assessment may be done using qualitative and/or
quantitative method. Among the main phases subjected to an assessment procedure for FRP
composite products are included:

e  Phase 1: Definition of the FRP composite product functions and the design objectives.

e  Phase 2: Choice of the constituents and the manufacturing processes

e  Phase 3: Characterisation of the different materials and definition of thicknesses

¢ Phase 4: Correlation between tests and calculations

e Phase 5: Manufacture and inspection of the first FRP composite article (FAI)

e  Phase 6: Qualification and certification of the FRP composite product

e  Phase 7: Launch of the FRP composite product manufacturing on the Supply Chain

e  Phase 8 Marketing of the FRP composite product (distribution and transport)

e Phase 9: Use, repair and maintenance of the FRP composite product

e  Phase 10: End of life of the FRP composite product, waste management and recycling

e  Phase 11: Evolution of lifecycle FRP composite product

For better interpretation and visualisation of results, the global ecodesign assessment of the
FRP composite product may be given in the form of a spider graph showing the location of
eco-coefficients values with regards to the limiting envelop of the ecodesign function. In
addition, the other constraints such as: hygiene & security, risk, energy, cost, time factor,
etc.. may be included in one of the three aspects that best matches the study.
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6. Material eco-characterisation and advanced eco-formulations

Throughout the design process, it is considered that the condition of intersection between Q,
H & E is always performed, so the product of the associated eco-coefficients. For notation
simplicity, this product expressed by axpxy may be reduced and replaced by a single factor
called “eco-efficiency factor”, denoted for example by the Greek letter A. This factor will be
inserted into each step involved in the design process and its measured value may be
different from one stage to another. For the stage (k), the ecodesign performance is evaluated
in relation to the measurement results of the factor A% equals to a®xB®xy®). For instance, if
this factor reaches the sustainable factor i.e., A®0=2¥, the objective required is then attained
and the ecodesign condition is fully accomplished for that stage. However, if the factor A®)
fails in stage (k), this will cause a systematic rejection of the material, the process, the
method or the service used in that stage. An alternative solution is absolutely necessary
before performing the next stage (k+1).

6.1 Eco-characterisation of composite materials

To further explain this approach, let us consider a simple standard material characterisation
test under uniaxial mechanical tension, chosen because it is the easiest and most convenient
mechanical test (Attaf, 2008). For better understanding and more explicit interpretation, the
results are presented in the form of conventional stress-strain diagram, where the x-axis
represents strain ¢ and the y-axis represents stress o, but to clearly illustrate the different
successive stages of material behaviour, we consider a ductile elastic-plastic material. As a
result, the stress-strain curve in Figure 7 illustrates the linear and non-linear elastic domains,
the plastic domain, and the corresponding failure point. However, no information on the
material behaviour with respect to the environment and health protection is given. Since our
approach is essentially based on this argument, we consider that the absence of such
information in the final results may cause serious problems for human health and the
environment in the short or long term (e.g., asbestos). To overcome these inconveniences
and achieve ecodesign approach, it is imperative to consider the environmental and health
constraints in more detail and integrate them into the output results of test.

st 1

Failure

Mon-linear elastic

|
|
|
Linear elastic

&

domain Flastic domain

|
|
|
Elastic :
|
|

Fig. 7. Stress-strain relationship with no information on the material behaviour in relation to
health and environmental aspects



14 Advances in Composite Materials - Ecodesign and Analysis

This approach allows deciding very early on in the material selection process whether to
approve or reject a proposed material.

In the stage of material characterisation, the environmental and health impacts are taken
into account by considering the eco-efficiency factor A. This factor will be inserted into the
standard mechanical characterisation formulae of materials. Hence, Young’s modulus of
elasticity, determined by Hooke’s law and derived from experimental results must be
adapted to the actual situation by integrating health and environmental considerations into

characterisation tests. Thus, the new Young’s modulus of elasticity will become £ “Young's
eco-modulus ”. The three dots (..) above the character E are only a brief description of the
interaction between Q, H & E as discussed previously in Section 2.2.

In relation to this orientation, the modulus eco-efficiency may be evaluated by measuring
the elasticity eco-efficiency factor, defined by the following ratio (Attaf, 2008):

£ ®
The numerator value of E approaches the denominator value E#0, when X tends towards
unity. As it was discussed earlier, if this value does not meet ecodesign requirements, a
search for possible new alternatives can be provided to maximise the eco-coefficients until
sufficient agreement is achieved. Further investigations on the optimisation of these eco-
coefficients are still necessary, however.

6.2 Generalized Hooke’s eco-law for unidirectional ply

In high-performance composite structures, structural components are manufactured mainly
from unidirectional fibre-reinforced plies, where the ply axes are identified in the principal
coordinate system with numbers 1, 2 and 3. Whereas, the laminate axes are identified in the
global coordinate system (Cartesian coordinates) with letters x, y and z (Jones, 1999 &
Saarela, 1994). The 1-axis and z-axis are combined into a single axis (Figure 8).

g
=T x
- "5
A Sl e
g H 1
S .
P , .
,ff..»'x ? )f/ .,),
L £ i
& ’ s
s ‘ P
F i
/ ! ’
g S ’
A _Ir'I
SE, ~f
~ =
G
;
!
2 i T 3
;
¥ vz
¥

Fig. 8. Principal coordinate system (1, 2, 3) vs. global coordinate system (x, y, z) for
unidirectional ply
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The Young's moduli Ey, Ep, E; and the shear moduli Giz, G23, Gz of the unidirectional ply

determined from experimental tests will become Ei1, E2, E3, G2, Go3, Gi3, respectively.
In relation to this orientation and for a unidirectional fibre-reinforced ply, the eco-efficiency
factors related to the engineering constants for the linear-elastic mechanical behaviour may
be defined in the principal coordinate system as (Attaf, 2008):

B, G wm BB i
A , A with (1,j=1,2,3 and i) 9)
i ij Vi i

where E;, El are classical and sustainable Young’s moduli in i-direction (i=1, 2 and 3),

G;i Gij are classical and sustainable shear moduli in the i-j plane (i-j=2-3, 3-1 and 1-2),

ij s
i, A are the eco-efficiency factors of Young's and shear moduli, respectively and,

v is the Poisson’s ratio for transverse strain in the j-direction when stressed in the i-

direction. For this value, it is important to note that no attempt was made to investigate the
sustainability of Poisson’s ratios. Their influence is beyond the scope of this analysis.
According to these assumptions and generalized Hooke’s law, the strain-stress eco-relations
for an orthotropic material in the principal coordinate system (1,2,3) may be written in
compact matrix form as:

(e} = {sf;j} (0} (ij=12.,6) (10)
123

where  {e},. = {& & & 75 731 712 }T, {0}y = {01 05 05 735 73 rlz}T are the

transpose of the strain and stress vectors, and {SU} is the eco-compliance matrix of order
123

6x6 (6 rows by 6 columns). The components SU = S]l are defined as:

511 = 1/ El 5;2 = _V12/ E1 513 = _V13/ E1 5;4 =0 515 =0 516 =0
521 ="V / Ez 5;2 = 1/ Ez 5;3 ="Vx / Ez S;4 =0 525 =0 526 =0
531 = _V31/ Es 5;2 = _V32/ Ea 5;;3 = 1/ Es S;4 =0 535 =0 S36 =0
5;1 =0 522 =0 5;3 =0 S;4 = 1/ G23 511.5 =0 S;1'6 =0
551 =0 5;2 =0 5;3 =0 5;4 =0 555 = 1/ G13 556 =0
S61 =0 5;2 =0 563 =0 5;4 =0 565 =0 566 = 1/ G13

Also, the eco-stiffness matrix of the ply may be obtained by the inverse of the eco-
compliance matrix. Thus, we can write:
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{Q}j} - {s‘,:]}' (ij=12,..6) 1)
123

123

When using the eco-stiffness matrix, the stress-strain relations can be obtained by the
inverse of Equation (10). Thus, we obtain:

{0'}123 = {Qy} {‘9}123 (#j=1.2,.,6) (12a)

123

Since orthotropic fibres have almost the same characteristics along 2- and 3-axis, the 2-3
plane is considered to be a plane of symmetry and the three-dimensional 123-coordinate
system will be reduced to two-dimensional 12-coordinate system. Thus, Equation (12a)
becomes:

{o}, = {Q/} el (ij=1206) (12b)

12

where {o}, = {0y 0, rlz}T, e}, = a1 & 712}T are the stress and strain vectors in 12-

coordinate system, and { Q;i :l is the eco-stiffness matrix of order 3x3 (3 rows by 3
12

columns).
Using the transformation matrix, Equation (12b) may be written, after some rearrangements,
in the global xy-coordinate system as:

{of,,=| Qi | l&l,, (=126 (13)

X,y

T T
where {o-}x,y = {o-x o) Txy} , {8}x,y = {gx &, yxy} are the stress and strain vector in the

global xy-coordinate system, and | Q; is the eco-stiffness matrix of order 3x3 (3 rows

X,y

by 3 columns). The components Ql] = Q]l (i, j =1, 2, 6) are functions of the fibre orientation

angle, 0 and the orthotropic elastic eco-moduli of the ply. By letting C=cos 6 and S=sin 0, the
eco-stiffness components are defined in the global xy-coordinate system as:

Q;1 = éu C*+ 2@12‘F 2é66)52C2 + sz st Q16 = (éu— le_ 2é66)SC3 + (le_ ézz‘F 2é66)53c
Q&z = (lQ‘ln+ ézz_ 4é66)52C2 + é12(54 +C%) Q;6 = (én_ élz_ 2é66)53c + (é12_ ézz*‘ 2é66)sc3

Q;Z = éu S+ 2(-Q4-12+ 2Q66)SZC2 + ézz ct Q;é = (Q11+ Q.zzf 2é12*2é66)szcz + é66(s4 + C4)
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With these ecological considerations, the constituent equations for laminated composite
structures can be derived using the classical lamination theory (Jones, 1999).

6.3 Constitutive eco-equations of laminates

When the environment and health impacts besides quality are taken into consideration in
the structural analysis, the constitutive relations for an unsymmetrically n-layered
laminated composite plate (k=1,2,..n), and without transverse shear deformations can, after
integration through each ply thickness and summation, be written in matrix form as:

N An A A Bu B B

. o €,

! ! An A Biz Bn B v

Nr,\: _ n J.zk Txy ds— As() {;16 ]?26 2.?66 Yow (1 4a)
M =Tk | Zox Dy Dun Dis| |«

My Z0)y sym DZZ DZ() Ky

M xy ZTxy = D66— Ky

Or in compacted matrix form:

w Oy 4| B g0
{_]\i} :Zr o}, e | & (14b)

M o e Z{G}X, B | D K

Xy

where N and M are the resultant in-plane forces and bending/torsional moments,
respectively. Whereas, €0 and « are the associated strains and curvatures.

The eco-components of the sub-matrices 4; (extensional eco-stiffnesses), B; (coupling eco-
stiffnesses) and D; (bending eco-stiffnesses) are expressed as:

(As, By, DY)=) [ @) (1,z2)dz  (i,j=1,2,6) (15)
k=177

These sub-matrices may be assembled in a single matrix [C} called extensional-coupling-

bending eco-stiffness matrix. Thus,

K
M: — (16)
B|D
and Equation (14b) may be written as:

] 44

Xy
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6.4 Finite element eco-approach

When the analytical or mathematical solution does not exist, numerical methods such as
finite element method (Jones, 1999 and Zienkiewicz et al, 2005) may be used to yield an
approached solution. However, to achieve sustainable structural performance that is also
based on an assessment of environmental and health performances, it is imperative to
consider these constraints in more detail and integrate them into the finite element analysis.
In such situation, the finite element eco-approach for dynamic analysis will first consist in
resolving for one element type (¢) the system of the following equations:

[ J o+ e .o} = 1 ) (18)
where {qe(t)} is the vector of nodal displacements and rotations, {ég(t)} is the vector of
accelerations, and {ﬁ (t)} is the vector of forcing functions (external loads). Whereas [M.]

and [k.] are the mass matrix and eco-stiffness matrix, respectively. These are defined by the
following expressions:

(v.]= [ [E] ] [E] a (19)

e

= [S]’H [s]dc (20)

in which Q. is the surface of an element; [7] is the inertia matrix, [£] is the displacement
function matrix, [S] is the strain interpolation matrix, and [C} is the elastic extensional-

coupling-bending eco-stiffness matrix. The Jacobian matrix [J ] is used to allow the passage

from Cartesian coordinates (x, y, z) to natural coordinates (&, n, £).
For static analysis, the acceleration vector vanishes and Equation (18) is independent of time
and becomes as follows:

e fge =1 | (21)

Assembling eco-stiffness and mass matrices, and forcing functions vector of each element
involved into the generation of the whole structure yields the global system of equations:

« For dynamic eco-analysis:  [M] ()} +[K]{g(t)}={F(5)} (22)

e For static eco-analysis: [K] {q}z {F } (23)

where {g} is the vector of global displacements, {j} is the vector of global accelerations, {F}
is the vector of external loads (vanishes for free vibration analysis), [M] is the global mass
matrix, and [K] is the global eco-stiffness matrix.

By comparing the eco-results with the classical ones that do not take into account
environmental and health considerations, we can yield an estimate difference value called
“eco-deviation”, which may be calculated using the following relation:
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Vv

Eco-deviation (%) = %

x100 (24)

where V is the eco-result corresponding to A=X; (0 <A;<1) and V is the classical result
corresponding to A=1, generally.

For better comment and understanding of this eco-approach, the final results may be
presented in the form of graphs with normalized axes. A dimensionless quantity named
“eco-efficiency ratio”, representing the ratio between eco-results and classical ones, can be

chosen for the y-axis and denoted for example by the Greek letter A= VIV . When
performing stress analysis of composite materials and structures, A can for instance be

equal to o/c or t/t. The discrepancy between classical and sustainable results can help
designers and analysts to evaluate easily environmental and health performances.
Moreover, this discrepancy can be minimised via alternative solutions to reach the
appropriate value required by ecodesign standards.

7. Conclusion

Based on mathematical formulations, scientific, industrial and technological know-how in
the field of FRP composite materials and structures, this contribution aims to innovate and
develop a new approach providing the integration at each stage of the designing process
three balanced key criteria characterised mainly by Quality assurance, Health protection
and Environmental preservation (Q, H & E). To achieve these requirements, new criteria in
the form of eco-coefficients were defined and developed. However, greater depth of study is
still required to establish the rating satisfaction measure that yields the appropriate values
of sustainable coefficients, which are considered as an important source of reference for
comparison survey. To approach sustainability values of these coefficients, probability
analysis of ecodesign function and some optimisation procedures based on a new technique
of additive colours were undertaken in accordance with the three balanced key criteria.
When these eco-coefficients are approved by sustainability standards, they can then be
integrated into formulations of design and analysis, in characterisation tests; they can also
be implemented into future finite-element computer programs, etc. Designers, analysts and
engineers can make better use of ecodesign aspects to assess environmental and health
performances when comparing eco-results with classical ones.

This investigation could be integrated in the international standards, codes and guidelines
for sustainability research actions, and contribute to new orientations in the design of eco-
friendly composite materials and structures. It may also be regarded as a stimulation of eco-
innovation, sustainability and research activities in the field of FRP composite products
ecodesign and as an encouragement for designers and engineers to have a great motivation
towards the integration of health and environmental aspects into the designing process. In
addition, new ecodesign recommendations could be developed via this innovative survey.
These recommendations will, however, increase the design space of future composite
materials and their products. This will offer a new data to use in evaluating the different
stages of a material/ process/product life-cycle.

This type of “eco-action” constitutes a multidisciplinary approach that can involve
specialists in mechanical/civil/structural and process engineering, mathematics, physics,
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chemistry, health, environment and sociology. In addition, the impacts that may be
investigated including: (1) the undesirable substances entering in the manufacturing
process, (2) the amount of emissions of greenhouse gases, (3) the level of Q-H-E interaction,
(4) the quantity of the waste production and expired materials, (5) the classification of the
company with regard to the authorized regulations, etc. Then, alternative solutions leading
to new methods of ecodesign are suggested. The approved eco-coefficients may become a
source of normative coefficients used for validating the different manufacturing stages and
qualifying & certifying the new developed eco-composite materials and structures.
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Sealing Composites
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China

1. Introduction

Asbestos was once considered to be a “miracle mineral”. This naturally occurring silicate
has many desirable characteristics, including resistance to fire, heat, and corrosion. It is
strong, durable and flexible. Asbestos is inexpensive because it is available in abundant
quantities. Its versatility has led to its use as a component of a variety of products in
numerous industries (American Academy of Actuaries, 2007). The development of fiber-
reinforced elastomer gaskets began in the 1880s and led to the patent application for
Klingerit in 1904 (Piringer & Rustemeyer, 2004). Since more than one hundred years ago,
these kinds of non-metallic gaskets, which were made of compressed asbestos fibers (CAF)
materials, have been the most widely used sealing elements with a maximal yield.

Up till the 1970s, the health hazards of asbestos were recognized. Several diseases have been
linked to asbestos exposure, including mesothelioma, lung cancer, other cancers, asbestosis,
and pleural changes (American Academy of Actuaries, 2007). Due to the restriction on the
use of asbestos, the pressure was on scientists and engineers to develop non-asbestos gasket
material replacements, and asbestos was replaced by alternative fibers and fillers. These
alternatives were employed in an attempt to replicate the product properties of the former
CAF materials. These substitutes were developed using reinforcing fibers like aramid, glass
and carbon fibers to achieve high strength, and additives like inorganic materials (e.g., clays,
precipitated silica, graphite etc.). Since the 1990s, a great number of worldwide famous
sealing materials manufacturers have put significant efforts onto the development of a
variety of novel non-asbestos sealing composites (NASC), such as Garlock in USA, Klinger
in Austria, Kempchen in Germany, and Valqua and Pilar in Japan. Collaborating with some
international organizations and research institutions, they conducted a series of
experimental and application researches, and obtained many valuable results (Payne &
Bazergui, 1990). These investigations have laid a foundation for further studies on
performance evaluations and industrial applications.

Aramid was used as reinforcing fibers in the earliest non-asbestos gasket materials, because
it provided processing advantages, especially during calendaring. However, it is very
expensive and has poor thermal stability. Most commonly used fibers and fillers in non-
asbestos gasket materials do not achieve the outstanding stability as CAF materials do when
the binding elastomers become aged. More recently, novel formulations and manufacturing
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processes have been developed based on cheap reinforcing fibers, the hybrid effect of
different reinforcing fibers or an adapted material structure. These non-asbestos gasket
materials not only are significantly cheaper but also have a better performance at high
temperatures. Gu & Chen developed two kinds of sealing composite materials. One was
reinforced with aramid and pre-oxidized hybrid fibers and prepared by molding
preparation method and the other was reinforced with carbon and glass hybrid fibers and
manufactured by using calendar preparation method. The effect of different surface
treatment methods of the fibers on the heat resistance of the composite materials was
studied. The optimum prescriptions of the composites were obtained by regression design
method (Gu & Chen, 2007; Chen & Gu, 2008). Gao & Chen carried out explorative
investigations on the preparation method of nanometer calcium carbonate filled
modifications of rubber-based sealing composite materials and on the influence of
nanometer filled modifications on the mechanical properties of the prepared gasket
materials (Gao & Chen, 2009). A novel material concept for compressed fiber materials was
proposed to significantly decelerate the ageing of elastomer bound gasket materials by the
use of special elastomers and an adapted material structure, i.e., the multi-layer structure.
The steam testing, as opposed to the standard gasket testing, has been used to demonstrate
this improvement (Piringer & Rustemeyer, 2004).

It is essential that gasket materials possess good mechanical performances and sealability.
Mechanical performances include compressibility, resilience and stress relaxation property.
They are usually used to evaluate abilities to cause gasket material deformation into flange
face irregularities under assembly condition, to hold sealing surfaces of joints contacted
tightly under internal pressures, and of stress retention at high temperatures, respectively.
Sealability is a comprehensive performance of gaskets and indicates the ability to prevent
the sealed fluid from leakage through the joints. Sealability can also be called tightness and
can be measured quantitatively by the leakage rate.

In the mid 1980s, the American Pressure Vessel Research Committee (PVRC) set up “Room-
temperature Mechanical Test Procedure” and “Hot Mechanical Test Procedure” for
estimating the probable long-term performance and potential fire survivability of non-
asbestos gaskets to guide the qualification and selection of non-asbestos spiral wound,
jacketed and sheet gaskets for petroleum and petrochemical plant services in the range of
423-866K. Procedures, test fixtures, and typical test results for several process plant gaskets
were discussed. An aged exposure parameter was introduced that correlates cumulative
damage with exposure time and temperature for materials that degrade over time (Payne et
al., 1989a; Payne et al., 1989b; Payne & Bazergui, 1990). The change in properties of some
compressed sheet gasket materials subjected to temperature exposure for periods of up to
one year was investigated by Marchand & Derenne. This resulted in a better understanding
of the long term effect of thermal degradation on the properties of elastomeric sheet gasket
materials. An improved qualification protocol based on the obtainment of the thermal
endurance graph of a sheet gasket material was proposed for the extrapolation of the long
term service temperature (Marchand & Derenne, 1996). Tsuji et al. researched
experimentally the effect of aging time on sealing performance of non-asbestos spiral
wound gaskets at elevated temperatures under either the stress controlled condition or the
strain controlled condition. The tightness parameter T} at different elevated temperatures
was obtained. The results indicated that the non-asbestos spiral wound gasket had the same
sealing performance as the substitute for the asbestos spiral wound gasket between 483 and
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693 K (Tsuji et al., 2004). Xie et al. investigated the compressive and resilient performances
and relaxation property of the developed compressed non-asbestos fiber reinforced rubber
sheet gasket materials, and discussed in detail the effect of the non-asbestos fiber on the
properties of the sheet gasket materials (Xie & Cai, 2002; Xie & Xie, 2004).

Systematic researches on gasket performances and their characterizations have been carried
out in the Fluid Engineering and Sealing Technology Laboratory at Nanjing University of
Technology since the 1980s. The compressive-resilient performance, creep and stress
relaxation properties, and leakage behaviour of some types of gaskets were investigated.
The representation of gasket performances was put forward, and the formulae for
expressing gasket performances were obtained by means of the proposed models and
regression analysis of experimental data (Gu et al., 1999; Gu et al., 2000; Gu et al., 2001; Gu,
2002; Zhu et al., 2007; Zhu et al., 2008; Gu et al., 2010). A novel tightness concept was
presented, and the tightness analysis and design methods of gasket sealing joints based on
the criterion of the maximum allowable leakage rate were developed. Relatively accurate
predictions of leakage rates of some gasket sealing connections were also obtained (Gu &
Zhu, 1988; Gu & Huang, 1997; Gu et al., 2004; Gu & Chen, 2006; Gu et al., 2007a; Gu et al.,
2007D).

Up to now, much work has been fulfilled on the development, performance evaluation and
engineering applications of the sealing composites reinforced with non-asbestos fibers, and
many results have been achieved. However, relatively comprehensive and systematic
reports on design, manufacture and performance evaluation of NASC are still very scarce,
especially on the characterization of micro structural parameters, and the mechanical
analysis and macro performance prediction of these materials according to the theories of
micromechanics and viscoelastic mechanics.

In this chapter, manufacturing technology, surface treatment methods for reinforcing fibers,
and formulation design methods of NASC are introduced. Measurements and
characterizations of some micro structural parameters of fibers including their aspect ratio,
orientation and distribution are investigated. A micromechanical model of single fiber
cylindrical cell and a model of compressive type single-fiber cell are established, on the basis
of which the methods are proposed for evaluating macro-mechanical performances of
NASC, such as tension, compression, and stress relaxation. A leakage model for predicting
non-asbestos gasket leakage rates is presented and verified experimentally. Furthermore,
the performances of some developed NASC are also evaluated.

2. Manufacturing technology of NASC

2.1 Molding process

The molding process of NASC is similar to that of the traditional rubber based composites,
as shown in Fig. 1. The plastication should be carried out using a mill mixer or an internal
mixer, to improve plasticity of raw rubber. Before this step, raw rubber may be roasted in a
hot chamber within 333-343 K to decrease its hardness and improve manufacturability. The
roll temperature of the mill mixer should be controlled below 343 K, and the roller space is
about 0.5-1 mm.

The gross rubber is obtained in the mixing step where all accessory ingredients and filling
materials are evenly dispersed in broken-down rubber by extrusion and shearing actions of
rollers repeatedly.
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Fig. 1. A molding process of NASC

The mixing step can also be carried out in a mill mixer or an internal mixer. During mixing,
the reinforcing fibers can be evenly dispersed in gross rubber, and the aspect ratio of the
fibers is reduced to an appropriate value. In the vulcanization step, the rubber and a
vulcanizing agent will chemically crosslink at sulfurizing pressures and temperatures. The
effect of sulfurization parameters on the transverse tensile strength of aramid fiber

reinforced NASC is illustrated in Fig. 2.
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Fig. 2. The effect of sulfurization parameters on transverse tensile strength of aramid fiber
reinforced NASC

2.2 Calender process

A calender process flow diagram is illustrated in Fig. 3. In this process, rubber is dissolved
by an organic solvent and then mixed with other constituents. The NASC sheet is molded in
a roller-type calender.

Preparation of rubber paste is fulfilled in three steps including plasticizing, mixing and
dissolving. The mixing and plasticizing steps are the same as those in the molding process.
The gross rubber should be separated into small pieces, and then dissolved into the rubber
paste by organic solvents, such as gasoline, benzene, methylbenzene and ethyl acetate.

In the mixing step, rubber paste, filling material and reinforcing fibers are mixed, and good
quality gross rubber particles with suitable diameter, humidity and hardness are prepared.
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Fig. 3. A calender process of NASC

The calender process is carried out with two rollers rotating in the opposite directions. Gross
rubber particles are fed into the clearance between rollers, and manufactured into NASC
sheets. The operating principle of a roller-type calender is shown in Fig. 4.

NASC sheet Gross rubber particles

Fig. 4. The operating principle of a roller-type calender

The operating parameters of the calender process mainly include speed ratio of rollers,
calender speed (roller surface speed), roller temperature, feed speed, roller clearance and
extrusion pressure.

The two rollers are usually thermally stabilized by steam and cool water, respectively.
Accordingly, they are called hot roller and cold roller. The appropriate speed ratio of two
rollers is in the range of 1.04-1.06.

2.3 Surface treatment of non-asbestos reinforcing short fibers

The surface activity of most non-asbestos fibers is very poor, which leads to the lower
wettability between fibers and rubbers. Therefore, in order to obtain a good interface
bonding strength, the reinforcing fibers must be pretreated by suitable surface treatment
methods. The commonly used surface treatment methods include surface activating
treatment and dipping treatment.

Some NASC were developed by the molding process with aramid short fiber as reinforcing
fiber, and NBR and NR as elastic binding material. Three surface treatment methods were
adopted to pretreat aramid fiber; they are RFL latex dipping, HRH binding agent treatment
and silane coupling agent dipping. The results of SEM observation of the developed NASC
are shown in Fig. 5.

It can be seen that the surfaces of the aramid fibers without treatment are very smooth, and
there are only a few rubber particles adhering on the fiber surfaces. After surface treatments,
the adhesion effect between fiber and rubber matrix was obviously improved.

Carbon short fiber can be treated by coupling agent dipping process or epoxide resin
coating process after pretreating by air oxidation process or low temperature plasma
process. The transverse tensile strength of NASC developed by the calender process was
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tested after aging treatment at 623 K, and the results are shown in Fig. 6. It can be seen that
surface treatments have improved the reinforcing effects of carbon fiber.

(a) Without surface treatment (b) Treated by silane coupling

(c) Treated by HRH binding (d) Treated by RFL latex

Fig. 5. SEM photos of transverse tensile fracture sections of aramid fiber reinforced NASC
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Fig. 6. Transverse tensile strength of carbon fiber reinforced NASC after aging at 623 K

The treatment effect of glass fiber by coupling agent is also distinctive, as illustrated in Fig.
7. The glass fiber should be firstly dipped in a silicon coupling agent water solution for pre-
treatment, and then immersed into an epoxide resin methylbenzene solution (2wt%) for
further coating treatment. Finally, they must be dried at 423 K to solidify impregnated layer.
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Fig. 7. Transverse tensile strength of glass fiber reinforced NASC after aging at 623 K

The SEM photos of transverse tensile fracture sections of carbon/glass hybrid fiber
reinforced NASC aged at 623 K for 5 hours are shown in Fig. 8. It can be seen that the
intertwined and the rubber coating conditions of fibres are obviously improved after the
surface treatment of the fibers by the coupling agent/epoxide resin coating process.

(a) Treated by coupling agent/epoxide (b) Without surface treatment
resin coating process

Fig. 8. SEM photos of transverse tensile fracture sections of carbon/glass hybrid fiber
reinforced NASC

3. Formulation design of NASC

3.1 Selection of raw materials for NASC

The main constituents of NASC are non-asbestos reinforcing fibers, elastic binding materials,
filling materials and chemical additives. There are great differences of the physicochemical
properties between non-asbestos fibers and asbestos fibers. Therefore, in the design of NASC,
the effects of the properties and the content of the non-asbestos reinforcing fibers on the
performances and manufacturability of the NASC should be paid more attention.

The suitable non-asbestos reinforcing fibers are usually selected according to the
performance requirements of NASC. Heat resistance, aspect ratio, medium-resistance,
compatibility with rubber, performance-price ratio and source of the reinforcing fibers
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should be considered, too. The commonly used non-asbestos reinforcing fibers include
carbon fiber, aramid fiber, glass fiber, mineral wool, plant fiber, and so on.

Elastic binding material binds reinforcing fibers and other filling materials together, makes
up elastic network structure, and provides compression-resilience and medium-resistance
performances of NASC. Natural rubber, nitrile rubber, styrene-butadiene rubber, neoprene
rubber, ethylene propylene rubber, fluorine rubber and silicone rubber can all be used as the
elastic binding materials of NASC. In consideration of the product performances and price,
natural rubber and nitrile rubber are preferably selected.

The filling materials of rubber products include compatibilization filler, reinforcing filler
and functional filler. Commonly used filling materials include brucite fiber or sepiolite fiber,
carbon black, carbonate, sulphate, metallic oxides, and silicon oxides. In NASC, large
grained filler must pair up with short grained filler to maintain proper inter space among
rubber bulk material, fibers and filler particles, and ensure sufficient combination between
rubber and filler particles.

The selectable accessory ingredients include vulcanizing agents, vulcanization accelerators,
vulcanizing activators, anti-aging agents, plasticizing agents and colouring agents etc.. The
mixture of dibenzothiazyl disulfide (40 wt%) and tetramethylthiuram disulfide (60 wt%) can
be used as a vulcanization accelerator. Zinc oxide (3-5 wt%) and stearic acid (0.5-2 wt%) can
be selected as a vulcanizing activator. N-phenyl-n-isopropyl ursol (4010NA) is usually used
as the anti-aging agent of rubbers, and the amount is about 1-4wt% (related to rubber
weight). Plasticizing agents, colouring agents, solvent, blowing agents, dusting agents and
reinforcing resins etc. can also be adopted as accessory ingredients.

3.2 Formulation design of NASC

The uniform design method can be used to further decrease test number in formulation
optimization. The approximate formulation of composites can be obtained by uniform
design, but the principal and subordinate factors which affect material performances cannot
be analyzed by the design table. Furthermore, the regression design can also be adopted to
optimize the formulation of NASC. In the mixing regression design, a small quantity of test
points will be selected to obtain enough experimental data. According to these data, the
regression equation can be derived from the relationship between the test index and the
different constituent contents. Finally, the optimization point can be obtained.

3.2.1 Formulation design of aramid fiber reinforced NASC

The formulation design of the aramid fiber reinforced NASC can be defined as the design
problem with three components which include reinforcing fiber (aramid fiber), elastic
binding material (NBR/NR) and filling material (compatibilization fiber). In consideration
of the attribute for processing of the material, the content of components in NASC is limited

by Eq. (1).
7% <x,<22%, 40% <x,<55%, 10% <x,<25% 1)

where x1, x2 and x3 are the weight contents of aramid fiber, compatibilization fiber (brucite
fiber or sepiolite fiber) and elastic biding material, respectively.

The contents of other ingredients, such as accessory ingredient, can be determined according
to the contents of three components mentioned above. By selecting 5 factor levels for each
component, the uniform design scheme for test points is listed in Table 1.
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Test points x1 (wt%) x2 (Wt%) x3 (wt%)
©) 7 43 19
®) 10 49 25
® 13 55 17
@ 16 40 23
® 19 46 15
© 22 52 21

Table 1. Experiment scheme according to the uniform design method

According to the test points in Table 1, aramid fiber reinforced materials were developed by
the molding process. It can be seen in Table 2 that the transverse tensile strength of the
materials developed according to , and test points meets the strength requirement (>7.0
MPa). The strength of the materials prepared according to and test points are obviously
higher than that of scheme . Too much reinforcing fiber in the material of formulation
and led to the poor processing manufacturability and low production efficiency, and
therefore, formulation was chosen to be the preliminary scheme.

Test points Transverse tensile strength (MPa)
3.55
5.26
8.81
6.75
10.69
10.87

Table 2. Transverse tensile strength of aramid fiber reinforced NASC

COBI®E|®

Results of the single factor experiment about the usage of elastic binding material and
aramid fiber are given in Tables 3 and 4, respectively. The aramid fiber and the rubber
contents are suggested to be 13 wt% and 20 wt%, respectively.

Rubber content (wt%)
Performances
15% 17% 20% 23% 26%
Transverse tensile strength (MPa) 9.22 8.89 8.7 6.87 6.54
Compression rate (%) 4.75 10.06 11.2 13.66 11.4
Resilience rate (%) 43.20 52.15 52.23 51.04 45.7
Stress relaxation rate (%) 28.9 29.4 32.35 37.06 36.15

Table 3. The effect of rubber content on performances of NASC (The amount of aramid fiber
is 13 wt%)

Performances Aramid fiber content (wt%)
7% 10% 13% 15%
Transverse tensile strength (MPa) 6.57 7.77 8.70 8.86
Compression rate (%) 15.40 11.36 11.20 9.08
Resilience rate (%) 37.78 48.48 52.23 50.36
Stress relaxation rate (%) 41.42 37.80 32.35 29.42

Table 4. The effect of aramid fiber content on performances of NASC (The amount of elastic
binding material is 20 wt%)
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The optimization formulation of aramid fiber reinforced NASC is listed in Table 5.

Gradient Weight content Gradient Weight content
(wt%) (wt%)
NBR-26 13.0 Calcium carbonate 7.9
NR 7.0 Filling Kaolin clay 34
Aramid fiber 13.0 materials | White carbon black 3.4
Compatibilization fiber 45.3 Soap stone powder 2.3
Vulcanizing agent 2.5 Other accessory ingredients 1.8
Curing catalyst 04

Table 5. Formulation of aramid fiber reinforced NASC

3.2.2 Formulation design of carbon/glass hybrid fiber reinforced NASC

The regression design of carbon/glass hybrid fiber reinforced NASC can be defined as the
design problem with three components which include reinforcing hybrid fiber
(carbon/glass hybrid fiber), elastic binding material (NBR) and filling material
(compatibilization fiber and other stuffings). In consideration of the attribute for processing
of the material, the component contents in NASC are in the following ranges:

012<X,<0.25 04<X,<08, 01<X,<05 ?)

where X;, X and X; are the contents of the elastic binding material, the reinforcing fiber and
the filling material, respectively.

The stress relaxation rate y of NASC after ageing treatment at 573 K is used as an evaluating
indicator, and the regression design of NASC is to obtain the regression equation by the
experiments under the following conditions:

0, <X,<b,(i=1,2,3) and X,+X,+X,=1 3)

where a; and b; are the constraint conditions described in Eq. (2).

A symmetrical complex Z is established. The coordinate system x1x2x3 represents the actual
design space of the components of NASC, and the coordinate system z1z2z3 represents the
encoding space. Accordingly, the relationship between Z and X can be expressed by:

X, =a,+(b,-a,)z,/B, X,=a,+b,-a,)z,/B, X,=1-(X,+X,) 4

where B=max(zj), i is the test number, and j the variable number. The coordinates of the
actual test points are listed in Table 6, where the stress relaxation rates of the materials after
ageing treatment at 573 K are also listed.

The stress relaxation rate of NASC after ageing at 573 K can be expressed by the coordinates
of the encoding point, and the regression equation holds:

=63z, +772, +120.82, - 137.62,z, + 0.49z,z, - 261.62,z, )

where 7 is the predicted value of the stress relaxation rate of the material, and z1, z> and z3
are the coordinates of the encoding point.
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Encoding content Actual content of R .
elaxation rate y
NO. of components components (%)
Z1 Z Z3 X1 Xz X3
1 0 1/2 | 1/2 | 012 | 0.667 | 0.213 51.6
2 1/2 0 1/2 | 0.207 04 0.393 32.9
3 1/2 | 1/2 0 0.207 | 0.667 | 0.127 43.9
4 1/4 | 1/4 | 1/2 | 0163 [ 0.533 | 0.303 34.6
5 1/4 | 1/2 | 1/4 | 0163 | 0.667 | 017 42.3
6 1/2 | 1/4 | 1/4 | 0207 | 0533 | 0.26 31.3
7 3/4 | 1/8 | 1/8 | 025 | 0467 | 0.283 58.4
8 1/8 | 3/4 | 1/8 | 0.142 0.8 0.058 52.4
9 1/8 | 1/8 | 3/4 | 0142 | 0467 | 0.392 43.1

Table 6. Experimental scheme and test results

The purpose of prescription optimization is to improve the heat resistance and the attribute
for processing of NASC, to reduce the self-cost of the raw materials of the product, and to
ensure the stress relaxation rate of the material satisfying the index prescribed in the
product standard. The prescription optimization of NASC is to obtain the optimal values of
z1, z2and z3 under the following conditions:

3
720, Dz =1, 21 = 214, Zy = Zoin, J <35 (1=1,2,3) (6)
i=1

According to Eq. (5), the coordinates of the best theoretic design point of the contents of the
components in NASC can be obtained, as z1=0.38, z0=0 and 2z3=0.63. From Eq. (4), the
formulation is x1=0.186, x,=0.4 and x3=0.414.

Some NASC were prepared when the weight ratio (carbon fiber to glass fiber) equalled to
4:0, 3:1, 2:2, 1:2, 1:3 and 0:4 respectively. The experimental results of the transverse tensile
strength and the stress relaxation rate of these materials after ageing treatment at 573 K for 5
hours are shown in Fig. 9. It can be found that the strength of the material is the highest and
the relaxation rate is relatively low when the weight ratio is 2:3 (weight content of carbon
fiber in hybrid fibers is 40%).
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Fig. 9. The effect of carbon fiber content in hybrid fibers on transverse tensile strength and
stress relaxation rate of NAFC
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Therefore, the optimization formulation of the NASC reinforced with carbon/glass hybrid
fibers was obtained, as listed in Table 7.

Component Content Component Content
(Wt9%) (wt%)

NBR 18.6 Accelerating agent 0.22
Carbon fiber 16.0 Zinc white 0.48
Glass fiber 24.0 Stearinic acid 0.18
Sepiolite fiber 10.3 Antiaging protective 0.6
Phenolic resin 8.38 Lime carbonate 6.31
Hyperfine graphite powder 7.44 Filling Kaolin clay 3.2
Vulcanized agent 0.35 material Soap stone powder 1.6
Carbon black 2.34

Table 7. Formulation of carbon/ glass hybrid fibers reinforced NASC

4. Measurement and characterization of micro structures of NASC

4.1 Measurement and characterization of aspect ratio

The aspect ratio of short fiber determines the transfer and distribution of stress in material,
and its distribution regularity can be obtained by measuring the radius and the length of
fibers in the NASC products. Some samples of NASC were prepared. Using organic
solvents, such as gasoline or toluene, to dissolve the matrix rubber, the short fibers different
in size are left and dried. Considering the fiber radius is about micron, a digital camera with
high-resolution is used to take pictures of fibers, and the length and radius of each short
fiber are obtained by numerically analyzing the pictures. Then the distribution of aspect
ratios can be obtained by counting the aspect ratios of 500 to 1000 fibers. The typical
histograms of aspect ratios of aramid fibers can be seen in Fig. 10.
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Fig. 10. Aspect ratio distribution of aramid fibers with the initial length of 4-6 mm

The distribution of aspect ratios in NASC is influenced by the initial aspect ratio, the rapture
characteristic and the content of fibers, the matrix characteristic and the preparation process.
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If the aspect ratio varies in a relatively small range, it can be characterized by the mean
aspect ratio. If it distributes dispersedly, however, the characterization with a distribution
function is appropriate. Furthermore, a histogram can also be used to express the
distribution of aspect ratios without considering the dispersity of aspect ratios.

The log-normal density function is usually used to characterize the aspect ratios, as Eq. (7)
expresses.

f(l/d)= \/EGXP o @)

where a= \/Z[In(i/d) —ln(lmod/d)]/S , b= [ZIH(Z/d) + ln(lmod/d)J/?) , 1/d is the mean aspect
ratio and 1, ,/d the maximum probability density of the aspect ratio.

The arithmetical mean of aspect ratios can be calculated by Eq. (8).

- 1 m
Lfa=—3(1,/4) ®)
where 1, / d is the average value of aspect ratios, m is the number of short fibers and 1, /d is

the aspect ratio of the number n short fiber. The arithmetical mean aspect ratio can also be
calculated by Eq. (9) if the histogram of aspect ratios is known.

is/d: zpi(li/d)/zpi ©)

where [;/d is the aspect ratio of fibers in the interval i, and p; is the ratio of the number of
fibers whose aspect ratios are in the interval i to the total number of fibers.

4.2 Measurement and characterization of fiber orientation

Investigating the orientation of fibers in matrix will provide both theoretical explanations
for the reinforcing mechanism of short fibers and the basis for prediction and optimization
of mechanical properties of NASC.

0
Matrix -
e
am e : @ a [

Sho{rt fiber Cross section

Fig. 11. A schematic diagram of the section-analysis method

A proprietary technology was developed to obtain the fiber orientation in matrix. Four steps
are involved. Firstly, cut a rectangular block of material and hold it in position by a clamp in
the slicer. Secondly, slice the cross section of the material block at -423 K using the slicer
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knife to machine a smooth end face, of which the normal direction should be along the
rolling direction. Thirdly, visually observe the end face using a microscope associated with a
high-resolution digital camera. Finally, analyze the photos and find out the configuration of
the elliptical cross section of fibers. The orientation angle can be determined from the long
axis and the short axis of the ellipse, as illustrated in Fig. 11.

The normal direction of the cross section is in accordance with the reference direction, and
the orientation angle 0 is the separation angle between the axial direction of a fiber and the
reference direction. The relationship among 6 and the long axis length a; and the short axis
length a5 is in the form

6 = arccos(a /a, ) (10)

The orientation of a fiber can be characterized by a histogram, a distribution function or
modified coefficients. The orientation expressed by an exponential density function f{(0) is

f(0)=exp(-20)/1-exp(-n2/2) (1)

where ¢ is the fiber orientation parameter. In order to utilize the results of the fiber
orientation characterization to predict the macro mechanical properties of NASC, the
modified coefficients are introduced. The longitudinal modified coefficient fs; can be
calculated by Eq. (12) based on the distribution function.

for = jog £(6)cos®0d @ (12)

fo1 is employed to evaluate the influence of fiber orientations on longitudinal mechanical
property. The transversal mechanical property is evaluated by the transverse orientation
coefficient fg; which can also be obtained based on a distribution function or a histogram
given by Egs. (13) and (14), respectively.

for = .[0% £(8)sinBcosod o (13)
fio = 301,(8,)sin6,cos, (14)

4.3 Fiber distribution in matrix

Theoretical work on NASC is usually based on the assumption that fibers are stiff and
straight in matrix. The real fibers, however, bend and wind together. With the reduce of
fiber contents or the increase of fiber lengths, fiber bending and winding are enhanced. Due
to the forming process, the bending, winding and uneven distribution of fibers always exist
randomly and are very difficult to be characterized.

4.4 Thickness of interface
For most fiber reinforced composites, the thickness of interface between a fiber and the
matrix is very small and hence is usually not considered. For NASC, however, to enhance
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the reinforcing effect of fibers and to optimize the bonding capability of fiber surface, short
fibers should be pretreated using surface conditioning agents before mixing, and the
interface has great influence on mechanical properties of NASC. The interface thickness can
be easily determined by calculating the change in the fiber radius before and after
pretreatment.

4.5 Porosity

Some pores will occur during the preparation process of NASC, especially in the sulfuration
process. Most of these pores exist in the interface and they will change the stress transfer
mode. The porosity p, which is the ratio of the total volume of all pores to the volume of the
composite, can be used to evaluate the volume fraction of pores in the composite.

5. A micromechanical model and prediction of macro performances

Loads exerting on NASC will be transferred to fibers through matrix, and the mechanism
relates to constitutive equations and mechanical behaviors of fibers, matrix and interface
phase. According to the thermo-viscoelastic theory and the shear-lag theory of fibrous
composites, a micromechanical model of a single fiber cylindrical cell, which includes a
fiber, the matrix and their interphase, is established.

5.1 A micromechanical model of NASC
Fig. 12 illustrates a micromechanical model of NASC, where I is the fiber length, L the
matrix length and L~I. The volume content of fiber is V.

Matrix Interface § r Fiber
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Fig. 12. A micromechanical model of NASC

The stress transfer procedure can be seen in Fig. 13.
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Fig. 13. Micromechanical stress transfer in NASC

When the single fiber cylindrical cell is only subjected to the tension load along the x axis,
the circumferential and the radial stresses in the model are much less than the axial stress,
and they can be neglected.

The equilibrium relationship of the stresses shown in Fig. 13 can be expressed by
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dog(x) _ 2t (x) 15

Ox 1

where o(x) is the axial stress in fiber and 7i¢(x) is the shear stress on fiber surface. The axial
shear stress in matrix (7, x) can be expressed by

(16)

Ty Fim (%)
(rm -1 )r

where 1in(x) is the shear stress at the interface boundary near the matrix.
The shear stress in the matrix is a time dependent physical quantity, and it holds the
following relationship with the shear strain.

ou, (r,xt)

P J:) J..(t-s)r  (r,xt) (17)

where un(r, x, ) is the axial displacements of the matrix, and Jun(t-s) is the creep function. If
the bond of both the matrix and the fiber with interface ideally, the axial displacement of the
matrix can be expressed by

um<r,x,t>=ui(rf,x,t>+§1n[j—jnf<x,t>+[Zr nl ;/(:m_(r;)'” Wep ) s en a9

The strain of the matrix en(r, x, ¢) holds

e, (rxt)= Oty () _ 0 () +a AT-i ol i %0, (x,0)
m\'7% ax Ef f 2}{1 1’f axz

(19)

[275111(7/’?)-(72 ‘ﬁz)]rfz 0* af x, 6 af(x, )
) 4(r2-17) 1) j o -8)— s

According to the viscoelastic theory, the shear stress of the matrix 7i¢(x, ) holds

Uy (T2 8) 145 (7,2, 1) - rfln[:i}if (x,1)
f

Hi
[Zrélln(i’m /r)- (T’ri - 7’12 )J ”f/[z(rrfl - riz )J o

where G is the relaxation function of 7i¢(x, t). Differentiating o¢(x, t) by x gives

w(rmt) ow(rat) 2 [r]aof(xt):'
f dG

Ty (% t)= (20)

’ ou
0%0¢(xt) ox ox 2y ox?

T Tt T

(21)
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L ou; (1e,x,t)  Oug(re,xt o¢(x,t
Considering  u; (1, x,t)=ug(r;, %, t), (afx ). f(a; )=Sf= fgif )+afAT and
w =& (- t), Eq. (22) is obtained.

x
ﬁln{fij
&'o; (x,1) 2u \ 1 {62@ (xt) %0, (x,8) . }
G_(0 ——=G,_ (t-5s)d
TR o ) M U

[2rin(r,/n)-(r; r22 e [2(r- ff)][g“ (516 (0)+ [ 0,(x:5)G, (1-5)as ] (22

. 2[e, (r,,t)-a,AT]
[2r2in(r, r)- (2 -7} /[ 2(r2 - 17) ]

Eq. (22) is the micromechanical model of NASC which expresses the stress transfer
regularity among the matrix, the fiber and their interface.
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(a) Axial stress distribution in fibers (b) Axial stress distribution in interface

Fig. 14. Influence of the fiber aspect ratio on the stress distribution

The stresses in fibers and interface are illustrated in Fig. 14, where the coordinate x represents
the axial distance from the midst (x=0) to the end (x=I/2) of the fibers. Fig. 14(a) reveals that
the axial stress in the fibers o reduces from the midst to the end, and with the increasing aspect
ratio A, of at the fiber end increases. Fig. 14(b) illustrates the shear stress distribution in interface
at the fiber side, and the shear stress increases from the midst to the end.

5.2 Prediction of mechanical performances of NASC

5.2.1 Prediction of the stress-strain relationship

Since the module of interface is much smaller than that of fibers and the interface thickness
is much smaller than the matrix, the load is borne mainly by the fibers and the matrix. When
the aspect ratio of the fiber is no larger than a critical value, the stress-strain relationship can
be expressed by

Uc(gc) = fe1fiffo‘7f (gc) + VmEm (Sc) (23)
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Fig. 15. Influence of the fiber volume fraction on the stress distribution

where fg1=1 when all fibers are parallel to the load direction, otherwise f51=0.5; f; is the
correction coefficient for interface performance obtained by experiments; f; = (1- V) and

0¢(&c)= {1—M}Ef(sc -aAT), Oy (e.)=Epe, (24)
Pol/aq

When the aspect ratio of the fibers is larger than the critical value, the relationship between
stress and strain can be expressed by

_ fﬁlfiffvfaf (chx)_{_vmam (SC’X) € S“ch
felfiffvfaf (EC’X/Z) + Vmam (SC’X/Z) & > Eof

where & is the tensile strain of the fibers at the time it breaks, which holds

_ 1
€ = Oh / {Ef {1 - cmh(ﬁo;\/%)ﬂ +aAT (26)

5.2.2 Prediction of the tensile module

Due to the effect of fibers, the maximum permissible deformation of NASC is only about
10% of that of rubber and the bearing capacity of NASC is greatly improved. The tensile
module can be used to characterize the bearing capacity of NASC. The longitudinal tensile
module Eq can be calculated by Eq. (27) if the aspect ratios of fibers are relatively
concentrated, otherwise it can be calculated by Eq. (28).

oc(e)

Ev=f, [ﬁmﬁﬁ%?+ vam] @)

C

ECL = fp(if@lﬁﬁvfn%-'—fmvamJ (28)

n=1 (q
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where o, can be calculated according to Eq. (29).

) tanh(ﬂo)_kn /0‘0)

O = 5ok Eq (e, - aAT) (29)

where 1, is the mean aspect ratio of fibers with the length I, Vs, is the volume content of

fibers with the length I, and f,=1-1.9p+0.9p2. The Halpin-Tsai equation is employed to
predict the transverse tensile module of NASC Egy with single orientation.

=__ “I'fF 30
cH 1-1’]Vf m ( )
where
E/E, -1
yeptlm e1)
f/Em+2

In consideration of the effect of fiber length and orientation and porosity of material on the
transverse tensile module, Eq. (32) is established.

1+2V,

EcHzfp(W
vt

En* foofifiVs ?J (32)

5.2.3 Prediction of the longitudinal tensile strength
The temperature-related longitudinal tensile strength ¢, of NASC can be calculated by Eq.
(33).

04 = for fifiVeof + faVimor, (33)

where f,=(1-V,),0/ is the mean stress in fibers when tensile failure occurs and it can be

obtained from the micromechanical model of NASC, ¢! is the mean stress in the matrix

when tensile failure occurs and o] =Ele!

m"~cu

, and fq is the weakening coefficient of rubber
induced by fibers.

When the aspect ratio A is smaller than the critical value A, the debonding between fibers
and the matrix will occur. However, when A>). the fiber breaks. Therefore, the
temperature-related longitudinal tensile strength can be calculated according to Eq. (34).

0 = f61ﬁffoUj;nf(A)A(TsT ‘AfiT)CM+Limaxf()\)(1-0.5/\c/)k)(o£1 —Aog)dl}+fdvmoz;m (34)

where Ao/ is the stress in fibers induced by temperature change and Az is the shear stress

tanh (B, /)

E.a, AT
ﬂOA/ 24

in fibers, Ao = {1— }EfafAT and A1 =



40 Advances in Composite Materials - Ecodesign and Analysis

5.2.4 Prediction of the transverse tensile strength

The transverse tensile strength is a main evaluating indicator for NASC in engineering, and
its prediction may be performed according to 3 cases, as follows.

1. Debonding of interface from fiber

In this case, the transverse tensile strength ¢, can be calculated by

+
ol = nVrf + 2 /Vf I+ (1 R /Vf jUrTnH (35)
Vo NI

Eq. (35) can be used to predict the transverse tensile strength assuming that all fibers orientate
in the same direction at the moment the matrix debonds from the fibers. If the fibers orientate
in different directions, some will bear the longitudinal load. In this case, the transverse tensile
strength is larger than that calculated by Eq. (35), and it can be calculated by Eq. (36).

L |V, t V.
0= fe{ Vg +27—,/—fUlTH]+fezf1ffoUf [1 24— . \] Hf ] OmH (36)
i i

2. Debonding of interface from matrix
If all fibers orientate in the same direction at the moment the interface debonds from the

matrix, the transverse tensile strength o, can be calculated by Eq. (37).

II

+
ol =k rvaf T+[1 zlr VmeH (37)
f

If fibers orientate in different directions, o, can be calculated by Eq. (38).

V.
HVfTiTn1+f62fiffo0f [1 24— ki fJ O (38)

T _, LtHg
O = fo3
1 4 I

i
3. Damage of interface
The transverse tensile strength can be calculated by

+
"CTH=_£Z= Vel 425 /‘:If T +[1 phitr rrf /‘;fjarTnH (39)
f f

Using Eq. (39), the transverse tensile strength ¢, can be predicted assuming that all fibers

orientate in the same direction at the moment the interface is damaged. If fibers orientate in
different directions, o}, can be calculated by Eq. (40).

t.+r. |V
0§H=f83[ Vinr +2r 1’;UIHJ+f92f1f'foaf [Lzlr—f ;fJarl;lH (40)
i i

5.2.5 Prediction of compression-resilience performances
NASC is used to make gaskets, and the direction of compressive loads acting on it is normal
to the orientation direction of fibers. The model of a compressive type single-fiber cell (Fig.
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16) is established to derive the compression-creep constitutive equation of NASC with the
assumption L~I. The cell model is divided into three parts along compression-resilience
direction; the first part consists of matrix, interface and fiber (0-1), the second part consists of
matrix and interface (1-2), and the third part includes only matrix (2-3).

i 3 / Matrix
2
1
| __— Interface
w 0
Y ™~ Fiber
Fe |

Fig. 16. A model of a compressive type single-fiber cell

The total strain of the material .. under the load F. holds

2 12%
€ T W|:8c0-lrf et T Eos [7 - - ”fﬂ (41)

The compressive stress and strain of material relate to time. The compression-creep
constitutive equation of NASC is in the form

2 2t T tor do. (s) }
Eeclf)= + : Occ(t +2 Occ 0 ]cm t)+ +]cm t-g)———>dg
0| ot g el O+ 9%
(42)
x[%‘M‘\/Vf/H]—[Zaﬂ/Vf/H+Zaiti \/Vf/n+2am[%_M_\/Vf/H]]AT
1t " 7t
The compression rate of NASC can be calculated by
2 2t. t o1 1 tVi/m Ao (D)
R, = + L O () *2] . Jem (t-¢)dg| —-———-/V;/m |—=
V2E;[2+otnE, (1) 2], Jen(-<) g[z 1 oA
(43)

-{2%/% T+ Z‘ziti Wi +2a,, [%-ti—\'zf/n-ﬂlvf /HJ]AT

Substituting AT=0 into Eq. (43) gives the compressive rate of NASC at room temperature.
The compressive strain can be calculated by

2 2t. 2t Vf/n Ao (t)
€ = + ! O (t)+| X+Y(H) || 1-————-2/V;/u |———= (44a)
N e (1)+[ <>][ ; i/ } N
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-{2@\/\4* \/W +2a [ tm mﬂ (44b)

t t
where X=.[o* ]Zm(t~<;)dg and Y(t)=IOJCTm(t~€)d€~

After unloading the compressive load, the residual compressive strain is

scb=Y(t)[1—M-2 Vf/nJUCCT(t) (45)

Tt

The resilient rate of NASC can be obtained by

R =Sbb (46)

where

2 2t 2t Vf / I
b = + L (t)+X(1- -2JV¢/ )
[\/EEf JE+241E; } e
(47)
tV,
_{2af,/vf/n+2”t JViJm+2a [1 Ve ./V/n]]AT
Substituting AT=0 into Eq. (46) gives the resilient rate of NASC at room temperature.

5.2.6 Prediction of creep behavior
The creep behavior equation of NASC can be expressed by Eq. (48).

2 Lo o (1420 tm .
Ecc(t)_[\/iEf \/tf+2tirfEiJ CC(t) i C( )]cm { W]
{zafmﬂwmu [ tm mﬂﬂ

Because the strain in both fiber and interface is much smaller than that in matrix, only the
strain in matrix is considered under compressive load. Then the stress-strain relationship of
the third part in Fig.6 resulted from the resilience constitutive equation is in the form

(48)

deg,. dr
Oem (t) C23 ,[ G t { - ZZ(G) t oy dig):ldg (49)

If the compressive strain &. is constant during the course of stress-resilience, Eq. (50) is
obtained.

dT(V)
dv

O (1) = €25 (0) Gl (1) [ G (8- V), dv (50)
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The stress-resilience equation of NASC is in the form

«(0)GLa (1) b dT(q)
Occ(t)= - ( +I+Gcm(t'g)am dg (51)
1_2ti\/r\f/f/n N 0 dg

The detailed derivation of Egs. (7)-(51) can be found elsewhere (Zhu, 2008).

6. Performance evaluation of NASC

6.1 Mechanical performances of non-asbestos sealing composites

The properties of NASC specified in current standards include mainly density, transverse
tensile strength, plasticity, oil resistance, and so on. The performances of non-asbestos
sealing gaskets can be divided into two types. One is related to the performance indexes of
gasket products, which are the main items of product inspection prescribed in gasket
product standards. These performance indexes are the important basis for evaluating the
quality of gasket products. They involve compressibility, resilient rate, stress relaxation rate
and leakage rate (AQSIQ, 2003; AQSIQ, 2008). The other is correlated with the gasket
constants in current code design guidelines, such as gasket yield factor y which is defined as
the minimum gasket stress required to cause the gasket material to deform into the flange
face irregularities and gasket factor m which is defined as the ratio of the minimum gasket
stress needed to hold the joint sealed under the operating conditions to the internal pressure
p (ASME, 2007). In this section, the theoretic prediction and experimental evaluation of some
performances of NASC and gasket products are presented.

6.1.1 Test apparatus and procedure

A series of tests for tensile property, compressibility, resilient rate, and stress relaxation
property were conducted on an INSTRON 3367 universal testing machine. Samples were
made of the developed NASC reinforced with aramid fiber, as mentioned in section 3.2.

For tensile tests, the dumbbell-shaped samples were adopted, and the tests were performed
according to the Chinese standard GB/T 1447-2005 “Fiber-reinforced plastics
composites/determination of tensile properties”. The test conditions are listed in Table 8.

Sample |Sample Dimension|Fiber Length| Fiber Content | Tensile speed | Temperature
Quantity (mm) (mm) (wt%) (mm/min) (K)
36 20x10x2.5 1-3,4-6,7-9 |5, 10, 15, 20, 30, 40 200 293, 373, 423

Table 8. The conditions for tensile tests

The compressibility and resilient rate tests were carried out according to the Chinese
standard GB/T 12622-2008 “Standard test method for compressibility and recovery of
gaskets for pipe flanges”. The test conditions are listed in Table 9.

Sample fSampl.e Fiber Content |Loading Speed | The Maximum Stress Temperatur
Quantity |  Dimension (Wt%) (mm/min) (MPa) y
(mm) (K)
8 10x10x2.5 20, 40 200 10, 20 293

Table 9. The conditions for compressibility and resilient rate tests
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For the tests of the stress relaxation property, the samples were placed in the chamber of the
testing machine and heated to the desired test temperatures. After the temperature
remained constant for about 5 minutes, the compressive loads were applied to the samples.
The change in compressive stress of the samples was measured over time under the constant
sample deformation. The test conditions are listed in Table 10.

Sample 'Sampl'e Fiber Content |Loading Speed | The Maximum Stress | Temperature
Quantity Dimension (wt%) (mm/min) (MPa) (K)
(mm)
8 10x10x%2.5 20, 40 200 10, 20 293, 423

Table 10. The conditions for stress relaxation tests

6.1.2 Results and discussions

Figs. 17 and 18 show the stress-strain curves of the samples at room temperature with
different fiber mean aspect ratios A and fiber volume contents Vi, respectively.
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Fig. 17. Stress-strain curves of NASC with different fiber aspect ratios

fooee V= 41% , X1 =2545

801 o—V,=21%, 1=2545" °
RN

Stress oc (MPa)
>

T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Strain &

Fig. 18. Stress-strain curves of NASC with different fiber volume contents



Design, Manufacture and Performance Evaluation of Non-Asbestos Sealing Composites 45

40

s== T=293K
o — T=373K N
304 O seeeen T=423 K //[V’;"“é o

[SI=RAN
oo B\

204

Stress 0. (MPa)

Strain &c

Fig. 19. Stress-strain curves of NASC at different test temperatures

Fig. 19 illustrates the stress-strain relationships of the samples at different test temperatures
with a known fiber mean aspect ratio and a given fiber volume content. In these figures,
symbols “A, o, 0” represent experimental data, and the curves are plotted according to the
prediction formulae proposed in section 5.2. It can be seen from the Figs. 17-19 that the slope
of stress-strain curves of NASC increases with the increase of fiber mean aspect ratio and
fiber volume content. Aramid fiber has a good reinforcing effect on elastomer matrix
composites. The larger the fiber mean aspect ratio, the more obvious is the reinforcing effect.
Because the modulus of aramid fiber is much larger than those of elastomer matrix material
and compatibilization fiber like sepiolite fiber, the increase in the aramid fiber content
results in the significant augment of the strength of NASC.

The error between the experimental data and values predicted using the derived
constitutive equation increases with increasing strains, and all the predicted stresses are
larger than those obtained by experiments. The essential reason for the error of prediction is
that the difference between the aspect ratios of various fibers was neglected. The changes in
the transverse tensile strength of NASC with fiber mean aspect ratio and fiber volume
content are shown in Figs. 20-21.
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Fig. 20. Relationship between transverse tensile strength and fiber mean aspect ratio
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Fig. 21. Relationship between transverse tensile strength and fiber volume content

Fig. 22 illustrates the effect of test temperature on the transverse tensile strength. In these
Figures, symbol “A” represents experimental data, and the curves represent the prediction
results. The transverse tensile strength increases with the increase in the fiber mean aspect
ratio and the fiber volume content. The transverse tensile strength of NASC is interrelated
with temperature, and it deceases with increasing temperature. The temperature induces
thermal stresses in the fiber, matrix and fiber-matrix interface, which affect the temperature-
dependent tensile strength of the composite finally. Because the coefficient of thermal
expansion of the elastomer matrix is much lager than that of the fiber, big thermal stresses
both in the fiber and in the matrix will be generated with variation of temperature, and a
small shear stress in the fiber-matrix interface is produced as well (Zhu et al., 2008). These
factors result in the decrease of transverse tensile strength with increasing temperature.
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Fig. 22. Effect of temperature on transverse tensile strength

The compressibility and resilient rate of NASC obtained by tests and those predicted using
Egs. (43) and (46) are listed in Table 11. It can be found that the compressibility of NASC
increases with increasing the maximum compressive stress and decreasing the fiber volume
content, while the resilient rate decreases with the increase in the maximum compressive
stress and the fiber volume content.
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Fiber The Maximum Comprfss1b1hty Resﬂleont Rate
~ (%) (%)

Content |Compressive Stress —— - — -
(wt%) (MPa) Test Data Prediction| Relative Test Data Prediction| Relative
Result | Error (%) Result | Error (%)

21 10 31.1 30.1 3.3 69.3 62.5 10.3

21 20 36.2 33.8 6.9 62.7 55.3 12.5

41 10 23.1 21.6 6.7 54.8 48.0 13.2

41 20 28.3 259 8.9 51.2 46.6 94

Table 11. Compressibility and resilient rate of NASC

Figs. 23-25 present the test and prediction results of stress relaxation property of NASC, in
which symbols “A, 0” represent experimental results, and the curves are plotted according
to the prediction values of stress relaxation property using Eq. (51). The stress relaxation rate
increases with increasing initial stress and temperature and decreasing fiber volume
content. The fiber mean aspect ratio and orientation have less evident influence on the stress
relaxation property of NASC. The experimental and prediction results are basically
identical, and the maximum error is about 8.5%.

Fig. 23. Stress relaxation
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Fig. 24. Stress relaxation curves of NASC at different temperatures
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Fig. 25. Stress relaxation curves of NASC with different fiber contents

6.2 Sealing behaviour of non-asbestos sealing composites

6.2.1 Leakage model of non-asbestos gasket sealing

NASC can be assumed to be a kind of porous media. The flow of gas through porous media
includes molecular transfer and convection transfer. The leakage rate L of gases flowing
through porous media can be calculated using the capillary model (Gu et al., 2007b).

S0 ! 4r’ [2nRT
L= i i - 52
;[qumpm 3dm,/ o ](pl p.) (52)

where r; and I, are the radius and the average length of capillaries, respectively, ¢ is the
bending coefficient of capillaries, 77 the dynamic viscosity of gases, T the Kelvin temperature of
gases, M the gas molecular weight, R the gas constant, pm the average pressure, pm=(p1+p2)/2,
and p; and p; are the pressures at the entrance and exit of capillaries, respectively.

There exists the following relationship between the number k and the radius r; of leakage

paths and the gasket compressive stress o
k=fi(o™) (53)

n=flo™") (54)

According to Egs.(52)-(54), the leakage rate of gas through gasket sealing joints L can be
calculated by the following formula:

VAN M\ o 1

where [ is the gasket effective width, Ar, Ay, 1L and ny are regression coefficients which can

be obtained from experimental data, and oy is the gasket seating stress prescribed in the
corresponding gasket standards (AQSIQ,2003, AQSIQ,2008).
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6.2.2 Test verification and leakage rate prediction method

Tests were performed on a fully automatic testing machine for gasket performances, and the
specific details on the test machine and test procedure can be found in the reference (Gu et
al., 2007b). The test conditions are listed in Table 12.

Sample Gasket Seating| Gas Pressure Test

Sample Quantity| Dimension | Test Medium Stress Difference | Temperature
(mm) (MPa) (106 Pa) (K)
3 $109x$p61x2 [ 99.9% nitrogen 20, 30ég 0,50, 1,2,3,45,6 293

Table 12. Conditions for the leakage test

The relationship between medium pressure difference pi-p> and leakage rate L under different
gasket seating stresses o is shown in Fig. 26, in which symbols represent experimental data,
and curves are plotted according to the leakage model. The experimental results show that the
leakage rate increases obviously with the increase of the test medium pressure when the
gasket seating stresses are smaller. On the contrary, when the gasket seating stresses are larger,
this tendency is not obvious. The variation of leakage rates with pressure difference across
gasket width follows precisely the curves represented by the leakage model, as indicated by
the high value of the correlation coefficient R which is nearly equal to unity.
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Fig. 26. Relationship between leakage rate and test pressure difference under different
seating stresses

The coefficients A1, Am, nr and ny in Eq. (55) can be obtained by regression analysis of the
experimental data, and they are listed in Table 13. According to Eq. (55) and the regression
coefficients, the relationships between the pressure difference and the leakage rate under
different gasket compressive stresses are obtained, and they are also illustrated in Fig. 26.

AL AM nL nm R
8.52x10-23 2.79x10-12 4.08 3.06 0.984

Table 13. Regression coefficients in Eq. (55)
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According to Eq. (55) and the regression coefficients in Table 13, the leakage rates of other
gases leaking through non-asbestos gaskets with different sizes and used under various
working conditions can also be predicted. It can be assumed that the leakage paths in
gaskets are distributed uniformly in the circumferential direction. The larger the gasket
perimeter, the more the leakage paths are. Therefore, when the leakage rate prediction is
performed for the gaskets with different sizes, the correction of Eq. (56) is necessary, and
hence, the leakage prediction formula holds:

L= ALl{ij o+ Ay l[ij M& (56)
Ui ! D,

where Dy and D, are diameters of the tested gasket and the gasket on which the leakage rate
will be predicted, respectively.

It can be seen from Eq. (55) and Eq. (56) as well that the total leakage rate of gases through
non-asbestos gaskets is the sum of the laminar flow rate and the molecular flow rate. The
leakage is mainly the molecular flow when the gasket seating stress is large and the gas
pressure is low, and the leakage rate is directly proportional to the pressure difference (pi-
p2). On the contrary, when the gasket seating stress is small and the gas pressure high, the
leakage is predominantly the laminar flow. In this case, the leakage rate is in direct
proportion to the square difference of pressures (p12-p22), and the influence of the molecular
flow can be ignored. The latter situation represents the leakage state of gasket sealing joints
in most pressure vessels and piping.

7. Conclusions

Two kinds of non-asbestos sealing composites were developed by using aramid, glass, and
pre-oxidized carbon fibers as reinforcing fibers, and nitrile rubber and natural rubber as
binders. Design of these composites as well as preparation techniques were discussed. The
surface treatment effects of fibers by using such methods as immersion coating, surface
oxidation and plasma treatments were investigated. The results of the transverse tensile test
and the SEM analysis reveal that the surface pretreatment can largely enhance the
associative strength of the interface between fiber and matrix.

Both the molding and the calendaring preparation processes of NASC were presented.
Contents of main compositions of two kinds of NASC were determined by uniform design
and regression design methods in which the transverse tensile strength, compressibility,
resilient rate and stress relaxation rate of the composites were used as evaluation indexes.
According to the data resulted from mixing regression design experiments, the regression
equation was obtained.

Methods for measuring and characterizing the micro structural parameters including the
aspect ratio, orientation, distribution of short fibers, interphase thickness, and porosity of
NASC were discussed. The short fiber aspect ratio can be obtained by measuring the
dimensions of the fibers that were separated from the composite, and results can be
evaluated by the mean aspect ratio method, the histogram method and the distribution
function method. The short fiber orientation can be tested by the section-analysis method
and the plane-observation method, and results can be evaluated by the distribution function
method, the histogram method and the modified coefficient method.
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The micromechanical model of a single fiber cylindrical cell, which includes fiber, matrix
and their interphase, was established. The stress transfer mode among the fiber, the matrix
and the interphase was investigated, and the stress distributions in them were obtained. A
model of a compressive type single-fiber cell was established, and the prediction methods
for the stress-strain relationship, the tensile module, the longitudinal tensile strength, the
transverse tensile strength, the compression-resilience performance and the creep behavior
were proposed.

A series of tests for tensile property, compressibility, resilient rate, and stress relaxation
property of NASC were conducted. The experimental results were compared with the
predicted values. The predicted stress-strain relationship of NASC is in good agreement
with the experimental result when the strain of the composite is relatively small, while the
error is obvious when the strain is relatively large. The transverse tensile strength increases
with the increase of the fiber volume content and the mean aspect ratio and decreases with
the increase in the test temperature. All the experimental results are smaller than those
predicted, and the maximum error between them is about 13%. The compressibility
increases with increasing the maximum compressive stress and decreasing the fiber volume
content, while the resilient rate decreases with the increase in the maximum compressive
stress and the fiber volume content. They are nearly irrelevant to the fiber mean aspect ratio
and orientation. The errors both between the predicted compressive rates and experimental
data and between the predicted resilient rates and the experimental results are less than
15%. At the beginning of the stress relaxation, the stress in the composite decreases quickly,
the stress relaxation speed decreases essentially after 80 to 100 minutes, and the stress
relaxation curve trends to be a straight line. The stress relaxation rate increases with
increasing initial stress and temperature and decreasing fiber volume content. Such
microstructure parameters as fiber mean aspect ratio and orientation have less evident
influence on the stress relaxation property of NASC. The experimental and predicted results
are basically identical, and the maximum error is about 8.5%, which indicates that the stress
relaxation property of NASC can be well evaluated by the stress relaxation equation
presented in this chapter.

A leakage model was developed to predict non-asbestos gasket leakage rates with different
gasket sizes and various gases under different working conditions. The model is constructed
on the base of the gasket leakage tests conducted over a nitrogen pressure range of 1 to 6
MPa and a gasket seating stress range of 20 to 60 MPa. The established model gives
relatively accurate predictions, but it is necessary to conduct additional tests before
predicting leakage rate of other types of gaskets. High temperature will cause the
deterioration of sealing materials and result in the increase of leakage rates, which has not
been taken into consideration in the present model, and this subject should be studied.
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1. Introduction

Soaring prices are a reminder of the essential role that affordable products play in
sustainable economic growth and higher human development. Utilization of waste
materials has become more pressing than ever. Red mud is accumulating at a rate of 30
million ton annually throughout the world. Under normal conditions when 1 ton of alumina
is produced from bauxite, an equal amount of red mud is generated as a waste. A further
aspect is their reuse as starting materials for other products (Grjotheim & Welch, 1998;
Kasliwal, & Sai, 1999). Red mud has been suggested as filler for polymer reinforcement or as
a cheap adsorbent for removal of toxic metals or an acid by several researchers. Chand and
Hashmi, 1999, tried to improve the mechanical properties and abrasive wear properties of
polymer blend filled with red mud. Pradhan et al. 1999 had reported that activated red mud
as a good adsorbent was used for adsorption of phosphate or chromium. In addition, the
mechanical and thermal properties of polymers are generally improved by the addition of
inorganic fillers. The challenges in this area of high-performance organic-inorganic hybrid
materials are to obtain significant improvements in the interfacial adhesion between the
polymer matrix and the reinforcing material since the organic matrix is relatively
incompatible with the inorganic phase. Generally, a better interfacial bonding will impart
better properties to a polymer composite such as high modulus, strength, and stiffness
(Agag et al., 2001; Jang, 1992).This reinforcement of polymer filled with inorganic material is
largely dependent on the physical interfacial phenomenon between the filler and matrix.
This can be determining the degree of adhesion by physical interaction, such as active
functional groups, hydrogen bonding, Lewis acid-base interactions, surface energy, and
crystallite faces of filler surface at the interface (Park & Kim, 2000; Park & Cho, 2000). To
increase physical interaction, various surface treatment techniques are applied, such as
oxidation in acid solutions, (Donnet & Bansal, 1990) dry oxidation in oxygen, (Yuan et al.,
1991) anodic oxidation, (Ishikawa & Matsumoto, 2001; Park, S. J; Kim) and plasma
treatments (Dilsiz et al., 1995). Surface modification leads to development of surface
functional activity on a filler surface, resulting in modification to achieve good interfacial
adhesion between the reinforcement and the matrix.

In materials research, the development of polymer nanocomposites is rapidly emerging as a
multidisciplinary research activity whose results could broaden the applications of
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polymers to the great benefit of many different industries. The details about worldwide
generation of Red Mud, country wise and region wise is shown in fig. 1.

Africa Caribean

W Africa(1%) B Caribesn (5% W 5. Americars%) W M. America (14%) B Europe (19%)
B Aszia (229%) 0 Australia (30%)

Fig. 1. Red Mud generation Continent/Region wise

The use of layered inorganic fillers has been a common practice in the plastics industry to
improve the properties of thermoplastics. The effects of filler on the material properties of
composite materials depend strongly on its particle size, shape, aggregate size, surface
characteristics, and degree of dispersion. Polymer composites prepared in combination with
an organic component as a matrix and an inorganic component as filler on the nanoscale
(Huang et al., 1987; Suriyet et al., 1992; Novak & Ellsworth, 1993; Hajji et al., 1999) have
additional advantages, such as the possibility of obtaining a material that has the advantages
of both organic materials (e.g., light weight, flexibility, good moldability) and inorganic
materials (e.g., high strength, heat stability, and chemical resistance)(Shao et al, 2003).

Low volume additions (£5%) of nanoparticles of layered red mud provide property
enhancements with respect to the neat resin that are comparable to those achieved by
conventional loadings (15-40%) of traditional fillers. Red mud (nanofiller) is a major waste
material obtained during the production of alumina from bauxite by the Bayer’s process. It
comprises of silicates and oxides of iron, aluminum, sodium, calcium and titanium, along
with some other minor constituents. Based on economics as well as environmental related
issues, enormous efforts have been directed worldwide towards red mud management
issues i.e. of utilization, storage and disposal. Different avenues of red mud utilization are
more or less known but none of them have so far proved to be economically viable or
commercially feasible.

Thermoplastics have a big potential for applications in the industry as well as in
construction, electrical applications and food packagings. One of the few disadvantages
associated with the use of nanofillers, is their high cost. The present research work has been
undertaken with an objective to explore the use of red mud as a reinforcing material as a
low cost option. This is due to the fact that red mud alone contains all these reinforcement
elements and is plentifully available.
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In mechanical reinforcement major issues are the homogeneous dispersion of nanofillers in
the polymeric matrix and the developments of chemical bonding or strong interaction at the
nanofiller-matrix interface. In this study we have used acid modified and organically
modified red mud for better homogeneous dispersion as well as enhanced material
properties. The focus of this research was to experimentally characterize the two polymer
nanocomposite systems and investigate the role of modification of filler in their behavior.
Modified Red mud nanoparticles were dispersed in poly (vinyl alcohol) (PVA) and poly
hydroxy ether of bisphenol-A (Ph) matrices.

The conventional solvent casting technique was employed to generate polymer
nanocomposites. Red mud was treated with boric acid and phosphomolybdic acid to develop
the acidic functional groups or active oxygen, resulting in the better dispersion of the red mud
into the polymer matrices. Red mud was also organically modified with the oligomers of
aniline formaldehyde, for better interaction between the filler and the polymer matrices. The
particle size of the modified red mud was determined by field emission scanning electron
microscopy (FESEM). The as-synthesized composite films were typically characterized by
FTIR spectroscopy and X-Ray Diffraction. The morphological image of the composite materials
was studied by scanning electron microscopy (SEM) and the dispersion of the modified fillers
within the matrix was studied by transmission electron microscopy (TEM).The thermal
properties measured by thermogravimetric analysis (TGA) showed enhanced thermal stability
of a series of composite materials. The differential scanning calorimetry (DSC) showed
increase in glass transition temperature and crystallization of the composite films.

The physical topography of the composite materials was studied by Atomic Force
Microscopy (AFM).

Polyvinyl alcohol (PVA) is cornmercially available in dry granular or powdered form. It is a
water-soluble and fully biodegradable polymer (Chen et al., 2000; Bachtsi & Kiparissides,
1996 ). PVA is having planar zigzag structure like polyethylene (Horii et al., 1992). All PVA
grades are readily soluble in water. As a hydrophilic polymer, PVA exhibits excellent water
retention properties. Conditions for dissolution are governed primarily by degree of
hydrolysis, but they are influenced by other factors such as molecular weight, particle size
distribution and particle crystallinity [Peppas & Merrill 1977]. Optimum solubility occurs at
87-89% hydrolysis. The partially hydrolyzed grades in this range exhibit a high degree of
cold-water solubility. For total dissolution, however, they require water temperatures of
about 185°F (85°C) with a hold time of 30 minutes. It is, in fact, a refinement of PV Acetate
since the most common manufacturing process is to replace by hydrolysis (or alcoholysis)
the acetate groups with hydroxyl groups. This is commonly achieved using the presence of
catalytic quantities of alkali such as sodium hydroxide (which, since it acts only as a catalyst,
should not in theory remain in the final product). The extent of hydrolysis will determine
the amount of residual acetyl groups and this in turn apparently affect the viscosity
characteristics.[ Ray & Bousmina ,2005] PVA exists only as a polymer; a monomer has not
yet been isolated, so the chemical structure is described in Fig.2.

]

Qo —nNn—=x

Fig. 2. Chemical formula of PVA
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The PVA concentration in an aqueous solution is determined by the type of application.
However, at concentrations greater than 10 wt%, the viscosity of the aqueous solution at
room temperature is such that pouring becomes difficult. In addition to its solubility, PVA is
also appreciated for its good mechanical properties in the dry state, resistance to common
solvents, barrier effect in dry atmospheres, possibility of food contact for suitable grades,
biodegradability. Some of the physical properties of PVA are as presented in table 1.

Properties Values

Appearance White to cream granular powder

Density 1.23-1.30 g/cm?

Gradual discoloration above 100 oC;
Thermal stability darkens rapidly above 150 °C;
rapid decomposition above 200 °C.

Coefficients of thermal expansion 7-8 x 105/ oC

Thermal conductivity 02W/mk

Yield Stress 40-50 MPa

Elongation at break 100-200%

Melting point 230 oC for fully hydrolysed grades

180-190 for partially hydrolysed grades.

Glass transition temperature 75-85 oC

Table 1. Physical properties of PVA

PVA can be plasticized and processed by casting, dipping, injection and extrusion. (Biron,

2007).

The main engineering applications, possibly in combination with other polymers, are:

e Films for packing chemicals, fertilizers, herbicides, disinfectants, dyes, colorants,
scalers, cosmetics etc.

¢  Release films for composite moulding.

e  Solvent resistant tubes and pipes.

¢ Membranes for pumps carrying petroleum or chemical products

Trade names: Elvanol, Polyviol, Mowiol, Rhodoviol.

The commercial name of poly (hydroxy ether) of bisphenol A is Phenoxy, and as a

thermoplastic polymer it possesses many excellent properties such as (Zhang et al., 2002)

. Good chemical stability

. Excellent matrix material for producing polymer nanocomposites

. Thermal stability

. Tractability

J Transparency
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The poly (hydroxy ether of bisphenol A) (phenoxy (Ph)) has been revealed as a polymeric
matrix able to intercalate in, and partially exfoliate a commercial organically modified
montmorillonite. Dispersion was attributed to chemical interactions between the Ph and the
inorganic clay (Fornes et al., 2004).

Poly (hydroxy ether of bisphenol A) (Ph) based polymer nanocomposites (PN) reinforced
with a layered red mud with acidic and organic modifications were prepared by
conventional solvent casting technique. The best dispersion occurred in the PN where the
interactions between the functional groups of the polymer matrix and those of the organic
substitution of the red mud appeared to be the highest. The modulus increase is an indirect
but quantitative measurement of the attained dispersion level.

The structure of Poly (hydroxy ether) of bisphenol A is shown in fig.3.

CH

(-0 §-O-o-om-cn-cm,

OH
Fig. 3. Poly (hydroxy ether) of bisphenol A

2. Modification of red mud

2.1 Preparation of boric/phosphomolybdic acid modified-red mud

A known amount of raw red mud was first washed with distilled water two to three times
and then dried in an oven. When the red mud dried completely; it was treated with a 5 M
solution of boric acid/ phosphomolybdic acid for 24 hours. Then it was being filtered, dried,
weighed and grinded in order to get its powdered form. The weight of the red mud
increased by 24 %. The powder was then sieved through 53-micron mesh to remove the
larger particles. The powder so obtained was fine and acidically modified. Thus, Layered
silicates and double layered hydroxides, Al, (OH) 7 (AH) and MgAl (OH) s (MAH), of red
mud were modified with inorganic acids. The inorganic acid modifier compatibilizes the
silicate and hydroxide surface to polymer matrices and spaces the crystalline layers apart to
minimize the energy needed for exfoliation process.

2.2 Preparation of organically modified-red mud

The organic modification of red mud was done by the following two steps:

i.  Freshly prepared Aniline Hydrochloride is mixed with red mud with a magnetic stirrer.
ii. Formaldehyde is then added drop by drop to the mixture with intense stirring action.
The addition of aniline hydrochloride to red mud replaces the cation present in the
octahedral sites of the silicate with aniline occupying the same. The formaldehyde added
would form a condensation oligomer as the product with the pendent group as
formaldehyde which is compatible with the polymer. The ratio of Aniline to formaldehyde
is kept 1:1 so as to stop any further condensation of the aniline and formaldehyde as this
could lead to the polymer blend type nanocomposite, which could have the problems
associated with miscibility of polymer blends and this filler would not be universal filler for
the polymer matrix. The figure 4 depicts the experimental setup for the organic modification
of red mud.
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Formaldehyde
Red Mud Aniline
Hydrochloride
ixing
T
—-— —— " 30min T | Celing

Washing with water

Drying and Grinding

Organically Modified Red Mud (ORM)

Fig. 4. Experimental setup of organic modification of red mud

2.3 Mechanism:

Figure 5 showed the mechanism and condensation reaction between substituted aniline and
formaldehyde. After substitution of the metal cation, condensation reaction occurs between
the substituted amine group with extra hydrogen and the formaldehyde molecule to form
water as a byproduct. Thus the organic entity enters the space between the silicate layers
thus providing a suitable site for binding the polymer. When this filler is mixed with the
polymer, the polymer chains are attracted due to the presence of the organic species at the
interlayer spaces, and thus get intercalated in between the layers, which have about
nanometer size openings.

The reaction mechanism can be best depicted by the following sequence

Aniline
Hydrochloride

!

M — MH:'
>
M — MH;*
Where,
=Silicate layer
M =Al Fe,Ti

Mechanism for organic modification of red mud
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Condensation reaction between substituted aniline and formaldehyde

5 0. G0, 80 U

+ HCH) ———»
44MDA 24 MDA 22MDA Aminal

Fig. 5. Mechnaism and Condensation reaction showing Organic Modification of Red Mud

3. Experimental

3.1 Preparation of PVA-acid red mud nanocomposite materials and organically
modified red mud nanocomposite materials

10% (w/v) aqueous solution of PVA was prepared by dissolving 10g of dried powdered
PVA in 100ml of distilled water at a temperature of 100 °C with continuous stirring. Polymer
modified red mud nanocomposite (PRM) films were made by mixing different loading
percentage of acid modified red mud and organically modified red mud into the virgin PVA
solution. The PVA-red mud solution thus obtained was sonicated for better dispersion and
removal of any air bubble present in the solution. The solution was cast on the plane glass
surface and dried at room temperature. The composition of the PRM materials was varied
from 0 to 5 wt % of RM with respect to the PVA content.

3.2 Red mud loading levels

Sample index PVA | SP1 | SP2 | SP3 | SP4 | SP5 | SP6 | SP7
% Loading of boric acid mod. red 0 05 | 101 15 1 20 | 30 | 40 | 50
mud

Sample index PVA | CP1 | CP2 | CP3 | CP4 | CP5 | CP6 | CP7
% Loading of organically mod. 0 05 | 101 15 1 20 | 30 | 40 | 50
red mud

Sample index PVA |PRM1 |PRM2|PRM3 | PRM4 | PRM5 [PRM6| PRM7

% Loading of Phosphomolybdic
acid mod. red mud

Table 2. Sample Designation

3.3 FTIR spectroscopy

The nature of the chemical bonds in raw red mud and the modified red mud were
characterized by FTIR spectroscopy. The FTIR spectra of raw red mud and acid modified
red mud are shown in Fig. 5 and it clearly depicts the main characteristic peaks associated
with them. The characteristic vibration band of raw red mud for hydroxyl stretching
vibration (O-H) was found at 3417 cm-! while for boric acid modified red mud, the hydroxyl
stretching occurred at 3379 cm and the same characteristic peak for phosphomolybdic acid
was observed at 3129 cm-1. A red shift in the hydroxyl stretching vibration (O-H) at 3379 cm-
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L in the boric acid modified red mud (BRM) and 3129 cm! in the phosphomolybdic acid
modified red mud (PRM) arises due to disappearance of the hydroxyl groups upon cross
linking reaction with the boric acid and the phosphomolybdic acid respectively. The peak at
0 =993 cm! in case of raw red mud could be attributed to Si-O stretching vibration and the
same peak for BRM and PRM were observed at 1000 cm! and 996 cm! respectively. The
blue shift observed in the peak position of Si-O occurred due to the interaction of red mud
with the inorganic acids.
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Fig. 5. FTIR Spectra of (a) Raw red mud (b) Boric acid modified red mud (BRM)
(c) Phosphomolybdic acid modified red mud (PRM)

According to the Rocchiccioli - Deltcheff et al. [80], the four absorption bands in the
spectrum of pure phosphomolybdic acid (PMA) shows the typical features of Keggin anions
and the peak frequencies at 1064, 961, 868, 780 cm! are assigned to thell v (P-O),0 v (Mo-
Oy) (Oyrefers to the terminal oxygen),[] v (Mo-O-Mo) (O, refers to the corner oxygen) and]
vV (Mo-Oe-Mo) (O, refers to the edge oxygen) respectively. All these characteristic bands of
PMA are not present in the spectra of the PRM, indicating that there is specific interaction
between the keggin structure and red mud.

Groups Raw red mud | BRM PRM

(cm) (cm?) | (cm?)

OH 3417 3379 3129
OH bend. 1636 1631 -
B-O - 1368 -

Si-O 993 1000 996

P-O - - 1074

Mo-O.-Mo 872

Table 3. Assignment of FTIR spectral bands for raw red mud and the acid modified red mud
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An upward shift was observed for the v (P-O) and v (Mo-O-Mo) stretching vibrations,
whereas bands ascribed to the stretching vibration v (Mo-Oy) does not appear in the PRM.
The major vibration bands for organically modified red mud as shown in Fig. 6 occurs at
OH/NH stretching (3320 cm ), NHz* (1598 cm?) and Ar-N (1512 ecm?). A red shift in the
hydroxyl peak at 3320cm? for modified red mud arises due to the interaction of red mud
platelets with the aniline hydrochloride moiety through physical interactions. The
characteristic Si-O stretching vibration is not found in case of ORM due to formation of a
coating of organic moiety around the silicate galleries.
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Fig. 6. FTIR Spectra of Raw red mud and organically modified red mud (ORM)

G Raw red mud ORM
roups (cm) (em)
OH 3417 3320

OH (bending) 1636 -
NH3+ - 1598
Ar-N - 1512

Si-O 993 -

Table 4. Assignment of FTIR spectral bands for raw red mud and organically modified red
mud

The representative FTIR spectra of the pure PVA and various polymer nanocomposite
materials are shown in Fig.7.The characteristic vibration band of PVA for hydroxyl
stretching vibration(O-H) having polymeric association is shown at 3292 cm-, While the
alkyl stretching band of C-H is shown at 2942 cm-1.The peak at v=1736 cm! is due to C=O
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stretching of saturated aliphatic esters (acetate), 1042cm1(O-H Bending), and 1424 cm (C-H
Bending).

The FTIR spectrum in Fig. 3.6 also shows the spectra associated with PRM2, SP2 and CP2.
The intensity of the O-H stretching vibration peak (v = 3200-3400 cm-1) decreased and peak
frequency shifted from 3292 to 3250 cm, i.e. to a lower frequency as compared to that of
pure PVA. The red shift in the hydroxyl stretching frequency occurs due to the various
degree of hydrogen bonding between the polymer and the filler which lengthens and
weakens the O-H bond and hence lowers the vibrational frequency. Also, the peak
frequency of C-H for PRM2, SP2 and CP2 occurs at 2916 cm, 2945 cm? and 2960 cm!
respectively as tabulated in Table 5.

By loading 1% ORM (CP2) in the polymer matrix, the alkyl stretching vibration of C-H
increases from 2942-2960 cm™ and occurs due to the interaction of polymer matrix with the
organic moiety of the filler.
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Fig. 7. FTIR Spectra of (a) Pure PVA (b) PRM2 (c) SP2 (d) CP2
Groups PVA (cm?) PRM2 (cm-) SP2 (cm) CP2 (cm?)
OH 3292 3268 3267 3250
C-H 2942 2916 2945 2960
C=0 1736 1712 1743 1742
O-H (pending) 1042 1043 1041 1019
CH> (pending) 1424 1423 1424 1414

Table 5. Assignment of FTIR spectral bands for Pure PVA and the PVA/modified red mud
nanocomposite membranes
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The FTIR spectra in Fig. 8 shows the spectra associated with PRM4, CP4 and SP4.The
intensity of the O-H stretching vibration peak (v = 3200-3400 cm-!) decreased and the peak
frequency shifted from 3292 in case of pure PVA to 3278 cm-, 3245 cm? and 3230 cm! for
PRM4, CP4 and SP4 respectivelyi.e. to a lower frequency as compared to that of pure PVA.
This is again due to the intermolecular hydrogen bond formation, thereby decreasing the O-
H stretching frequency with the increase in the percent loading of the modified filler. The
other characteristic peaks are given in table 6.
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Fig. 8. FTIR Spectra of (a) PRM4 (b) CP4 (c) SP4

Groups PRM4 (cm-) SP4 Cr4
OH 3278 3245 3230
C-H 2961 2943 2959
C=0 1711 1737 1754
O-H (pending) 1020 1021 1020
CH2 (pending) 1414 1424 1424

Table 6. Assignment of FTIR spectral bands for PVA/modified red mud nanocomposite
membranes with different loading percentage of filler

3.4 X - ray diffraction study
Wide angle X-ray diffraction studies were performed on raw red mud and the modified red

mud as shown in Fig. 9.
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Fig. 9. Xrd pattern of (a) Raw red mud (b) Phosphomolybdic acid modified red mud
(c) Organically modified red mud

The spacing, doo1, of the (001) basal reflections of the Raw red mud and PRM were measured
and are shown in table 7. It was found that the basal spacing of the PRM is larger than the
raw red mud.

Sample 20 d-spacing (A°)
Raw red mud 2.71 32.76
PRM 2.46 36.72

Table 7. XRD basal spacing results of raw red mud, and acid modified red mud

In the ORM, the case appears to be slightly different with the peak being lost. Thus, we
could infer that the silicate layers undergo exfoliation or random dispersion at the
modification stage itself. This suggests that the aniline formaldehyde type precursor have
formed a coating on the partially exfoliated silicate layers leading to random dispersion thus
rendering the absence of peaks in the XRD micrograph (Alexandre & Dubois, 2000).

(d) PRM 4
= ™
g / (c) CP4
g ™
£ 4 (b) SP5
A
/uv/ (a) PV A
10 20 20 40 50 &0
26

Fig. 10. X-ray Diffraction pattern of (a) PVA (b) SP5 (c) CP4 (d) PRM4 film
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The XRD patterns for the Virgin PVA and the PVA nanocomposite films with different
critical loading percentage of modified red mud were depicted in Fig. 10. The crystallinity of
the nanocomposite membranes was found to be mainly due to PVA. The characteristic
diffraction peak for pure PVA was observed at 20 value of 22.560. While the diffraction peak
of the nanocomposite films were considerably broadened and displaced to lower 20 values
as shown in table 8, indicating reduction in the crystallinity of the nanocomposites.

The spacing, dgo;, of the (001) basal reflections of the silicate galleries of the PVA
nanocomposite films were measured as shown in table 3.9. It was found that the basal
spacing for CP4 is larger than other nanocomposites materials, thereby giving evidence of
more exfoliation in CP4 than the rest nanocomposites. Hence, it can be concluded that the
interlayer spacing got increased by intercalation of polymer matrix. So, a lot of surface area
of modified red mud is now available to the polymer for bonding.

Sample 20 door-spacing (A°)
SP5 13.47 6.56
CP4 13.11 6.74
PRM4 19.15 4.63

Table 8. XRD doo1-spacing Results

The change of crystalline behavior was further evidenced by the studies of the
morphological image of as-synthesized materials. Individual silicate layers, along with two,
three and four layer stacks, were found to intercalate and partially exfoliate in the PVA
matrix.

3.5 SEM

On higher magnification (10,000 X) viewing of morphology of pristine PVA SP4 and SP5 type
of nanocomposite films in Figure 11 (a) , (b) and (c) respectively, it was found that the
morphology of polymer nanocomposite films becomes much smooth than pure PVA.

(@) (b) (©)
Fig. 11. SEM micrographs of (a) PVA (b) SP4 (c) SP5
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The granules shape of PVA indicates some crystalline behavior occurring in pure polymer.
The incorporation of red mud seems to destroy the orientation of semicrystalline polymer and
to convert the polymer morphology approaching to amorphous state. [Bhat & Banthia, 2007]
The SP5 showed much smooth morphology that is different to crystallites of PVA observation.
This result is consistent with the wide-angle powder XRD patterns as described previously.

3.6 Transmission Electron Microscopy (TEM)

TEM complements XRD by observing a very small section of the material for the possibility
of intercalation or exfoliation. It also provides information about the particle size and
nanodispersion of particles. It however, supplies information on a very local scale.
However, it is a valuable tool because it enables us to see the polymer and the filler on a
nanometer scale.

The images, in Fig.12, 1 3 and Fig. 14, provide information regarding likely sizes of particles
present in the matrix. Figure shows each of the polymer nanocomposite systems with critical
loading of modified red mud. In Fig. 12 the silicate galleries of the organically modified red
mud showed partial exfoliation and intercalation as depicted by the ridges in the image.
While SP5 and PRM4 showed completely intercalated system. Nanoparticles showed
agglomeration in some parts of the composite films due to the conformation of the polymer
chains adhered to the nanoparticles.

Particle sizes on the TEM images are worth noting. In Figure 12, several ORM particles in
PVA are ~8 nm , in Figure 13, BRM in PVA are as small as ~12 nm, and in Fig. 14, PRM in
PVA ranges to a size of ~23 nm. Thus, it could be inferred, that there were numerous
platelets that were expanded by the penetration of polymer chains.

Fig. 12. TEM micrographs of CP4
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Fig. 13. TEM micrographs of SP5

Fig. 14. TEM micrographs of PRM4
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3.7 Atomic Force Microscopy (AFM)

The surface morphology of the pure PVA membrane and the PVA-modified nanocomposite
membranes were analyzed by Tapping Mode - Atomic Force Microscopy (TM-AFM).
Quantitatively, the differences in the morphology can be expressed in terms of various
roughness parameters such as the mean roughness R,, the root mean square (rms) of vertical
data Ry, and the maximum height Rmax. Here, the mean roughness is the mean value of
surface relative to the center plane, the plane for which the volume enclosed by the image
above and below this plane are equal; Rmax the height difference between the highest and
lowest points on the surface relative to the mean plane and Ry is the standard deviation of
the Z values within the given area. The roughness parameters were calculated for pure PVA
and PVA nanocomposite membrane surfaces with critical loading of filler and have been
summarized in tabular format.

The TM-AFM images of the Pure PVA membrane is depicted in Fig. 15. The AFM images of
PVA membrane shows randomly distributed hard crystalline regions (crystallites) of 100 -
250 nm in dimension on the membrane surface as evident from the observed morphology.
The pure PVA membrane surface has a mean roughness of 1.026 nm.

The nanocomposite membrane with critical loading percentage of 3 wt. % BRM content (Fig.
16) shows a homogeneous and non-porous morphology. The mean roughness for the
surface topography of the membrane was found to be 6.595nm. This shows that there is a
good compatibility between the filler (BRM) and the PVA matrix. While critical loading
surface topography of CP4 and PRM4 as shown in Fig. 17 and 18 respectively again showed
homogenous and non-porous morphology. The mean roughness of CP4 and PRM4 were
observed to be 2.016 nm and 9.22 nm respectively as shown in table 9.
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Fig. 15. Tapping Mode (3D) AFM images of Pure PVA membrane
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Fig. 17. Tapping Mode (3D) AFM images of CP4
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Fig. 18. Tapping Mode (3D) AFM images of PRM4

Membrane Details R, (nm) Rmax (nm) Rq (nm)
Pure PVA 1.026 47.829 1.953
CP4 2.167 38.766 2.846
SP5 6.595 107.72 8.731
PRM4 9.22 89.803 11.572

Table 9. Roughness parameters for Pristine PVA and the PVA nanocomposite membrane
surfaces

3.8 Thermogravimetric properties

The thermal stability of the raw red mud, ORM, pure PVA and PVA nanocomposite
membranes with different filler content was investigated by thermogravimetric analysis.
The TGA thermograms of the raw red mud, ORM, and PVA- nanocomposite films are
shown in Fig. 19, Fig.20 and Fig. 21 respectively. The raw red mud is thermally stable up to
267 oC while ORM is stable upto 243 oC. Although ORM has 37% residue at 600°C, raw red
mud is more stable, with 88% residue at 600°C.Raw red mud suffers an 11% weight loss at
600°C because of the probable loss of volatile impurities.
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Fig. 21. Shows thermograms of (a) PVA (b) PRM4 (c) CP4 (d) SP5 film
Sample Ti Q) Tf o) Ash (%)
Raw red mud 267 356 88
ORM 243 482 37
Pure PVA 252 442 412
PRM4 274 462 7.23
CP4 277 467 10.13
SP5 281 474 12.43

Table 10. Degradation temperatures and ash content of the raw red mud, ORM, Pristine
PVA and the PVA-nanocomposite membranes

The pristine PVA is thermally stable up to 250 °C. The PVA nanocomposite membranes
show enhanced thermal stability; the thermal degradation of the PVA nanocomposites
generally showed two major weight loss steps. The first weight loss of 15-20 wt % is
centered on 150 °C and corresponds to weight loss of absorbed water and structural water of
the polymer nanocomposite membranes. The weight losses in the temperature ranges of
353-483°C can be attributed mainly to the subsequent structural decomposition of the
polymer backbones at higher temperatures. Evidently, the thermal decomposition of the
polymer nanocomposite materials shift slightly towards the higher temperature range than
that of pure PVA, which confirms the enhancement of thermal stability of intercalated
polymer [Lee & Jang, 1996]. The Polymer nanocomposite membrane with critical loading of
SP5, showed better thermal stability as compared to CP4 and PRM4. This could be due to
better intercalation of polymer matrix within the silicate galleries of SP5 while in case of
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CP4, inspite of partial exfoliation and intercalation, thermal stability is considerably lesser
than SP5 .This could be due to presence of organic moiety in CP4 which causes a decrease in
its thermal stability. After, 500°C, the curve all became flat and mainly the inorganic residue
(i.e. Al203, MgO, and SiO2) remained.

3.9 Differential scanning calorimetry

DSC traces of PVA and polymer nanocomposite materials are shown in Fig.22. PVA
exhibited an endotherm at 52.°C corresponding to the glass transition temperature (Tg) of
PVA [90]. All the nanocomposite materials with different critical loading percentage of
modified red mud were found to have a high T, compared to the bulk PVA. This could
tentatively be attributed to the confinement of the intercalated polymer chains within the
red mud galleries that prevents the segmental motions of the polymer chains, thereby
enhancing the glass transition temperature of the polymer matrix. The nanocomposite
membrane SP5 showed maximum T, and melting temperature (Tr) of 68 °C and 207 °C
respectively. Thereby, revealing efficient dispersion of BRM within the polymer matrix..
The glass transition temperature (Tg) and melting temperature (Tr) of pure PVA and PVA
nanocomposite membranes have been tabulated in table 11.
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Fig. 22. DSC thermograms of (a) PVA (b) CP4 (c) SP5 (d) PRM4

Sample Ts o) Tn o)
Pure PVA 52 201
CP4 61 203
SP5 68 207
PRM4 63 204

Table 11. Glass Transition temperature (Tg) and melting temperature of pure PVA and the
PVA- nanocomposite membranes
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4. Preparation of Phe-phosphomolybdic acid modified red mud
nanocomposite materials (PRC) and Phe-organically modified red mud
nanocomposite materials (PNC)

10% (w/v) solution of Phe was prepared by dissolving dried Phe in THF with continuous
stirring at 50 °C. Polymer nanocomposite (PN) films were made by mixing different loading
percentage of phosphomolybdic acid modified red mud (PRM) and organically modified
red mud (ORM) into the virgin Phe solution, stirred constantly and sonicated for half an
hour for better dispersion. The composition of the PN materials was varied from 0 to 3wt %
of modified RM with respect to the Phe content. The samples were designated as shown in
Table 12.

Sample index % Loading of filler
*Phe 0
**PRC1 1.0
PRC2 2.0
PRC3 3.0
**PNC1 1.0
PNC2 2.0
PNC3 3.0

*Phe: Phenoxy or poly (hydroxy ether) of Bisphenol A
** PRC: Phe-phosphomolybdic acid modified red mud nanocomposites
*** PNC: Phe-organically modified red mud nanocomposites

Table 12. Sample Designation

4.1 FTIR spectroscopy

The FTIR spectra in Figure 23 showed the presence of characteristic peaks of poly (hydroxy
ether) of bisphenol A. The characteristic vibration band of Phe for hydroxyl stretching
vibration (O-H) having polymeric association was observed at 3394 cm-, While the alkyl
stretching band of C-H was shown at 2974 cm! and aryl stretching band of C-H at 3037 cm.
The peak at v = 1183 cm™1is due to C-O stretching of phenyl ether linkage. Further, the peak
at v =1607 cm™1 could be attributed to the aromatic ring.

Figure 23 also showed the spectra of Phe-modified red mud nanocomposite membranes
with different loading percentage of the filler. The characteristic vibration band of PRC3 for
hydroxyl stretching vibration (O-H) was observed at 3270 cm. The intensity of the O-H
stretching vibration peak decreased and peak frequency shifted from 3394 to 3270 cm-, i.e.
to a lower frequency as compared to that of pure phenoxy. The red shift in the hydroxyl
stretching frequency occurs due to the various degree of hydrogen bonding between the
polymer and the filler which lengthens and weakens the O-H bond and hence lowers the
vibrational frequency. The alkyl stretching band of C-H in case of PRC3 also showed red
shift from 2974 to 2861 cm due to the interaction of modified red mud with the polymer
matrix. Similarly, peak at v = 3036 cm1, was attributed to the stretching vibration of aryl C-
H band, slightly lower frequency than the pure phenoxy. The other characteristic vibrational
frequencies of PRC3 are presented in table 13.
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Fig. 23. FTIR Spectrum of (a) Pure Phe (b) PRC3 (c) PNC2 (d) PNC3

G PHE PRC3 PNC2 PNC3
(cm?) (cm?) (cm?) (cm?)
OH 3394 3270 - -
C-H 2974 2861 2948 2947
C-H (Ar) 3037 3036 3016 3020
NHs+ - - 1571 1572
C-O 1183 1168 1182 1180
Cc=0 - 1766 1760 1760
Ar 1607 1613 1499 1503
Si-O - 953 952 951
Mo-O.-Mo - 896 - -

Table 13. Assignment of FTIR spectral bands for Pure Phenoxy and the Ph/modified red
mud nanocomposite membranes

The spectra of PNC2 and PNC3 as shown in fig. 23, showed the disappearance of the
hydroxyl stretching frequency (O-H). The disappearance of the hydroxyl peak depicted
complete physical interaction of the O-H group with different groups of the organically
modified red mud, thereby not leaving any free hydroxyl group. However, alkyl stretching
band of C-H for PNC2 and PNC3 were observed at 2948 and 2947 cm-! respectively. The red
shift in the alkyl stretching frequency C-H of PNC2 and PNC3 as compared to the pure
phenoxy showed interaction of the filler with the polymer matrix.

The characteristic vibrational frequencies of PNC2 and PNC3 at v = 1571 and 1572 cm-!
respectively, was attributed to the stretching frequency of ammonium ion (NHjs*), thereby
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depicting formation of zwitter ion. The other vibrational frequencies associated with PNC2
and PNC3 have been tabulated in table 13. The organically modified red mud(ORM)
showed better interaction with the poly (hydroxy ether) of bisphenol A matrix as compared
to phosphomolybdic acid modified red mud (PRM), therefore, it can be inferred that ORM
will show better dispersion into the polymer matrix as compared to PRM.

4.2 X - ray diffraction study

The wide angle diffraction pattern of PRC2 and PRC3 films are shown in Fig. 5. The
crystallinity of the composite membranes is mainly due to Phe. The characteristic diffraction
peak for PRC2 and PRC3 were observed at a 20 value of 2.360 and 2.260°. The diffraction peak
at 20 = 2.26 o is considerably broadened and the interplanner distance has also widened
compared to the raw red mud and PRC2 nanocomposite, indicating intercalation of the
phenoxy matrix within the nanofiller of the nanocomposite membranes.

The polymer nanocomposite films showed decrease in the intensity of the crystalline peak
as the loading percentage of organically modified red mud increased. The decrease in the
intensity of crystalline peaks showed an increase in the disorderness of the interlayers of
modified red mud.

32004
- (a)s PRC2
(b)o PNC3
2800 - (c)e PRC3

Intensity (a.u)

Fig. 24. XRD pattern of (a) PRC2 (b) PNC3 (c) PRC3 nanocomposites

From table 14, it is clear that the basal spacing for PRC3 is larger than the other PRM based
nanocomposites materials, thereby giving evidence of better intercalation of polymer matrix
within the silicate galleries of filler in case of PRC3 than the rest of nanocomposites.

Sample 20 d-spacing (A°)
PRC2 2.36 37.56
PRC3 2.26 39.48
PNC3 211 41.62

Table 14. XRD results of Phe-PRM and Phe-ORM based nanocomposite membranes
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The X-ray diffraction pattern of phenoxy-organically modified red mud nanocomposite
membranes are shown in fig. 24.The characteristic diffraction band of PNC3 was observed at
2 0 = 2.11°. The increase in the interlayer distance of silicate galleries of the organically
modified red mud indicated that Phe has successfully intercalated into the silicate layers.

4.3 Field Emission Scanning electron microscopy (FESEM)

Field emission scanning electron microscope has evolved in which the electron beam cross
section has become smaller and smaller increasing magnification several fold. Raw red mud
and modified red mud were characterized by Field Emission Scanning Electron Microscopy
(FESEM), as shown in Figure25. The FESEM analysis showed that the raw red mud
consisted of aggregates, including particles of different dimensions. The FESEM image of
the PRM and ORM showed a very fine distribution of particles with a size of 64 and 71 nm
respectively as shown in Fig. 7. While ORM showed a homogenous distribution of particles
than raw red mud with particle size larger than PRM due to formation of organic coating
around the particles.
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Fig. 25. FESEM images depicting size of a single red mud particle (a) Phosphomolybdic acid
modified red mud (PRM), (b) Organically modified red mud (ORM)

4.4 Transmission Electron Microscopy (TEM)

TEM complements XRD by observing a very small section of the material for the possibility
of intercalation or exfoliation. It also provides information about the particle size and
nanodispersion of particles. It however, supplies information on a very local scale.
However, it is a valuable tool because it enables us to see the polymer and the filler on a
nanometer scale.

Fig. 8 (a) showed a representative TEM image of the PNC3 with a 3 wt% loading percentage
of organically modified red mud in the phenoxy matrix, while fig. 8(b) showed a
representative TEM image of PRC3. As seen in fig. 8(a), a rather good dispersion of the
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organically modified red mud is achieved. It is clear that the area covered by the red mud in
fig.8 (a) is larger than in fig. 8(b) indicating a more extended platelet separation and an
overall best nanodispersion of the critical loading of 3 wt% ORM in the phenoxy matrix.

Fig. 26. TEM micrographs of (a) PNC3 (b) PRC3

The average particle size was found as 14 nm in case of PNC3 as shown in fig. 26(a), while
the size of the particles in PRC3 was found to be 19 nm as shown in fig. 26(b). In fig. 26(b),
the nanoparticles showed certain extent of agglomeration and formation of interconnected
aggregates or tactoids of silicates.

There may be several fundamental problems that affect the polymer particle interactions in
solution, resulting in disordered nanoparticle aggregates. These problems may arise from
competing interactions between solvent, polymer chains and filler particles. The
conformation of the polymer chains adhered to the nanoparticles also influences the ordered
dispersion of the particles.

The presence of the organically modified red mud and phosphomolybdic acid modified red
mud with different loading percentage and dispersing capabilities, may help us to identify
the main structural driving force for dispersion in these Phe based PNs. It has been reported
that the interaction between the polymer chains and the inorganic surface of the clay (Fornes
et al., 2004) is crucial in polar polymers, and therefore it could also exist between the polar
Phe and the modified red mud surface. Good dispersion of modified red mud in the
polymer matrix will have a significant effect on the properties of the nanocomposites.

4.5 Thermogravimetric properties
The thermal stability of the pure Phe and Phe nanocomposite membranes with different
filler content was investigated by thermogravimetric analysis. The TGA thermograms
corresponding to the thermal decomposition of pure Phenoxy and Phe- nanocomposite
films are shown in fig. 27 and fig. 28.
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As can be observed, both pure polymer and nanocomposite materials decompose in a single
stage. If we compare the thermal stability of the polymer and the critical loading percentage
nanocomposite membranes of PNC3 and PRCS3, it is clear that PNC3 is more stable than
pure Phenoxy and PRC3. The pristine Phe is thermally stable up to 275 °C. Since, the Phe
nanocomposite membranes show enhanced thermal stability, the initial decomposition
temperature (Ti) of phenoxy occurred at 276 °C while in case of PNC3 and PRC3, T; was
found at 318 and 298 oC respectively as shown in table 15. Similarly, final decomposition
temperature (Tf) of phenoxy, PNC3 and PRC3 were observed at 433, 479 and 458 °C
respectively. The enhancement in the thermal stability of PNC3 could be attributed to the
better compatibility and intercalation of polymer matrix within the silicate galleries of 3 wt%
organically modified red mud. Similarly, from fig.28 and table 15, it was observed that
PNC2 showed higher Ti and Tf as compared to the PRC1 and PRC2, thereby showing higher
thermal stability comparatively.

In general, major weight losses were observed in the range of 275-500 oC for Phe and
polymer nanocomposite films, which may be correspondent to the structural decomposition
of the polymer backbones at higher temperatures. After 5000C, all the curves became flat
and mainly the inorganic residue (i.e. AI203, MgO, and SiO2 etc.) remained.

Sample Ti Q) T¢ 0O Ash (%)

Pure Phe 276 433 3.2
PRC1 287 439 6.33
PRC2 293 443 7.97
PNC2 312 454 8.23
PNC3 318 479 11.30
PRC3 298 458 14.15

Table 15. Degradation temperature and ash content of Pristine Phe and the Phe-
nanocomposite membranes

4.6 Atomic Force Microscopy (AFM)

The surface morphology of the pure Phenoxy membrane and the Ph-modified nanocomposite
membranes were analyzed by Tapping Mode - Atomic Force Microscopy (TM-AFM).
Quantitatively, the differences in the morphology can be expressed in terms of various
roughness parameters such as the mean roughness R,, the root mean square (rms) of vertical
data Ry, and the maximum height Rimax. Here, the mean roughness is the mean value of surface
relative to the center plane, the plane for which the volume enclosed by the image above and
below this plane are equal; Rimax the height difference between the highest and lowest points on
the surface relative to the mean plane and Ry is the standard deviation of the Z values within
the given area. The roughness parameters were calculated for pure Ph and Ph nanocomposite
membrane surfaces with critical loading of filler and have been summarized in tabular format.
The TM-AFM images of the Pure Phe membrane is depicted in Fig. 29. The AFM images of
Phe membrane showed randomly distributed hard crystalline regions (crystallites) of 50 -
200 nm in dimension on the membrane surface as evident from the observed morphology.
The pure Phe membrane surface has a mean roughness of 3.297 nm.

The nanocomposite membrane with critical loading percentage of 3 wt. % ORM (i.e., PNC3)
content (Fig. 29) showed a homogeneous and non-porous morphology. The mean roughness
for the surface topography of the membrane was found to be 4.045 nm.
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Fig. 29. Tapping mode (3D) AFM images of (a) Phe (b) PRC3 (c) PRC2

This shows that there is a good compatibility between the filler (ORM) and the Ph matrix.
This is in consistent with the results of SEM studies. While critical loading surface
topography of PRC3 showed some non-uniform regions with non-porous morphology. The
mean roughness of PRC3 was observed to be 4.562 nm as shown in table 16. This showed
that the phosphomolybdic acid modified red mud with 3 wt% loading percentage tends to
form some aggregated particles within the polymer matrix leading to higher roughness
values as compared to the PNC3.

Sample R, (nm) Rmax (Nm) Rq (nm)

Pure Ph 3.297 27.668 4173
PNC3 4.045 57.648 5.497
PRC3 4.562 116.65 7.003

Table 16. Roughness parameters for Pristine Ph and the Ph nanocomposite membrane surfaces

4.7 Differential Scanning Calorimetry (DSC)

DSC traces of pure Phenoxy and polymer nanocomposite materials are shown in Fig.30. Ph
exhibited a shallow endotherm at 61°C corresponding to the glass transition temperature
(Tg) of Ph. All the nanocomposite materials with different critical loading percentage of
modified red mud were found to have a high T, as compared to the pristine Phe. This could
be attributed to the confinement of the intercalated polymer chains within the red mud
galleries that prevents the segmental motions of the polymer chains, thereby enhancing the
glass transition temperature of the polymer matrix. The PNC3 nanocomposite membrane
showed maximum T; and melting temperature (Trm) of 66 °C and 220 °C respectively. This
depicted that PNC3 is thermally more stable than PRC3 nanocomposite membrane on
account of better dispersion and adhesion of the ORM within the polymer matrix. The glass
transition temperature (T;) and melting temperature (Tm) of pure phenoxy and Ph
nanocomposite membranes have been tabulated in table 17.

Sample Tz (00 Tm 00
Pure Phe 61 206
PNC3 64 211
PRC3 66 220

Table 17. Glass Transition temperature (T) and melting temperature of pure Phe and Phe-
nanocomposite membranes
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4.8 Conclusion

Red mud was successfully modified with the inorganic acids and organic moiety
(aniline formaldehyde). The modification ameliorates both the dispersion level and the
material properties of the polymer nanocomposites.

The PVA- boric acid modified red mud nanocomposite films showed better glass
transition temperature Ty and thermal stability at a filler concentration of 3.0wt
percentage.

In PVA/ORM nanocomposite systems, 2.0wt% modified red mud (CP4) based
nanocomposite film exhibited relatively good dispersion with increase in the thermal
stability, glass transition temperature.

In PVA/PRM nanocomposite systems, 2.5wt% modified red mud (PRM4) based
nanocomposite film exhibited relatively good dispersion with increase in the material
properties as compared to the pristine poly (vinyl alcohol).

PVA based nanocomposites showed an increase in the roughness values with the
increase in the filler content but the 3.0wt% of boric acid modified red mud
nanocomposite membrane showed lower roughness values as compared to the critical
loading percentage of ORM and PRM based nanocomposites.

On comparing the material properties of all the three nanocomposite systems, it was
found that the critical loading percentage of BRM based nanocomposite system (i.e.,
SP5) showed better enhancement as compared to the critical loading percentage of
ORM and PRM based nanocomposite systems.

The TEM images of the PVA-modified red mud nanocomposite membranes showed
homogeneous nano phase dispersion of the modified red mud in the PVA polymer
matrices at a scale of 8- 23 nm particle size.
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- In the poly(hydroxy ether of bisphenol A) (Phe) based nanocomposites as reported in
this work, mostly intercalated structures were produced in the acid modified red mud
modifications, but modification by organic moiety (ORM) resulted in a mixed
intercalated-exfoliated structure.

- Thermal stability of polymer also increases after nanocomposites preparation, because
red mud acts as a heat barrier, which enhances the overall thermal stability of the
system, as well as assist in the formation of char after thermal decomposition.

- Phe based nanocomposites showed an increase in the roughness values with the
increase in the filler content but the 3.0wt% of organically modified red mud
nanocomposite membrane showed lower roughness values as compared to the critical
loading percentage of PRM based nanocomposites. Thus, PNC3 showed homogenous
and non-porous morphology as compared to the coarse morphology of PRC3 type of
nanocomposites.

- The average particle size in case of PNC3 is 14 nm while the particle size of PRC3 is 19
nm as revealed by TEM studies.
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1. Introduction

In order to design a new, efficient and competitive material, no process is better than
combining several components, and their own performance. Such composite materials are
designed to meet specific technical expectations. They mostly consist in an organic, ceramic
or metallic reinforced matrix, where reinforcement can be long or divided fibres, divided
particles, filling dust... Reinforcement is expected to confer to the material its mechanical
properties. The matrix binds the reinforcement parts together and guaranties the forces
transmission.

Within the composite materials widely manufactured in mass industrial production, an
attractive and well-known, tremendously emerging composite category is the WPC, or
Wood Plastic Composites category. This material is composed of a polymeric matrix,
preferably thermoplast resin as polyvinylchloride or polyethylene, even if thermoset resins
as epoxies or phenolics can be, or have been, used (phenol-formaldehyde mixed with wood
flour known as Bakelite, for instance). The reinforcement has to be a natural compound as
wood or possibly other fibrous biomass. The addition of fillers leads to two major
improvements. First the material is lightened, as fillers density is lower than the matrix
density. Second, the mechanical properties are expected to be improved.

Literature content is abundant as the combinations potential is huge. Most of times, the
admixtures encounter a poor interfacial adhesion between natural hydrophilic polar fillers
and synthetic hydrophobic nonpolar matrix. To reach a better interfacial cohesion, chemical
treatment of the surface of reinforcing components has to be carried out to allow creating
bridge of chemical bonds between matrix and reinforcement. Bledzki & Gassan, 1999 and
George et al., 2001 provide a list of possible cellulosic fibers treatments from esterification or
acetylation of cellulose to treatment with isocyanates or silanes or use of triazine or
organosilanes as coupling agents.

The use of cellulosic fibres instead of synthetic reinforcements allows to reduce production
cost but also to involve natural compounds within the material conception. In the same
guideline, biobased polymers have been more recently considered as matrices. Those bio-
polymers come from bioresources and/or can be degraded at the end of their life cycle. Bio-
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sourced bio-polymers can come from animals (chitin, protein, ..), microorganisms
(poly(lactic acid), poly(hydroxyalkanoates), ...), or plants (starch, cellulose, lignin, ...). Fossile
bio-polymers are mostly composed of polycaprolactone, poly(lactic acid), poly(glycolic
acid), polyvinylalcohol and polyesteramide. Bio-polymers are competitive with standard
polymers in terms of performance, even if their producing cost and involved energy
consumption are still high.

In the environmental point of view, entirely biobased composites are obviously promising.
Reinforcement of biopolymer matrices with natural fibres or fillers has been reported. Fink
& Ganster, 2006 witnessed a good compatibility between cellulosic fibres with poly(lactic
acid) without coupling, while polyethylene, polypropylene and polystyrene had to be
grafted or copolymerised with maleic acid anhydride. Gatenholm et al., 1992 noticed also an
excellent dispersibility of cellulose fibres in polyhydroxybutyrate (PHB) matrix compared
with synthetic matrices.

Bio-based, natural materials are often sensitive to their environment. It is the case of wood,
used since centuries in the building, furniture, artistic fields for its excellent properties.
Constituted of cellulose reinforcement in a ligneous matrix, wood is itself a natural
composite. But its high hydrophilic character and sensitivity to biological attacks are its
most limiting disadvantages. Indeed, wood exposed outdoor has to be protected either by
surface coatings or preservation chemicals. Coatings have the advantage to be more or less
innocuous to the environment, but a mechanical crack in the coating layer leads to
unavoidable and irreversible wood degradation. Chemical treatments penetrate the wood
structure in a higher thickness, but a major concern is the releasing of preservative chemical
in the environment. That's why grafting or in-situ polymerization of chemical compounds is
expected. Rowell, 2005 described the chemical modification of wood. As hydroxyl groups in
wood are responsible of the hydrophilic property, their esterification with acid anhydrides
is a possibility to reduce moisture affinity with wood. Different epoxydes or isocyanates are
also susceptible to react with wood. Wood impregnation by polyethylene glycol,
polyglycerols, formaldehyde resins, styrens or methyl methacrylate have been widely
reported (Ibach & Rowell, 2001; Zhang et al., 2006).

A different way to produce an entirely biobased composite is to reinforce a natural matrix,
as wood, with natural or biodegradable polymers, as polymerized lactic acid. This
association has not been much reported to date (Noél et al., 2009). The affinity between both
materials should lead to interesting chemical reaction providing wood protection. Grafting
of carboxylic end groups of poly(lactic acid) onto hydroxyl groups of wood, and in-situ
polymerization should avoid any chemical release in the environment. What is looked for is
an increase in wood dimensional stability and biological resistance. Simultaneously, the
density increase due to the treatment is expected to induce gainful property variation.

2. Composite material manufacturing

2.1 Method

Poly(lactic acid) (PLA) is one of the most produced and processed bio-polymers. It is
produced from lactic acid monomers polycondensation. Lactic acid can be synthesized from
fossile resources or extracted from corn and produced by biotechnological means, which
gives the natural origin of PLA. Polycondensation of aqueous lactic acid into PLA is mostly
achieved by Ring Opening Polymerization (ROP): the first step is a direct polycondensation
leading to oligomers. This step is limited by a complicated elimination of the water
produced. In the second step, the oligomers are depolimerized into lactide cycles. The last
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step consists in opening the cycles to build long PLA polymer chains. Residual monomers
which did not react are then recycled and reused. The only first step of direct
polycondensation has been considered to prepare the wood treatment product.

Solid wood impregnation can be achieved in two steps. The first step consists in making the
acid treatment penetrate the cells. This is achieved under vacuum. The second step consists
in making the acid mono- and/or oligomers polymerize into the wood matrix.

To help polymerization, aqueous acid dilution must be first dehydrated and oligomerized.
Indeed, water would be an obstacle to the in-situ polymerization step. On the other side, if
oligomerization can help the in-situ polymerization step, attention must be paid to the
oligomers viscosity, as the perfect case would be to achieve not only the lumen but also the
cell wall penetration. It has been shown that an oligomerization of aqueous lactic acid (88%
in water), leading to a mean polymerization degree of 2 to 3, is a good compromise. Such a
product possesses a viscosity of 750 cP, and can be obtained by vacuum dehydration at
120°C for 1 hour. This gives stable oligomers, which can be stored in close flasks at room
temperature for several weeks.

Wood matrix must be dryed until anhydrous state before the impregnation step. Removing
as much water molecules as possible is also necessary to free the hydroxyle grafting sites.
Samples of pine sapwood (Pinus sylvestris) and beech (Fagus sylvatica) are used as
reference species.

The impregnation process begins with a vacuum step where most of the air contained in
wood is extracted. Then, lactic acid oligomers are introduced in the container until covering
wood samples. The container stays some hours in low pressure. Alternation of low and
atmospheric pressure is conducted for one day. This process is expected to allow most of the
air contained in wood to be replaced by oligomers. The chemical affinity between oligomers
and wood constituents in the cell walls leads then to the wall penetration.

Following this protocol, high impregnation yields can be reached. Indeed, up to 70 % of
mass uptake is noticed on beech and 120 % on pine sapwood. According to wood and
lignocellulosics mean densities, and following the simplified formula (1), it seems that up to
80 % of wood cellular vacuum (beech and pine sapwood respectively) can be filled with
oligomers. This is information of a quite good affinity between lactic acid oligomers and
solid wood.

P(%)=|1-2L2|x100 1
( ) ( /Olcm\J ()

with P :wood porosity

po : anhydrous wood density

piem lignocellulosic material density ~ 1530 kg.m-3
Lactic acid oligomers final polymerization is then achieved by oven-heating. Checking the
impregnation yield evolution along heating time gives valuable information about the in-
situ polymerization rate. Indeed, water is the polycondensation by-product gradually
eliminated.

2.2 Alternatives

The role of lactic acid polymers into wood is to reinforce the lignocellulosic matrix.
Therefore, the favourite polymerization protocol is the one which leads to the highest in-situ
polymerization degree.
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In the polymers manufacturing industry, especially PLA manufacturing, designing a
polymer with a significant polymerization degree in an efficient process makes the use of
chemical catalysts unavoidable.

As care must be taken not to expose wood to severe temperature, catalyst addition is a
possibility to help polymerization in soft conditions. A lot of well suited chemical catalysts
can be found in the literature. The assumption of their efficiency is done by dispersing them
separately into the oligomers, without being impregnated into the wood matrix. The as-
prepared mixtures are vacuum heated and their polymerization degree assessed. Sulfuric
acid and Tin (II) ethyloxanoate have proved themselves to be the most efficient catalysts.
Indeed, starting from the oligomers product, a second heating step leads to a polymerization
degree of 40 with 0.6% sulphuric acid (120°C / 1h) and 24 with 5% Tin (II) ethyloxanoate
(150°C / 1h).

A commercially available PLA shows a density of around 70’000 g.mol-. Because of physical
restrictions, this is obviously not achievable into the lignocellulosic matrix. All the more that
polymerization conditions have to be soft enough to avoid wood degradation.

Following the in-situ polymerization by mean of Thermo-Mechanical Analysis (TMA) gives
valuable information about the influence of the components the ones on the others.
Impregnated beech samples (20mm longitudinal x 0.6mm radial x 5mm tangential) have
sustained a three points bending test within a temperature increase of 200 °C (from 25 to
225°C with a rate of 2°C.mn!). As can be seen in Figures 1 and 2, a critical temperature of
about 112°C induces a significant decrease of the Young Modulus.

In the same temperature range (from around 60°C to around 112°C), the Young Modulus
decrease is related to a strong deformation. This is due to the oligomers viscosity decrease,
which leads to a deeper penetration in the matrix. This is translated by a noticeable wood
softening. From 112°C to around 180°C, Young Modulus increases, while deformation is
reduced. This is due to the oligomers polymerization which reinforces the structure.

3“ -
beech control sample

— 25 =— impregnated beech sample
T 1
S 2
“%_ 15 - . !
gl |
=5 | -

0 158°C 112°C 172°C !183"0

25 75 125 175 225

Temperature (°C)

Fig. 1. Young’'s modulus behaviour of impregnated beech veneer sample compared to beech
control sample
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Fig. 2. Deformation of impregnated beech veneer sample compared to beech control sample

To focus on the softening temperature, TMA bending tests have been carried out under five
isothermal conditions (Figure 3). This reveals that from 120°C, the first Young Modulus
strong decrease step is followed by a compensating increase step.

MOE (10°MPa)

Time (min)

Fig. 3. Young’'s modulus behaviour of impregnated beech veneer samples subjected to
isothermal conditions at 50, 70, 100, 120 and 150 °C

On the basis of these observations, the treatment process has been set up (Figure 4).
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Fig. 4. Composite manufacture processing

2.3 Physical observation

Treatment has been conducted on samples in a macroscopic scale. A strong interaction
between wood and the polymerized oligomers can be attested.

The composite material obtained by mean of the short treatment without catalyst consists in
impregnated wood, partially dry. No grafting or strong polymerization seems to have
occurred. The long treatment induces a complete drying.

Obtained by mean of catalyzed short treatment, the material obtained is strongly softened,
partially dry and highly darkened. Completely dry after the long treatment, the composite
appears hard and brittle.

A strong swelling is noticed after heating step: up to 30%. As oligomers impregnation
induces only 2% swelling, this indicates that oligomers inside wood lumens penetrate the
cell walls during heating step. Figure 5 shows a transverse section of long treated pine
where lumens appear empty.

Chemical catalysis causes another physical reaction: a strong darkening of wood during
heating step. According to Formula (2), figure 6 shows the AE* of pine sapwood and beech
samples due to heating.

AE =\/(L*f L) (a - ) (v -0 ®

with L* a* and b* the three colour coordinates in the CIELab system of samples before
(i=initial) and after (f=final) treatment.
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Fig. 6. Colour change of treated samples during the heating period

Colour change of samples treated without catalyst is in the range of classical colour changes
due to heat treatment on wood. With catalyst, darkening is strong enough to modified wood
appearance.

PLA darkening while processing is often reported in the literature. PLA purity, related to
the L-isomers content is considered as one possible reason of coloration. But interactions
between oligomers and lignocellulosic compounds could also lead to such a darkening.
Every constituent of the composite has been subjected to short and long heating: oligomers,



94 Advances in Composite Materials - Ecodesign and Analysis

wood, cellulose, extracted wood, extractives, and lignin sulfonate powder. Darkening is
observed on wood subjected to short and long catalysed treatment, on low purity oligomers
subjected to sulphuric acid catalysed long treatment, on cellulose subjected to catalysed long
treatment, on extractives subjected to sulphuric acid catalysed treatment. Lignin sulfonate
powder, already brown, is strongly darkened in every case.

Wood softening is translated by the wood structure disintegration into single fibres. Middle
lamella, mostly composed of lignin, seems to be destroyed by the chemical treatment and do
not fix cells anymore. Figure 7 attests this observation.

Fig. 7. Treated pine sapwood whose tracheids are easily manually disjoined

Softening and darkening are strongly related and both phenomenons imply a lignin
modification.

3. Product performance

3.1 Physico-chemical properties

In-situ polymerization of lactic acid oligomers has been analysed by FTIR spectroscopy and
gel permeation chromatography.

Infra-red spectroscopy attests the occurence of polymerised lactic acid into wood structure
(Figure 8). Indeed, PLA characteristic peaks at 875 cm? and 765 cm? are superimposed on
wood spectra, and the shift of carbonyl absorption band from 1746 to 1764 cm? during
heating indicates a higher ester linkage content.
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Fig. 8. FTIR spectra of pine control sample (a), pine after catalysed short (b) and long (c)
treatment

Polymer extracted from treated samples by chloroform show a noticeable increase and a
strong enlargement in molecular weight distribution (Figure 9).
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Fig. 9. GPC chromatograms of impregnated oligomers (A), oligomers extracted from short
(B) non catalysed (a) and catalysed (b) treatment, and oligomers extracted from long (C) non

catalysed (a) and catalysed (b) treatment
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After short treatment, oligomers are not durably linked to the wood structure as around
90% weight loss by chloroform extraction is noticed. No characteristic oligomer peaks is
noticed in the FTIR spectra neither. After long treatment, around 50% weight loss indicates
that half the amount of oligomers remained in wood, either due to physical trapping of the
molecules or hydrogen bondings.

3.2 Physical performance

Expected to be used outside, wood has to reach a suitable performance according to
swelling. The anti-swelling efficiency of long treated samples has been evaluated around
70%. Even samples subjected to water leaching, which is susceptible to occur in the
environment, show the same anti-swelling efficiency values. This is due to the occurrence of
oligomers into the cell walls, around cellulose microfibrils where water uptake takes usually
place, and promises a good outside stability.

Water leaching has been quantified as around 16% oligomers weight loss on the oligomer
content basis, after one week of leaching. It has been found that acid concentration of
removed water increases in time along with the gradual hydrolysis of lactic acid chains in
the wood cell walls.

3.3 Mechanical performance

Mechanical performance have been assessed in terms of bending strength (os), compression
strength (oc), shearing strength (fv), and hardness (Brinell HB and Monnin N normalized
methods). Table 1 summarizes densified samples strengths.

Specimen op (MPa) oc (MPa) fv (MPa) N
Beech control 120 72 119
Non catalysed treatment 142 97 153
Sulfuric acid catalysed treatment 50 107 194
Tin octoate catalysed treatment 86 92 19.3
Pine sapwood control 170 47 2.7 3.7
Non catalysed treatment 146 66 22 3.3
Sulfuric acid catalysed treatment 172 64 1.1 7.8
Tin octoate catalysed treatment 181 54 1.2 5.2

Table 1. Mechanical properties of densified composite
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Densified composite shows a different mechanical behaviour according to the species and
treatment.

Pine samples bending strength is not affected by catalysed or non catalysed treatment.
Contrariwise, catalysed treatments strongly affect beech samples. With every treatment on
both species, the bending deflection is decreased, which translates the brittleness of the
material. This is not necessarily a limitation. Especially in the case of pine samples, where
the same bending force leads to break but with less deformation.

Compression strength parallel to the grain is increased by every treatment on both species,
with reduced deflection as well.

Shearing strength test performed on pine samples confirms a strong embrittlement of
middle lamella. Indeed, shearing strength is strongly decreased by catalysed treatments.
Monnin hardness is strongly increased by catalysed treatment.

Densified composite obtained by non catalysed treatment shows improved or at least
unchanged mechanical properties.

Densified composite obtained by catalysed treatment shows improved compression
strength and Monnin hardness, but an obvious degradation of fibres cohesion has
occured.

Mechanical assessment of softened composite has been used to quantify the structural
degradation. Table 2 summarizes softened samples strengths.

Specimen op (MPa) fv (MPa) N
Beech control 120 11.9
Non catalysed treatment 77 2.7
Sulfuric acid catalysed treatment 15 5.3
Tin octoate catalysed treatment 6 1.5
Pine sapwood control 170 2.7 3.7
Non catalysed treatment 75 2.3 0.3
Sulfuric acid catalysed treatment 14 1.1 1.8
Tin octoate catalysed treatment 28 101 1.3

Table 2. Mechanical properties of softened composite
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Compression strength cannot be assessed on softened samples because no breaking point is
ever reached (Figure 10). Instead, crushing happens progressively along the test.

Bending strength, shearing strength and hardness are strongly decreased by every
treatment, even more by catalysed treatments.
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Fig. 10. Compression-breaking curves of pine control specimens (a and b) and specimen
subjected to short catalysed treatment (c and d)

3.4 Biological performance

Composites have been subjected to a decay resistance test of 8 weeks against Gloeophyllum
trabeum and Coriolus versicolor for beech samples and Gloeophyllum trabeum and Poria placenta
for pine samples. At the end, control samples have been recognized as nutritive material.
Due to their surface acidity, treated samples succeed in repelling the fungi.

4. Industrial application promises

4.1 Perspectives

According to the former sections, a heating catalysed treatment of impregnated wood led
under soft conditions leads to a strongly softened material. This softened character remains
even under ambiant temperature which offers the advantage of a possible moulding in
ambiant conditions. Then, after a second step of heating, the material recovers its initial
stiffness.

Figure 11 gives an overview of some possible applications:
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Fig. 11. Applications suggestions

4.2 Wood densification

Wood densification via impregnation and polymerization leads to a competitive material,
resistant to biological attack, with high surface hardness and satisfying mechanical

properties.

Use of the softened composite to manufacture densified material via impregnation,
polymerization and compression would be of high interest in industrial fields as flooring,
for instance. Cylindric impregnated samples have been subjected to heating, under loading
in a metallic mold. Load has been settled to compress the samples enough to extract the air
contained in wood lumens. Compressed and polymerized material consists in cellulosics
and lactic acid oligomers only.
Brinell hardness of such composites has been assessed and is summarized in Table 3.

Specimen HB (MPa)
Beech control 3.9
Compressed beech control 19.9

Non catalysed treated beech sample 5.2
Compressed non catalysed treated beech sample 16.4
Catalysed treated beech sample 4.6
Compressed catalysed treated beech sample 7.8

Table 3. Brinell hardness of compressed composites
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A strong increase in surface hardness is noticed when samples are compressed. The increase
is even more obvious on control non treated wood. But once subjected to moisture, non
treated samples are unstable whereas treated samples shape is fixed.

4.3 Wood moulding

To achieve non treated wood moulding, high temperature and air moisture content are
necessary to obtain a plastic behaviour. The advantage of softened composite is its ability to
be moulded with low loads, under ambiant conditions. Figure 12 shows some radius of
curvature applied on softened composite during the next long heating step. Shape is fixed,
and the limitation is the fibres decohesion in the radial direction, which could be avoided by
use of a suitable mold.

45mm 15mm 13mm Smm 6mm

Al

Fig. 12. Moulded and fixed samples

4.4 Further processing

To suppose an industrial development of softened or densified composites, any possible
further processing has to be evaluated.

Two polyurethane coatings systems (primer + top-coat), aqueous and solvent based, have
been applied on densified composite. Visual inspection is satisfaying. Cross-cut (Figure 13)
and impact normalized tests show comparable results as those obtained with the same
coating systems applied on wood.
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Fig. 13. Cross-cut testing carried out on aqueous based coating applied on densified
composite

Tools wearing during machining has to be considered as well. Sanding paper is already
been recognized as easily spotted when used to sand densified composite samples.
Attention must be paid to blades, since surface acidity of densified samples is around pH 3
(wood surface acidity being around pH 6 to 7).

5. Conclusion

Lactic acid oligomers have been used as reinforcement into the lignocellulosic matrix.
Without any polymerization catalyst, the densified composite obtained is stable, biologically
resistant and mechanically competitive: high density and good hardness results make it
suitable for flooring application for instance.

When a polymerization catalyst is added to the oligomers, wood components are damaged.
The softened composite obtained can however be hardened again since an extended heating
leads to a stable and biologically resistance material. The middle lamella degradation
provokes mechanical properties decrease which suggests applications as decorative
moulded objects or covering panels rather indoor that outdoor, for instance.

Manufacturing conditions can obviously be optimized to lead to a better composite material:
temperature, duration, chemical catalysts, etc.

Another field of interest would be either to reinforce wood structure with other bio-polymer
molecules, or to use lactic acid oligomers mixture to reinforce other natural matrices as
bamboo for instance.
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1. Introduction

Plastic materials are indispensable in our lives but they are an important source of
environmental pollution. In order to reduce the environmental load generated from the
disposal of used plastic materials, a growing interest has been focused on biodegradable
polymers based materials. These polymers can be completely converted into water and
carbon dioxide by the action of microorganisms after disposal.

Owing to their good mechanical properties, polymer composites with micro or nano
cellulose fibers are promising substitutes for glass-fiber-containing composites in many
industrial fields like automotive, construction, electronics, biomedicine, cosmetics, and last
but not least, the packaging industry. Among the advantages of using cellulose fibers as
reinforcements in polymer composites renewability, low cost, low density, low energy
consumption, high specific strength and modulus, high sound attenuation, low abrasivity
and relatively reactive surface are the most important. Cellulose fibers modified at
nanometer size induce much higher mechanical properties to polymer matrices as regard to
common cellulose fibers because of their higher crystallinity and mechanical properties
combined with higher surface area and better interfaces.

The production of nano-scale cellulose fibers and their application in composite materials
has gained increasing attention in the past two decades (Hubbe et al., 2008). Two main
methods have been used to generate nano-scale cellulose fibers: the chemical way, mainly
by strong acid hydrolysis, which removes the amorphous regions of cellulose fiber and
produces nano-size fibrils and the mechanical method, by high pressure refiner treatment
(Chakraborty et al., 2005), grinder treatment (Taniguchi and Okamura, 1998), microfluidizer
(Zimmermann et al., 2004), and high-pressure homogenizer treatment (Istvan and Plackett,
2010).

In this chapter the discussion is focused on the physical and mechanical properties of
polyvinyl alcohol (PVA) as a biodegradable matrix reinforced with three types of cellulose
fibers prepared by different methods. This chapter will first discuss the most used methods
for cellulose nanofibers preparation and the reinforcing effect of these cellulose fibers in
different polymer matrices. This will be followed by the experimental results obtained in
our laboratory on PVA composites prepared with cellulose fibers isolated by mechanical
treatment, acid hydrolysis and ultrasound treatment. The isolated cellulose fibers were
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characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD) and PVA
composites, prepared through film casting method, by XRD, thermal analysis and
mechanical characterization.

2. State of the art

Cellulose was rediscovered at the end of the last century due to nanoscience and improved
technologies available for the disintegration of cellulose in submicron and nanosize fibers.
The native cellulose molecule consists of linear glucan chains with repeating (1-4)-p-
glucopyranose units. The supramolecular structure of cellulose is very complex and it has
been the subject of many studies (Eichhorn et al., 2010).

In living plants cellulose occurs in fibers, the cell wall of wood fibers consisting of repeated
crystalline structures resulted from the aggregation of cellulose chains, termed microfibrils.
These microfibrils, with high aspect ratio, are surrounded by an amorphous matrix of
hemicelluloses and lignin. Besides wood, bast fibers (Cao et al., 2008; Li and Pickering, 2008;
Shaikh et al. 2009; Belhassen et al., 2009), agricultural residues (El-Sakhawy and Hassan,
2007; Fama et al., 2009), leaf fibers (de Rodriguez et al., 2006; Zuluagaet al., 2009), bacterial
cellulose (Nakagaito et al., 2005; Yano et al., 2008), the shell of some fruits and vegetables
(Chen et al., 2009; Rosa et al., 2010) or tunicates (Petersson and Oksman, 2006) were used as
sources for cellulose nanofibers preparation. Among the methods of nanofiber isolation, the
most used are: mechanical disintegration, acid hydrolysis and biological treatments.
Mechanical treatments involve conventional refining procedures (Hubbe et al., 2008),
crushing and cryocrushing (Bhatnagar and Sain, 2005; Panaitescu et al., 2007a; Alemdar and
Sain, 2008) or high pressure homogenization of cellulose source suspended in water (Lee et
al., 2009a). Chakraborty isolated cellulose fibers with submicron diameters by combining the
severe shearing in a refiner with high-impact crushing under liquid nitrogen (Chakraborty
et al., 2005).

Mechanical treatments have some disadvantages related to the high energy required in the
process and to the high degree of inhomogenity, the resulted material containing larger
fibrils in addition to microfibrils (Nakagaito and Yano, 2004; Nakagaito and Yano, 2005;
Andresen et al., 2006; Andresen and Stenius, 2007; Stenstad et al. 2008).

Chemical treatments involve mainly acid and alkaline hydrolysis. Acid hydrolysis leads to
the isolation of micro and nanofibers with a high degree of crystallinity by removing the
amorphous regions of the raw cellulosic material. Using sulfuric acid, a negatively charged
surface of the cellulose fibers can be obtained, through the esterification of hydroxyl groups
by the sulfate ions, which prevents the agglomeration of fibers.

Many researchers have successfully used this method, alone or in combination with others
methods, to obtain cellulose nanofibers (Zhang et al., 2007; El-Sakhawy et al., 2007; Moran et
al., 2008; Chen et al., 2009): Bondenson et al. (2006) treated microcrystalline cellulose (MCC)
with sulfuric acid in concentration of 63.5% (w/w) and isolated cellulose whiskers with an
aspect ratio between 20 and 40, Lee et al. (2009b) obtained nanocellulose fibers by
hydrobromic acid hydrolysis of MCC, an increasing in MCC crystallinity being reported,
Rosa et al. (2010) obtained cellulose whiskers with diameters as low as 5 nm and aspect ratio
of up to 60 by sulfuric acid hydrolysis of coconut husk fibers.

Degradation of the cellulosic substrate may also occur in the presence of microorganisms
(fungi, bacteria) or, directly, with enzymes. Enzymatic treatment of cellulose was performed
by Henriksson et al. (2007) who reported the obtaining of cellulose nanofibers from two
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different commercial bleached wood sulphite pulps. Li et al. (2008) reported that removal of
non-cellulosic components from cellulose fibers by enzyme treatment can increase the
crystallinity, thermal stability and the amount of -OH groups of the treated fibers.

New and environmental friendly methods for cellulose nanofibers isolation were also tested
in laboratory conditions. Ultrasonication had been used alone or in combination with other
methods (e.g. acid hydrolysis) to obtain cellulose fibers. Filson and Dawson-Andoh (2009)
obtained nanofibers with an average diameter between 21 and 23 nm applying this method.
Application of cellulose nanofibers in polymer reinforcement is a relatively new research
field. Two directions could be detected: research studies which explore the development of
nano-bio-plastics as fully biodegradable nanocomposites and studies aimed at dispersing
cellulose nanofibers in non-biodegradable, petroleum derived polymers. Polymer
composites containing cellulose nanofibers were prepared with polyvinyl alcohol (PVA),
polylactide (PLA), starch and polycaprolactone but also with polyethylene or
polypropylene. Improvement in term of brittleness, thermal stability or barrier properties
were signaled in case of biodegradable polymers reinforced with cellulose nanofibers
(Iwatake et al., 2008; Chen et al., 2009; Fama et al., 2009; Pandey et al., 2009; Suryanegara et
al., 2009; Bledzki et al., 2009; Chang et al., 2010). Cellulose fibers reinforcement could be a
good solution for starch, which is a low cost source of biodegradable composites but a
material with very poor mechanical properties. Dufresne and Vignon (1998, 2000) reported
an improvement by a factor of 3.5 of the tensile modulus of starch at 50 wt% cellulose fibers
addition. PLA is a commercially available biopolymer with similar properties to petroleum
derived thermoplastics. Some drawbacks like brittleness and low thermal stability restrict its
applications. Using cellulose fibers (10 wt%) and a solvent exchange method, Iwatake et al.
(2008) succeeded in fabricating a composite sheet with uniform filler distribution showing
an increase of Young’s modulus and tensile strength of 40 and 25% respectively. Chemical
modification of cellulose has been explored as a route for improving filler dispersion in
hydrophobic polymers such as polyethylene or polypropylene (Panaitescu et al., 2007b;
Rahman et al., 2009; Yanjun et al., 2010).

PVA is a water-soluble and biodegradable polymer with excellent chemical resistance and
an interesting material for biomedical applications. PVA has no toxic action on the human
body being used to manufacture medicines cachets, yarn for surgery, controlled drug
delivery systems (Tang et al., 2009). New fields of application regard cardiovascular devices
(Millon and Wan, 2006), dialysis membrane, artificial cartilage, tissue engineering scaffold
(Zhou et al., 2010). Development of ecofriendly packaging materials is still a challenging
area and many studies are focused on the improvement of PVA mechanical and barrier
properties by combination with other polymers or fillers in order to use it in the packaging
industry (Sedlarik et al., 2006). For many other applications, mechanical properties of PVA
should be substantially improved without damaging its valuable properties. Low cellulose
fibers addition could be an appropriate solution. Many studies emphasized the effectiveness
of large amount of cellulose fibers in improving mechanical properties of PVA.
Zimmermann et al. (2004) reported an improvement of the elastic modulus and tensile
strength of up to five times and three times, respectively, in the case of dispersing 20 wt%
cellulose fibers in PVA. An increase of about five times of the tensile strength relative to the
reference polymer was reported by Bruce et al. (2005) at 50 wt% cellulose fibers in PVA and
an increase by a factor of 3.5 at the same concentration of fibers in the work of Leitner et al.
(2007). Nevertheless, no increase in tensile strength and modulus was observed by Lu et al.
(2008) above 10 wt% cellulose fibers in PVA.
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Despite the important publication activity dealing with cellulose nanofibers and related
nanocomposites the application of such materials is quite limited. There are several reasons
for this situation. One of them is the difficulty of the separation of plant fibers into smaller
constituents with uniform and reproducible characteristics. Another reason is the high
energy demands for most isolation processes. Problems concerning interfacial adhesion and
uniform dispersion of the cellulose fibers in the polymer matrix delayed also the wide
application of these materials.

Moreover, results obtained in different laboratories on polymer composite containing
cellulose fibers are often contradictory because of many factors controlling the process like
filler size and content, interface adhesion, fiber aspect ratio and orientation, fiber dispersion
in the matrix and stress transfer efficiency through the interface (Dufresne et al., 2003).
However, the role of nanofiber characteristics and aggregation in influencing macroscale
properties of polymer matrix is not yet well understood.

Important research work was focused on studying the changes induced in PVA
characteristics by high concentration of cellulose fibers prepared by different processes.
These results were obtained in different laboratories and different conditions were applied
in order to prepare PVA composite films. PVA is a polymer sensitive to preparation
conditions so that significant changes may occur depending on the working atmosphere and
heat treatments applied. Knowing the high influence of preparing and characterization
conditions on PV A properties, it is difficult to select the proper system PV A /cellulose fibers
for a target application based on existing information. Moreover, achieving improved
mechanical properties with the less concentration of cellulose fibers is desirable for
preserving transparency and flexibility of PVA films. For these reasons, we further describe
research results obtained in our laboratory for monitoring the influence of cellulose fibers
obtained by different treatments on the microscopic and macroscopic properties of PVA, all
the samples being prepared in the same conditions. PVA composites were prepared by
solution casting using low concentration (<5 wt.%) of cellulose fibers obtained by
mechanical treatment (L), acid hydrolysis (H) and ultrasound treatment (U). The isolated
cellulose fibers were characterized by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). PVA composites containing these fibers were characterized with the aim
of determining thermal and mechanical behavior.

3. Experimental part

3.1 Materials

Polyvinyl alcohol, PVA 120-99, 1200 polymerization degree and 99% hydrolysis degree was
used as matrix. Microcrystalline cellulose (MCC) with a mean particle size of 20 pm and an
aspect ratio of 2 - 4, from Sigma-Aldrich, was used as raw material for the preparation of
nanofibers and cellulose microfibers obtained from regenerated wood fibers (L) through
mechanical treatment were donated by National Institute of Wood.

3.2 Nanofibers isolation

(a) By ultrasonic treatment

MCC with a mean particle size of 20 um, as revealed by SEM image (Fig. 1), was dispersed
under continuous stirring in distilled water (1/500) and sonicated at 80% power for 20
minutes using an ultrasonicator type Vibra Cell VC505 (500 W, 20 KHz). In order to control
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the process temperature, the beaker with the cellulose suspension was put in a water bath
with controlled temperature. The appearance of turbidity in the supernatant was a definite
indication of the presence of cellulose nanofibers. Cellulose fibers suspension was obtained
by decanting the supernatant into other vessel. Cellulose fibers - sample U was
characterized by X ray diffraction after drying 4 hours at 40°C.

(b) By acid treatment

MCC was dispersed in distillated water (1/10). The resulted suspension was placed in an ice
bath and stirred while concentrated sulfuric acid was added by drop until the desired acid
concentration of 63% was reached. The suspension was heated at 40°C while stirred for 5 h.
The obtained mixture was washed with distillated water using repeated centrifuge cycles
(20 min at 7000 rpm, Universal 320R Ultracentrifuge) until a pH of 4 was reached. Further,
the obtained sample of cellulose fibers (H) was ultrasonicated (Elmasonic S40H, Elma) for
five hours in an ice bath in order to avoid the sample overheating. Cellulose fibers - sample
H was characterized by X ray diffraction after drying 4 hours at 40°C.

(c) Cellulose fibers obtained through mechanical treatment (L) were used as received.

"I{ ) :"I. “‘

L - (4 i
Microscope Accelerating Voltage Working Distance
Quanta 15 kv 10.1 mm —20 pm—

Fig. 1. SEM image of commercial microcrystalline cellulose (MCC)

3.3 Nanocomposite films preparation

In order to obtain PVA/cellulose fibers composite films with different filler concentrations,
the required amount of PVA corresponding to a final concentration of 10% in the aqueous
medium and the calculated amount of L, U and H cellulose fibers suspensions to achieve 1,
3 and 5 wt% filler concentration in the final composite were mixed using a high speed stirrer
(500 min-t). The stirring was performed at 80°C for 3 hours, and the resulting mixture was
degassed for approximately 15 minutes in an Elmasonic 540 H ultrasonic bath. The films
were cast on a PET plate and were kept at room temperature for 2 days until they were
completely dried and then removed from the PET plates and placed in a desiccator for two
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weeks before mechanical characterization. Neat PVA films were obtained under similar
conditions.

3.4 Characterization methods

SEM micrographs of cellulose fibers were obtained with an environmental Quanta Scanning
Electron Microscope 200, with a tungsten electron source in the following conditions:
accelerating voltage 10 - 30 kV, no coating. The crystalline structure of cellulose fibers was
determined by XRD with a DRON-UM diffractometer (horizontal goniometer Bragg-
Brentano) using Co Ka radiation (wavelength \ = 1.79021 A), scanning from the 20 value of
50 to 360 at a scanning rate of 0.059/5 sec. Samples were analyzed in reflection mode.
Mechanical behavior of composite films at room temperature was tested in tensile mode
according to ISO 527-1:1993 Part 1 and ISO 527-3:1995 Part 3 by an Instron 3382. The
Universal Testing Machine was equipped with a video extensometer for strain measurement
and with a load cell of 1 kN capacity. The following data: video axial strain at break
(elongation at break), tensile stress at break (tensile strength), Young’s modulus (tensile
modulus) and other optional features were automatically display using the software of
Instron 3382, Bluehill 2. Young’s modulus on the strain channel with a start value of 0.05%
and an end value of 0.25% was calculated by the system applying the least square fit
algorithm to each region between the start and end value selecting the highest slope. The
load cell of 1 kN capacity, used for PVA composites tensile properties measurements has a
sensitivity of 0.001 N. Test specimens were cut to 110 mm (length) x 10 mm (width) x 0.035-
0.045 mm (thickness) from the films maintained in desiccators, 7 specimens being tested for
each sample. Tensile modulus was determined at a crosshead speed of 2 mm/min and
tensile strength and elongation at 10 mm/min. Lower crosshead speed was necessary for
correct determination of tensile modulus as stipulated by ISO 527 Part 1. Differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed on a
SDT Q600 V20.9 from TA Instruments under Heliom flow (100 mL/min). The samples
weighing between 5 and 10 mg were packed in aluminium pans and placed in the DSC cell.
The samples were tested from the ambient temperature to 6000C at a heating rate of
10°C/min. The DSC glass transition temperature (Tg) was taken at the onset of the glass
transition region. The PVA composite samples were conditioned for 24 h at 40 °C in a
vacuum oven prior to thermal analysis.

4. Results

4.1 Cellulose fibers characterization

The three samples of cellulose fibers, L, H and U, were investigated by scanning electron
microscopy (Fig. 2, 3a-c and 4). SEM image obtained for sample L (Fig. 2) revealed the
distribution of fiber diameters ranging from 5 to 20 pm. The surface of L is smoother and the
aspect ratio 1/d of 4 to 14, greater then the 1/d of MCC sample, ranging from 2 to 4.

The acid hydrolysis of MCC is a heterogeneous process which involves the diffusion of acid
into the cellulose fibers, and the subsequent cleavage of glycosidic bonds. Figures 3a-c are
SEM micrograph of acid treated MCC after different time of acid hydrolysis (2, 4 and 5
hours). Fig. 3a shows how the acid broke the MCC particle, attacking amorphous areas and
releasing aggregates of cellulose microfibrils. Fig. 3b shows that a big fraction of amorphous
areas were entirely destroyed and cellulose crystallites in needle form released. Portions
with agglomerated microfibrils could also be observed.
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©
Fig. 3. SEM micrographs of (a) the first stages of acid attack of MCC, (b) releasing of
cellulose microfibrils aggregates and (c) cellulose fibers type H
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In Fig. 3¢ rod like cellulose microfibrils with diameter of 100 - 400 nm and aspect ratio of 10
to 20 are observed. Cellulose fibers with smaller diameters can not be detected in SEM
images, at this magnitude. It is presumed that the further ultrasonic treatment destroyed the
agglomerates.

SEM micrograph of U type cellulose fibers (Fig. 4) shows that MCC particles are entirely
disintegrated into fragments with different shapes and size by sonication treatment. The
effectiveness of MCC defibrillation process is very high, particles and fibers with a diameter
of 20 - 800 nm being observed. Individual particles but also large aggregates of cellulose
fragments can be easily observed. It is possible that a re-aggregation to take place, promoted
by the strong hydrogen bonding between the individual cellulose whiskers prepared by
ultrasonication. The heterogeneity of shapes and size is very great in this sample because of
the high energy involved in ultrasonication, so that o separation process was imperative for
removing higher size aggregates of cellulose fibers.

X-ray diffraction patterns of MCC and cellulose fibers (L, H and U) are shown in Fig. 5. The
characteristics peaks originated from cellulose I are visible for all the samples at the same
values of 20 (17.3° 18.9° 26.2°). These values correspond to the interplanar spacings of the
three principal planes (101), (101) and (002) of the monoclinic unit cell of cellulose: d, =
599 A, d; =540 Aand d,, =3.95 A, respectively. Very close values for 20 were reported
by Lee et al. (2009b) taking into account the different wavelength of CuKa radiation used. In
the case of sample L the two first peaks are not separated forming a broad peak, probably
because of the more complex structure of sample L which contain beside celluloses,
hemicelluloses and lignin.
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Intensity (a.u.)

Fig. 5. X-ray diffraction patterns of MCC and cellulose fibers (samples L, H and U)

4.2 Polymer composites characterization

a. Mechanical characterization

The tensile strength, elongation at break, and elastic modulus of the PVA/cellulose fibers
composites compared with those of unreinforced PVA are shown in Figs. 6 - 8.
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Fig. 6. Tensile strength of neat PVA and PVA reinforced with cellulose fibers U, L and H
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It is apparent that the three types of fibers differently influence the mechanical properties of
PVA matrix. U and H fibers lead to an improvement of mechanical properties, both the
strength and modulus and elongation at break being enhanced and the type L to a decrease
in strength and stiffness. The observed differences are mainly due to the different size of
fibers, U and H fibers having diameters on the nanoscale while L being micron sized fibers.
It is known that an important increase in strength and stiffness of polymer matrix can be
obtained at concentrations above 30% of micron sized cellulose fibers, lower concentration
of 20 - 25% being effective only in the case of a good treatment of fibers or coupling agent
adding. In these composites, elongation at break knows significant decreases, polymer
matrix ductility being severely altered by micron sized fibers (Bledzki et al., 2003; Ganster et
al., 2006). Hence, it was not expected that the low concentration of L fibers could improve
PVA mechanical properties.

In contrast to conventional filled polymer systems where the increase of strength and
stiffness is accompanied by an important decrease of ductility, in nanocomposites a
simultaneous increase of Young’s modulus, tensile strength and elongation could appear,
especially in the case of strong filler/matrix interface (Lin et al., 2009). Therefore, the
incorporation of U and H fibers in PVA which provide a significant improvement of all
mechanical properties (strength, stiffness and ductility) is a proof of a good interfacial
adhesion in our composites.

The highest improvement of tensile strength and modulus in regard to PVA (Fig. 6 and 8)
was obtained for PVA/U composites, 5 wt% U in PVA: almost 50% and 40%, respectively.
The different behavior of U and H fibers as reinforcements in PVA could be a result of their
different size (in the case of U fibers, the nanosized fraction were separated from the coarse
fraction) and the higher tendency to form agglomerates in the case of higher aspect ratio
fibers (H). The enhancement of mechanical properties of PVA/U and PVA/H composite
films by comparison with neat PVA resulted from the good adhesion at the filler/ matrix
interface, favored by the small size of fibers and, accordingly, their high surface area. The
hydrogen bonding between the OH groups of cellulose fibers and similar group of PVA
matrix led to improved adhesion between phases which resulted in improved mechanical
properties. Lee et al. (2009b) explained an increase of about 70% of the elastic modulus and
up to 55% of the tensile strength by the intermolecular forces between cellulose fibers and
PVA matrix.

b. Thermal characterization

The thermal properties of cellulose fibers reinforced PVA were determined from DSC and
DTG thermograms. The main thermal transitions, glass transition temperature (Tg) and
melting point (Tm), were evaluated and compared with those of the neat PVA. DSC results
of PVA composites containing 5wt% of cellulose fibers, L, H and U types, are shown in
Fig. 9.

PVA exhibits an endotherm close by 57°C (57.20C) corresponding to the glass transition
temperature of PVA. The appearance of one Tg in the nanocomposite samples highlights the
good interaction of cellulose fibers and PVA in the amorphous phase. No significant
changes in Tg value are observed in the case of PVA composites containing 5 wt% U or H
fibers as shown in Table 1, but a decrease with four degrees is detected in PVA filled with 5
wt% L fibers as regard to neat PVA. This behavior is caused by the decrease of the cohesive
energy density in the amorphous phase of the PVA/L composites in comparison with neat
PVA and can be explained by the rupture of the hydrogen bonds in PVA because of larger
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size of L type fibers (tens of microns in diameter and hundred of microns in length). As a
result, the rubbery properties and the increase of the mobility of the macromolecules will
appear from lower temperatures. Nanometer sized fibers, H and U, will not cause massive
breaks of hydrogen bonds in PVA and, the expected interactions between these cellulose
fibers and PVA will not alter the supramolecular structure of the amorphous phase.
Nevertheless it seemed that these new formed interactions are not strong enough to slow the
chain mobility associated with glass transition since the Tg values measured on PVA/H and
PVA/U composite samples are close to that of neat PVA.
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Fig. 9. DSC diagrams of neat PVA and PVA composites containing U, L and H fibers

Samples (")fg Tm AHm z(c
C oC /g | %
PVA 57.2 227.1 79.3 48.7
PVA/5%U 56.8 226.9 70.5 45.5
PVA/5%L 53.0 227.2 60.0 38.7
PVA/5%H 57.0 227.3 78.1 50.4

Table 1. DSC data of neat PVA and PVA composites containing 5 wt.% fibers
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PVA exhibits a sharp endothermic curve with a peak at 227.1°C, as shown in Fig. 9,
corresponding to the melting of the crystalline phase of PVA. Tm values remains roughly
constant for all PVA composites whatever the type of fiber used but the heat of fusion is
different depending on the filler characteristics. The degree of crystallinity (Xc) of the PVA
component in the composite was obtained as follows:

AHf
X, = *100 1)
w*AH,

where AHyand AH, are the heats of fusion for PVA and 100% crystalline PVA, respectively
and w is the mass fraction of PVA in the composite. AH, was taken 163 J/g (Ramaraj et al.,
2010).

A highest degree of crystallinity is observed in PVA/H composite and the lowest in PVA/L
composite. PVA filled with H type fibers show higher crystallinity than neat PVA. This
could be ascribed to stronger interactions between cellulose fiber surface and adjacent PVA
chains. The nucleating effect of cellulose fibers could also explain this increase of
crystallinity. PVA/H composite shows a higher crystallinity as regard to PVA/U composite
but the mechanical behavior of the latter is better. This is due to the fact that, besides the
matrix crystallinity, other factors influence the tensile properties of the composite. The
nanoscale dispersion of the filler and its orientation in the matrix are among these factors.
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Fig. 10. TGA thermograms of neat PVA and PVA composites containing U, L and H fibers

Thermogravimetric analysis (TGA) was used to investigate the effect of cellulose fibers on
the thermal stability of the composites. In the obtained PVA thermograms (Fig. 10) three
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main weight loss regions can be observed (Lee et al., 2009b; Qua et al., 2009). All the samples
show an initial weight loss in the region 75 - 150 °C caused by the evaporation of water.
Between 2.5 and 3.5 wt.% physically and chemically bound water was detected in neat PVA
and PVA composites thermograms. Figure shows that the second degradation region is
located between 220 and 300 °C and is due to the pyrolysis of cellulose fibers and to the
degradation of PVA films, the weight loss being around 70% for all the samples. As reported
by Qua et al. (2009), the second stage of degradation mainly involves dehydration reactions
and the formation of volatile products.

The third stage weight loss occurrs above 400 °C and consists of decomposition of
carbonaceous matter (Lee et al., 2009D).

It can be observed in Fig. 10 that the differences in TGA curves are negligible for neat PVA
and PVA composites. However, some differences can be detected in the case of PVA/H
composite. TGA’s first order derivative (Fig. 11) show a broadening of the main
decomposition peak and a shift of the onset temperature for the third decomposition stage
to higher temperatures. This can be due to sulfonic groups bound to the cellulose fibers by
acid hydrolysis which influence the degradation process.

The onset degradation temperature (Td) and enthalpy (AHd) could be easily determinated
from DTG curves (Table 2). Slightly higher onset degradation temperatures were obtained
for PVA composites as regard to neat PVA, showing a marginal increase of the thermal
stability caused by the cellulose fibers. Lee showed that the thermal stability of PVA
composites was improved with the increase of the nanocellulose loading (Lee et al., 2009Db).
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Fig. 11. DTG thermograms of neat PVA and PVA composites containing U, L and H fibers
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Samples ;Fg IA/Hd
&
PVA 238.7 513.8
PVA/5%U 2429 509.2
PVA/5%L 239.7 480.5
PVA/5%H 239.8 525.3

Table 2. DSC data of neat PVA and PVA composites containing 5 wt.% fibers

The lowered PVA/L decomposition enthalpy was thought to be related to the more
complex structure of these fibers containing beside cellulose, hemicellulose and lignin and
to the more porous fiber structure.

5. Conclusion

The application of cellulose nanofibers in polymer reinforcement is a relatively new research
field. The development of fully biodegradable nanocomposites is still a challenging area.

In this chapter discussion is focused on the physical and mechanical properties of polyvinyl
alcohol as a biodegradable matrix reinforced with cellulose fibers prepared by different
methods. Three types of fibers with different characteristics in terms of composition, size
and aspect ratio were tested as reinforcements in PVA: L fibers of micron size and high
aspect ratio contain beside cellulose, hemicellulose and lignin, H fibers with a nanosize
dimension and high aspect ratio and U fibers with a nanosize dimension and low aspect
ratio contain only cellulose.

These cellulose fibers were obtained by mechanical treatment, acid hydrolysis and
ultrasound treatment, respectively. The isolated cellulose fibers were characterized by
scanning electron microscopy (SEM) and X-ray diffraction (XRD).

Our work was focused on studying the changes induced in PVA characteristics by low
concentration of these cellulose fibers. Similar conditions were applied in order to prepare
PVA composite films, knowing the high influence of preparing and characterization
conditions on PVA properties, in order to select the proper system PVA/cellulose fibers for
a target application.

The obtained composites with low concentration of cellulose fibers (1 - 5 wt.%) showed
improved mechanical properties, preserving the transparency and flexibility of the original
films. The highest improvement of the tensile strength and modulus in regard to PVA was
obtained for PVA composite containing 5 wt% cellulose fibers prepared by ultrasound
treatment: almost 50% and 40%, respectively. Favorable interfacial properties and the lack of
agglomerations at low fibers concentration in PVA were supposed to explain the high
values of the mechanical properties.

PVA filled with acid treated cellulose fibers showed higher crystallinity than neat PVA, as
resulted from DSC analysis. Stronger interactions between cellulose fiber surface and
adjacent PVA chains and the nucleating effect of cellulose fibers were proposed to explain
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this increase of crystallinity. Slightly higher onset degradation temperatures were obtained
for PVA composites as regard to neat PVA, showing an increase of the thermal stability
caused by the addition of cellulose fibers.

The biocomposites presented in this chapter are advanced materials with improved
mechanical and thermal properties, high transparency and flexibility and large possibilities
of application in packaging and other fields.

Future work will be focus on the study concerning the processing behavior of these
materials and on achieving new preparation methods with industrial application.
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1. Introduction

Radiation processing indicates all the processes based on the use of ionizing radiation that
cause chemical changes in the matter. Practical application of radiation processing have
been evolved since the introduction of this technology nearly fifty years ago. The earliest
developments are represented by the sterilization of disposable medical products,
preservation of food and crosslinking of plastic materials, while the curing of monomeric
coatings was developed somewhat later (Woods, 2000; Cleland et al. 2003). In the last years
the use of these and other processes has grown more and more and they are widely
practiced today to produce heat-shrinkable plastic films for packaging foods or insulation
on electrical wires and jackets on multi-conductor cables in order to increase heat tolerance
and to improve the resistance to abrasion and solvents. Other important applications
include the reduction of the molecular weight by scissoring of polymers, the grafting of
monomers into polymers in order to modify their surface properties and the curing of fibre-
reinforced polymer composite materials, whose main applications are in automotive and
aeronautic/aerospace industries (Clough, 2001; Singh et al. 1996; Lopata et al. 1999;
Goodman & Palmese, 2002; Jhonson, 2006; Berejka, 2010). Due to its behaviour regarding the
possibility to involve very small particles, like electrons or heavy ions, radiation processing
is the ideal way to produce nano-structured systems. Different examples are reported in
literature, such as nano-litography devices (Woods, 2000) and nano-hydrogels especially in
the biomedical area (Singh & Kuma, 2008; Chmielewski, 2010).

The radiation sources generally used in radiation processing applications can be divided
into two main groups, that one regarding the use of natural or artificial isotopes and the
other one in which particle accelerators are employed. In the first group artificial
radioisotopes, like Cobalt-60 and Cesium-137, are included and the second group comprises
electron accelerators, accelerators for the production of positive ions and x-ray generators
(Woods & Pikaev, 1990; Spinks & Woods, 1990).

Currently the most widely used sources of ionizing radiations in the industrial processes are
Cobalt-60 and electron accelerators.
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Cobalt-60 produces y photons of two discrete energy values, 1.332 and 1.173 MeV. Since y
photons tend to lose the greater part of their energy through a single interaction, during
irradiation a fraction of them are completely absorbed, but the remaining photons are
transmitted with their full initial energy.

Electron beams produced by accelerators are mono-energetic and they may be pulsed or
continuous. Unlike y photons, electrons lose their energy gradually, through a number of
small energy transfers, so that they are slowed down by thin absorbers.

The use of y or e-beam radiations depends upon different considerations, such as the nature
and size of the objects to irradiate, the penetration to be realized and the productivity required.
For a fixed material and for a fixed distance from the radiation source, the radiation is
characterized by the penetration in the material and the rate by which the energy is
absorbed by the material. The first parameter depends on the nature and energy of radiation
and can be related to the absorbed dose, i.e. the energy absorbed by the unit of weight of the
material, measured in Gray (Gy), or more commonly in kGy (1 J/Kg = 1 Gy). The second
parameter is the dose rate that is the energy absorbed by the unit of weight of the material
per unit of time, measured in Gy/s or more commonly in kGy/h.

In particular gamma rays are more penetrating than electron beams, but generally they are
characterized by a lower dose rate. On the other hand y sources offer the advantage of a very
simple process, but they suffer from a low flexibility of the plant and from degradation during
the time owing to the decrease of the activity of the source. Due to all these considerations y
radiation is normally used when high penetration is required without any productivity
problems, while for low penetration and high productivity e-beam process is advisable.

The interaction of electromagnetic and particle radiations with matter occurs by means of
different processes, even if it always produces fast charged particles, which generate a
mixture of ionized and excited species. The overall effect of both types of ionizing radiation
is qualitatively similar, since the same types of ionized and excited species are formed in
both cases.

When a moving charged particle interacts with the matter, its energy loss gives rise to a trail
of excited and ionized atoms and molecules in the same path of the particles. The same
effect is caused by an electromagnetic radiation since the energy absorbed is transferred to
electrons and positrons and then dissipated along the paths of these particles. In this way
the overall result of the absorption of any type of ionizing radiation by matter is the
formation of exited and ionized species, giving rise to similar chemical effects.

As already observed, radiation processing finds several applications in different fields. In
particular it has been subjected to a very marked interest for the synthesis and modifications
of polymeric materials. In fact, the interaction of ionizing radiation with apt monomers can
give rise to radical or ionic (mainly cationic) polymerizations.

Radical polymerization of vinyl monomers is easily performed, while cationic process is
more difficult due to the possibility that the cationic species can be neutralised by even very
small amount of basic impurities (Chapiro, 1962; Crivello, 1999 ).

Also the modification of polymers by ionizing radiation has been subject of studies and
several industrial applications. The interaction of ionizing radiation with polymeric
materials causes the formation of free radicals that further evolve towards chain scission,
with molecular degradation, chain branching and cross-linking with molecular weight
increase (Woods & Pikaev, 1990). All these effects coexist, their extent depending on many
factors, such as the molecular structure of the irradiated polymer, the presence of air or
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other gases during irradiation and the operating conditions (temperature, dose rate, etc.).
The molecular modifications induced by irradiation can strongly modify the mechanical,
electrical and thermal properties of the polymers. Crosslinking for the production of
electrical insulating materials or tubes for both high thermal and mechanical resistance are
among the most important applications (Jansen & Brocardo Machado, 2005).

Among the ionising radiation induced polymerization processes, one the most stimulating and
studied application is the radiation curing of epoxy resins in order to produce polymeric
matrices for carbon fibre structural composites, in both aerospace and advanced automotive
industries. Compared to thermal curing, the main advantages lie in the reduced curing time,
the ambient curing temperature, the greater design flexibility and the higher materials shelf
life (Singh et al., 1996; Lopata et al. 1999; Jhonson, 2006). In particular the possibility to carry
out the process at mild temperature derives from the fact that it does not need thermal
activation. This behaviour makes the process environmentally friendly, energy saving and
induces positive effects on the properties of the synthesised materials. In fact the significant
reduction of thermally induced mechanical stresses derived from the use of mild process
temperature leads to an improvement of the mechanical properties of the cured materials.

The use of polymeric composite materials for transport applications has considerably
increased in the last few decades for their favourable strength/weight ratio, with respect to
low weight metallic materials traditionally employed in such structures. Other advantages
coming from the use of polymeric composites are the improvement of the resistance to both
corrosion and chemicals.

The standard thermal cure process induces high quality and performance in these materials
and it has been extensively studied and optimized for each specific application (Ellis, 1994;
Di Pasquale et al., 1997; Mimura et al., 2000). On the other hand radiation processing has
become more and more promising for advanced structures for the several advantages
offered. Lopata, Saunders and Singh widely discussed the benefits of electron beam curing
for the manufacture of high performance composites and in particular Lopata suggested the
importance of this process also for the repairing of such structures (Lopata et al., 1999; Singh
et al., 1996; Lopata & Sidwell, 2003).

The first successful attempts of radiation curing were developed on acrylic derivative
epoxies, which undergo to polymerization via radical mechanism, but the obtained
materials did not meet the required thermal (high glass transition temperature, Tg) and
mechanical properties (high elastic modulus and high fracture energy) for aerospace and
advanced automotive applications (Woods & Pikaev, 1990).

Materials with enhanced thermal and mechanical behaviours, similar to that of the materials
realized via thermal curing, were obtained when the cationic polymerization of epoxy resins
was performed through the use of suitable onium salts, already successfully used in the UV
induced epoxy curing (Lopata et al. 1999; Crivello, 1999; Crivello, 2002; Crivello, 2005; Bulut
& Crivello, 2005). Due to the presence of strongly electronegative groups, onium salts are
very acid and make possible the epoxy ring opening and the further cationic attack to the
other epoxy monomers with the increase of the chain length.

Most of the commercially available initiators are dyaryliodonium or triarysulfonium salts of
weak bases. Several mechanisms for polymerization of epoxies have been suggested (Decker
& Moussa, 1991; Crivello, 1999, 2002 and 2005; Bulut & Crivello, 2005) and probably
radiation induced polymerization of epoxies can proceed via different mechanisms whose
relative contributions might vary from one formulation to another.
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During radiation curing, several parameters can greatly influence the final properties of the
cured materials. In particular parameters such as the composition of the epoxy resin system
(including the catalyst species, the chemical structure of the epoxy, other modification
agents etc.), and those related to the process such as irradiation dose, dose rate and curing
temperature have a key role in determining the properties of these materials (Fengmei et al.
2002; Degrand et al., 2003 ; Nho et al., 2004; Raghavan, 2009).

A general problem for epoxy cured systems, either thermally or by irradiation, is that both
high glass transition temperature and high elastic modulus are accompanied by a brittle
behaviour and by a decrease of the toughness, with a poor resistance of the material to crack
initiation and growth and with a low fracture energy value (Ellis, 1994; Broek, 1986; Riew &
Kinloch, 1993).

The basic goal in toughening crosslinked epoxy resins is to improve their crack resistance and
toughness without a significant decreasing of the other important inherent properties, such as
the flexural modulus and the thermo-mechanical properties (Tg) of the original epoxy resins.
A way to improve the toughness is the incorporation in the monomer of a second component.
This has been successfully done for thermally cured systems, incorporating in the monomer a
second component into the continuous matrix of epoxy resins through physical blending or
chemical reactions (Kim et al., 1999; Mimura et al., 2000).

Unmodified epoxy resins are usually single-phase materials, while the addition of modifiers
can turn the toughened epoxy resins into multiphase systems. When modifier domains are
correctly dispersed in discrete forms throughout the epoxy matrix, the fracture energy or
toughness can be greatly improved.

Among the toughening agents studied for thermally cured systems, the best improvement
of toughness, without loosing thermal and mechanical properties, has been obtained by
engineering thermoplastics, like poly(ether sulfone), poly(ether imide), poly(aryl ether
ketone), poly(phenylene oxide), polyamide etc. (Unnikrishnan & Thachil, 2006; Mimura et
al., 2000; Blanco et al. 2003, Park & Jin, 2007). The thermoplastic toughened epoxies form
homogeneous blends in the uncured state and can lead to phase separation on curing. The
curing and phase separation processes were studied in many papers (Gan et al.,, 2003;
Giannotti et al., 2003; Montserrat et al., 2003; Swier & Van Mele, 1999 and 2003; Tang et al.,
2004; Xu et al., 2004; Li et al., 2004; Wang et al., 2004).

In particular the phase diagrams temperature/compositions for epoxy/toughening agent
systems as function of the epoxy curing degree are of fundamental importance. In fact, the
use of engineering thermoplastics as a method for toughening high performance, thermally
curable epoxies, can cause different morphologies (Inoue, 1995; Mimura et al., 2000; Swier &
Van Mele, 1999 and 2003). The “homogeneous” morphology results from a single phase that
requires the dissolution of the thermoplastic into the epoxy with a curing process without
phase separation. This method effectively reduces the crosslinking density of the epoxies,
but it provides only modest improvement of the toughness in thermally cured systems.
Another kind of morphology that can be obtained is the “second phase” morphology,
resulting from two phases formed. In a first type the thermoplastic is the discontinuous
phase (thermoplastic particles) and the epoxy the continuous phase. It generally occurs at
thermoplastic loadings of about 15% or less, and it provides only modest improvement of
toughness in thermally cured systems. A second type of the particulate consists of the epoxy
which forms a discontinuous phase (epoxy particles) distributed in a thermoplastic
continuous phase (phase inversion) and it generally occurs with a thermoplastic loadings of
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more than 15-20%. Also in this case there is only modest improvement of toughness in
thermally cured systems.

The preferred morphology which allows to realize high fracture toughness in epoxy based
systems is the “co-continuous” morphology, which consists of an epoxy continuous phase
and a thermoplastic continuous phase. These phases have nanometer or micrometer
dimensions and require thermoplastic loading exceeding 15-20%, while the phase size and
the toughness are controlled by the thermoplastic backbone, by its reactive end groups, its
molecular weight and obviously by the epoxy nature (Mimura et al., 2000).

Up to 2000 the majority of studies and programs focused on the development of ionising
radiation curable resin systems that could match the performance of thermally cured
matrices for structural composites, while the understanding of how radiation curing takes
place and its dependence on both system and process parameters was limited (Singh et al.
1996; Berejka & Eberl, 2002; Singh, 2001; Decker, 1999). On the contrary in the latest years
many research efforts have been done toward other directions, in particular investigating
the influencing factors of this process in order to provide a careful foundation of radiation
curable epoxy based systems. In particular the influence of the catalyst (type and content),
the effect of the nature of epoxy resins and of the processing parameters, such as dose and
temperature, on the curing degree of the systems, the EB curing mechanism, the role of the
onium salt and the influence of the monomer conversion on the glass transition temperature
have been investigated (Fengmei et al. 2002; Gang et al., 2002; Degrand et al., 2003; Nho et
al., 2004; Raghavan, 2009; Coqueret et al. 2010).

A very important work has been performed by the “Cooperative Research and
Development Agreement” (CRADA) sponsored by the Department of Energy Office of
Science, NASA Langley Research Center, U.S. Air Force Research Laboratory, U.S. Army
Research Laboratory, and several industrial partners. Several epoxy resins systems in the
presence or not of toughening agents and cured by electron beam irradiation have been
realised. These resin systems showed mechanical, thermal, and physical properties that are
significantly better than earlier electron beam curable resins, and are comparable to many
thermally cured, high performance, toughened and untoughened epoxies (Janke et al., 2001).
This review presents the results obtained by the authors in the study of e-beam curing of
epoxy resin systems in order to produce polymeric matrices for carbon fibre composites
(Alessi et al., 2005, 2007, a,b and 2010).

The influence of the processing parameters on both the curing reactions and the properties of
the obtained materials is presented. In particular the possibility to really perform the process at
mild temperature is critically discussed and the consequences of the low-temperature process
on the final structures and properties of the cured materials are evidenced.

Also the influence of engineering thermoplastics in the toughening of the cured matrices is
illustrated.

2. Radiation curing of epoxies as matrices for advanced composites

The occurrence of curing reactions has been checked by the monitoring of the temperature
during samples irradiation. The temperature of the irradiated samples depends on different
thermal events, whose rate depends on the processing parameters. The temperature increase
is due to both the absorption of radiation energy and the heat developed by the exothermic
curing reactions, while the temperature decrease is due to heat releasing from the irradiated
samples to the environment. The balance of these phenomena determines the temperature of
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the epoxy resin during irradiation. The heat production rate is low when both the
concentration of iodonium salt and the dose rate are low, while the heat released to the
environment is mainly related to the surface/volume ratio.

2.1 Untoughened epoxies

E-beam curing of blends of various epoxies/iodonium salts has been carried out.

One example is reported in Fig 1, where the temperature as function of the absorbed dose
for Bis(4diglycidiloxy-phenil) methane (DGEBF)/iodonium salt samples (Alessi et al., 2005)
is reported. The iodonium salt concentration is constant (0.1 phr) and the experiments have
been performed at different dose rates (84, 420 and 840 kGy/h). At low dose rate (84 kGy/h)
the temperature curve has a very slight increase and tends to a plateau value of about 50°C.
On the contrary at high dose rates (420 and 840 kGy/h) the temperature increases up to
180°C and after decreases, but toward higher values than that reached during the
correspondent irradiation at low dose rate.
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Fig. 1. Temperature as a function of irradiation dose at different dose rates.

“Reprinted from Nuclear Instruments and Methods in Physics Research B, 236, Alessi, S.,
Calderaro, E., Parlato, A., Fuochi, P., Lavalle, M., Corda, U., Dispenza, C., Spadaro, G.
Ionizing radiation induced curing of epoxy resin for advanced composites matrices, 55-60,
Copyright (2005), with the permission from Elsevier”

In the same figure the thermal profiles of the system without initiator, i.e. without
polymerization reactions, are reported for two dose rates conditions, revealing that the
major contribution to the plateau value is essentially due to the heat evolved by the
radiation absorption. Since during curing very different temperature profiles can be
obtained, the production of materials with marked different properties is realized. In fact, in
conditions apt to produce marked temperature increase, the epoxy monomer undergoes to a
simultaneous radiation and thermal curing, while when the irradiation is performed at low
temperature the systems undergoes only to radiation curing.

Dynamic mechanical thermal analysis (DMTA) tests, carried out on samples cured in
different processing conditions, and at different temperature profiles, evidence the different
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structure and properties of the synthesised materials. In Fig. 2 elastic modulus, E’, and loss
factor, tang, as function of the temperature for the materials cured in the conditions of Fig. 1
are reported. The sample cured at low temperature presents two broad relaxation peaks.
This is an indication of a not uniform structure with networks of different cross linking
degrees. This phenomenon can be related to vitrification phenomena during irradiation. In
fact polymerization reactions cause the increase of the glass transition temperature of the
irradiated system, which soon reaches the low processing temperature. In these conditions
the structure becomes rigid and further curing reactions are controlled by the diffusion of
the reactive species in the bulk of the polymerising system. Furthermore the storage
modulus/temperature curve reported in the same figure presents an increase between the
two relaxation temperatures. This can be attributed to post-irradiation thermal curing due to
the heating during the DMTA test itself. We can conclude that the low temperature
radiation curing is not complete and that the second relaxation peak can be considered the
result of the combined effect of radiation and post-irradiation thermal curing. DMTA tests
relative to the sample cured at high temperature presents only one relaxation peak, due to
the high temperature reached during irradiation, which allows to overcome the vitrification
phenomena, giving rise to the formation of a more “uniform” structure. In these conditions
a simultaneous radiation and thermal curing is performed. It is interesting to note that the
relaxation temperature is significantly lower than the second relaxation temperature of the
material cured at low temperature. This can be explained with the more efficient thermal
treatment (due to the test itself) when the structure is less rigid.
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Fig. 2. Dynamical mechanical thermal curves at an irradiation dose of 150 kGy and at
different dose rates.

“Reprinted from Nuclear Instruments and Methods in Physics Research B, 236, Alessi, S.,
Calderaro, E., Parlato, A., Fuochi, P., Lavalle, M., Corda, U., Dispenza, C., Spadaro, G.
Ionizing radiation induced curing of epoxy resin for advanced composites matrices, 55-60,
Copyright (2005) with the permission from Elsevier”
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As the results indicate that not always radiation process allows to complete curing reactions,
in order to check their completeness, samples radiation cured in various conditions have
been subjected to post-irradiation thermal treatments.

In Fig. 3 DMTA curves of the sample cured at 150 kGy - 84 kGy/h and of the sample also
subjected to a post-irradiation thermal treatment at 175°C for 2 hours are reported. In the
last case a single relaxation peak is observed, thus indicating the formation of an uniform
structure. Comparing the two curves reported in Fig.3, it is possible to note that the sample
post cured after irradiation at low temperature presents a relaxation temperature very close
to that of the second relaxation peak related to the only irradiation process, while not
significant increase of Tg after thermal curing has been observed for sample irradiated at
high temperature, whose correspondent comparison is not here reported. It is possible to
conclude that the way to optimise the curing degree and the thermal properties of the
radiation cured materials is a suitable combination of radiation curing at low temperature
and a post-irradiation thermal treatment. It is important to consider that the post-irradiation
thermal curing is performed on already polymerised solid materials, in an oven and out of
the mould. In these conditions thermal treatment does not create environmental problems
(no volatile emission) and the obtained materials do not present thermally induced
mechanical stresses.

1,.E+10 1
PC =2h@175°C
E' (Pa) Tan 5
1,E+09 - / L 0.8
16408 1  190kGy \ L 0.6

150 kGy + PC

1.E407 - - 0,4
1,E+06 - 0,2
150 kGy + PC
~
1,E+05 — . . . . 0
0 50 100 150 200 250 300

Temperature (°C)

Fig. 3. Dynamical mechanical thermal curves for blends cured at 150 kGy and 84 kGy/h
with and without post irradiation thermal curing. lodonium salt concentration: 0.1phr (per
hundred of resin).

“Reprinted from Nuclear Instruments and Methods in Physics Research B, 236, Alessi, S.,
Calderaro, E., Parlato, A., Fuochi, P., Lavalle, M., Corda, U., Dispenza, C., Spadaro, G.
Ionizing radiation induced curing of epoxy resin for advanced composites matrices, 55-60,
Copyright (2005), with the permission from Elsevier”
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As already cited in the introduction, the polymer matrices for structural carbon fibre
composites for advanced automotive and aerospace applications need to meet severe
requirements in terms of thermal and mechanical properties. The optimal combination of a
“dual curing” process, radiation curing at moderate temperature, followed by a post-
irradiation thermal treatment at high temperature, allows to obtain materials with high
thermal performances, indicated by glass transition temperatures higher than 170°C.

An alternative way to increase the Tg of the polymer matrix is to use epoxy resins with
higher degrees of functionalities. Blends of difunctional DGEBF and trifunctional Tris(4-
glycidiloxyphenil) methane (Tactix) resins have been cured by ionizing radiation in the
presence of an iodonium salt (Alessi et al., 2007, a).

In table 1, for difunctional/trifunctional blends at different composition, glass transition
temperatures, elastic modulus in the rubbery state (at T=Tg+30°C) and tand maximum are
reported. With respect to the 100% DGEBF system, the presence of a trifunctional monomer
allows to perform Tg increase up to about 70°C. This effect is related to a strong increase of
cross-linking degree, as confirmed by the values of the elastic moduli in the rubbery state
and of the maximum of tang, also reported in the same table.

System Tg (°C) Em(bﬁ’/i%;t)ate* Tandmax
100D 157 70 0.35
80D-20T 175 600 0.20
60D-40T 230 800 0.11
90D-10t.a. 139 50 0.45
54D-36T-10t.a. 212 800 0.13

Table 1. Relaxation temperatures (Tg), elastic modulus in the rubbery state (* at T=Tg+30°C)
and tand maximum for epoxy based systems at different difunxctional/trifunctional ratios,
e-beam cured at 150 kGy and 840 kGy/h. D: difunctional epoxy resin (DGEBF); T:
trifunctional epoxy resin (Tactix); t.a.: toughening agent (Polyethersulfone based).

“Alessi, S., Dispenza, C., Spadaro, G.. Thermal Properties of E-beam
CuredEpoxy/Thermoplastic Matrices for Advanced Composite Materials. Macromolecular
Symposia. 2007. 247. 238-243. Copyright Wiley_VCH Verlag GmbH & Co. KGaA.
Reproduced with permission”

2.2 Toughened epoxies

The increase of crosslinking degree obtained by either the combination of radiation and
thermal curing or by the mixing of epoxy monomers at different functionalities, causes
improvement of thermal properties and significant increase of the elastic modulus.
Unfortunately such molecular behaviour can give rise to very brittle materials. As discussed
in the introduction the toughness can be increased by the use of apt toughening agents, like
high modulus and high Tg thermoplastics.

This has been done in Alessi et al., 2007b, where blends of difunctional DGEBF,
polyethersulphone (PES) and iodonium salts have been e-beam cured by ionizing radiation.
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First of all it is shown that the presence of PES does not interfere with radiation curing
process and that similar results with respect to systems without thermoplastic are obtained.
In particular a similar effect of the processing parameters and more specifically of the
irradiation dose rate on the temperature during irradiation is observed, with the obtaining
of mild temperature profiles at low dose rates and a dramatic temperature increase at high
dose rates. Similar comments can be made also for the molecular structure and thermal
properties of the cured materials, as shown in Fig. 4 by DMTA curves, where data relative to
a DGEBF/PES blends cured at different dose and dose rates are reported. Also in this case, a
post irradiation thermal curing allows to uniform the structure and to obtain a sufficiently
high value of glass transition temperature.

In the same table 1 glass transition temperatures, elastic modulus in the rubbery state and
tand maximum are reported, for difunctional/trifunctional blends toughened by a PES
based thermoplastic. Also in this case the introduction of the trifunctional epoxy monomer
causes a marked increase of Tg value, indicating an increase of the cross linking degree,
confirmed by the correspondent values of tand maximum and of the elastic modulus in the
rubbery state.

The presence of the thermoplastic can induce a marked effect in the mechanical properties.
The presence of PES does not significantly affect the tensile elastic modulus. Our
experiments give for difunctional epoxy formulations containing 10PES, e-beam cured at 80
kGy-90kGy/h, a value of the elastic modulus of about 3.6 GPa, very close to the values of
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Fig. 4. Dynamical mechanical thermal curves for blends, toughned by PES, cured at different
process conditions: a) 80 kGy, 84 kGy/h; b)150 kGy and 84 kGy/h; c¢) 150 kGy and
840kGy/h; d) 80 kGy and 84 kGy/h and thermally post-cured for 2 h@ 100°C . Iodonium
salt concentration: 1phr (per hundred of resin).

“Reprinted from Radiation Physics and Chemistry, 76, Alessi, S., Dispenza, C., Fuochi, P.G.,
Corda, U., Lavalle, M., Spadaro, G. E-beam curing of epoxy-based blends in order to
produce high-performance composites, 1308-1311, Copyright (2007), with the permission
from Elsevier”
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similar untoughened epoxy resins (Janke et al., 2001). On the contrary a marked toughness
increase is observed. In table 2 the results of the fracture toughness test in terms of the
critical intensity factor Kic (Broeck, 1986, ASTM D 695-02a., 2002), for both DGEBF neat resin
and DGEBF/PES blends, are reported (Alessi et al. 2010). Passing from neat epoxy resin
systems to blends, a general Kic increase is observed. It is worth to note that the Kic values
relative to the toughened materials are not very far from the best results obtained by
thermally cured systems (Janke et al., 2001).

In Fig. 5a-b the images of the specimens tested on tensile and three point bending testing
machines are shown.

Fig. 5. Mechanical tests. a) Tensile: specimen gripped on a testing machine.; b) Fracture
toughness: SENB (Single Edged Notched Bending) specimen in a three point bending
configuration.

System Kic (MPa*m1/2)
0 PES 06+0.1

10 PES 15+0.2

20 PES 1.2+0.1

Table 2. Kic values for different epoxy resin based systems irradiated at 80kGy and
70kGy/h.

“Polymer Degradation and Stability, 95, Alessi, S., Conduruta, D., Pitarresi, G., Dispenza, C.,

Spadaro, G. Hydrothermal ageing of radiation cured epoxy resin-polyether sulfone blends
as matrices for structural composites, 677-683, Copyright (2009), with the permission from
Elsevier”.
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As discussed in the introduction the toughness is strongly related to the blend morphology.
In Fig 6 the SEM micrographs of the toughened materials, on fractured surfaces of the tested
specimens (table 2), are shown (Alessi et al., 2010). It can be observed that in both cases a co-
continuous morphology is obtained, where two phases, one epoxy-rich and the second one
PES-rich, are interconnected each other.

2 um

Fig. 6. SEM micrographs for epoxy resin based systems toughened by PES irradiated at 80
kGy and 70 kGy/h. a) PES content : 10 phr; b) PES content : 20 phr.

“Reprinted from Polymer Degradation and Stability, 95, Alessi, S., Conduruta, D., Pitarresi, G.,
Dispenza, C., Spadaro, G. Hydrothermal ageing of radiation cured epoxy resin-polyether
sulfone blends as matrices for structural composites. 677-683, Copyright (2009), with the
permission from Elsevier”

3. Conclusions

In this review the application of radiation processing to the synthesis of epoxy based
polymeric matrices for carbon fibre composites is presented.

In the introduction the general fundamentals of radiation processing, with reference to its
use in the science and technology of polymer materials and in particular to radiation curing
of epoxy resin systems, are discussed.

The most important results obtained by our research group are reviewed. The aim of our
research is to improve both thermal and mechanical properties of the e-beam cured
materials, relating them to the processing parameters for a full scale production in the
aerospace and automotive industries.

It is shown that strong differences can be observed in the temperature of the epoxy systems
during irradiation. The temperature depends on several parameters, such as the system
formulation, the dose rate and the geometry of the irradiated sample. Varying these
parameters, the temperature ranges from low to very high values. In these last conditions
simultaneous thermal and radiation curing is performed. DMTA analyses evidence that the
different temperature profiles during irradiation cause the formation of very different
network structures with consequent different thermal behaviour. It is concluded that the
best thermal performances are obtained by a combined “dual cure” process, consisting in e-
beam irradiation at moderate dose rates and temperatures, followed by an “out of mould”
post-irradiation thermal curing on already solid materials. It is very important to note that
the heat released from the irradiated systems toward the environment, which is one of the
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parameters which affects the temperature profile during irradiation, depends, among
others, on the geometry of the irradiated system and in particular on the surface/volume
ratio. This means that the irradiation of samples with the same formulation and at the same
dose rate, but with different geometry, can have different temperature profiles and the
cured materials can have different properties. This is a very important point in the scale up
from laboratory to full scale industrial production. The reference parameter can be the
temperature profile during irradiation which must be kept constant in the scaling up.
Regarding the mechanical properties, it is shown that blends of epoxy resins with
engineering thermoplastics, similar to that used for thermally cured formulations, can be
successfully cured by e-beam irradiation and the fracture energy values are not far from the
best performances obtained through the more traditional thermal curing.

Finally SEM analysis shows that the toughness improvement is strictly related to the
formation of co-continuous morphologies.

Figs. 1, 2, 3 reprinted from:
“Nuclear Instruments and Methods in Physics Research B, 236, Alessi, S., Calderaro, E., Parlato,
A., Fuochi, P., Lavalle, M., Corda, U., Dispenza, C., Spadaro, G. lonizing radiation induced
curing of epoxy resin for advanced composites matrices, 55-60, Copyright (2005), with the
permission from Elsevier”

Fig. 4 reprinted from:

“Radiation Physics and Chemistry, 76, Alessi, S., Dispenza, C., Fuochi, P.G., Corda, U., Lavalle,
M., Spadaro, G. E-beam curing of epoxy-based blends in order to produce high-performance
composites, 1308-1311, Copyright (2007), with the permission from Elsevier”

Fig. 6 reprinted from:

“Polymer Degradation and Stability, 95, Alessi, S., Conduruta, D., Pitarresi, G., Dispenza, C,,
Spadaro, G. Hydrothermal ageing of radiation cured epoxy resin-polyether sulfone blends
as matrices for structural composites, 677-683, Copyright (2009), with the permission from
Elsevier”.

Data of Table 1 derived from:
“Alessi, S., Dispenza, C. Spadaro, G.. Thermal Properties of E-beam
CuredEpoxy/Thermoplastic Matrices for Advanced Composite Materials. Macromolecular
Symposia. 2007. 247. 238-243. Copyright Wiley_VCH Verlag GmbH & Co. KGaA.
Reproduced with permission”

Data of Table 2 derived from:

“Polymer Degradation and Stability, 95, Alessi, S., Conduruta, D., Pitarresi, G., Dispenza, C.,
Spadaro, G. Hydrothermal ageing of radiation cured epoxy resin-polyether sulfone blends
as matrices for structural composites, 677-683, Copyright (2009), with the permission from
Elsevier”.
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1. Introduction

Production of composites is a complex, energy-intensive, relatively time-consuming
chemical-technological process. Therefore, the issue of increasing intensity of production of
composite products is largely linked to the performance of technological operations for
composites, such as forming, curing, heat treatment and cooling (Balakirev et al., 1990).
The quality of the thermoset composite products is an integral part of increasing the
intensity of the process their of obtaining, which is mainly determined by the properties of
the cured material, its macro-and microstructure and geometrical parameters of the finished
product. Dependence of the quality of products from the processing parameters is
determined mainly by the curing cycle, temperature - conversion of homogeneity, achieved
the degree of cure, the degree of thermal degradation of the resin, as well as residual
stresses.
The process of curing of thermosetting products of composites accompanied, as a rule,
exothermic reaction. Due to the low thermal conductivity of the composites during their
curing a significant heterogeneity of the temperature-conversion field perpendicular to
layers of prepregs occurs and increases with the thickness of the product. If not optimal
temperature-time cycle, this leads to significant overheating of internal layers of material
products, the deviation curing degree of polymeric resin from optimal, the destruction of
resin, the accumulation of internal stresses that cause the reduction of strength properties of
the material, warping of finished product, etc. To remove these deficiencies and thereby
improve the product quality indicators can be achieved through optimal assignment of
temperature-time cycle of U(f) on the surface of the product (Balakirev et al., 1990).
The principal terms of the optimal technology curing thermoset composites, which provide
high quality products on the physical and mechanical properties and greater stability of
these properties with respect to time, are as follows (Wu & Joseph, 1990):
- products should be cured on a strictly defined temperature-time cycle;
- compaction pressure should provide the desired resin content and density of the
material in the product, as well as of a given thickness;
- in the process of molding products should be provided with the necessary degree of
curing resin in the composite;
- product after compaction shall not contain residual stresses greater than the number
corresponding to the dynamic equilibrium in the range of operating temperatures and
ensures greater stability over time dimensions and mechanical properties of products.
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The main parameters of the curing process of composite products are: temperature-time
cycle, compaction pressure, the time of its application and duration of the process (Balakirev
et al., 1990). Properties of cured polymer composite material depend strongly on the correct
choice of these parameters and, consequently, the character of the curing process in time,
especially at the initial stage, which lays the desired structure. Therefore, the problem of
determining optimal curing cycle of composites is an important and responsible.

The main tasks that must be addressed in the selection of optimal curing of composite, that
guaranteed high quality and low unit cost, are (Rosenberg & Enikolopyan, 1978):

- reducing the temperature-conversion of inhomogeneities in the composite;

- reducing the duration of the curing cycle and energy consumption;

- complete curing resin in prepregs;

- compacting of the composite up to the desired thickness of the product.

Until recently, for the choice of curing cycles used empirical methods and curing cycles
selected according to the results of lengthy experiments. For example, the authors of works
(Rosenberg & Enikolopyan, 1978) selected curing cycles on the basis of the conditions for
obtaining maximum strength, finding the dependence of breaking stress in the bending
strength of the temperature or pressure. In (Kulichikhin & Astakhov, 1991) curing cycles of
products was determined by rheological and dielectric measurements. The author of
(Botelho et al., 2001) hold time during the curing thermosetting resins determined by change
the viscoelastic properties. In (Stern, 1992), (Aleksashin & Antyufeyev, 2005) curing cycle of
products based on epoxy and phenol-formaldehyde epoxy resin was determined by time
gelation studied using differential thermal analysis and differential scanning calorimetry. A
significant shortcoming of these and many other methods is the need to use samples of
small diameter and small thickness, the inability to exert the necessary pressure molding,
the absence of rheological characteristics of polymeric binder, etc. Therefore, the results
obtained using these methods do not fully correspond to the processes proceeding during
cure of materials in real constructions.

The disadvantage of the methods of curing cycles choice is that they basically can be applied
to thin-walled products (thickness 1-3 mm), which is implemented a uniform setting of cure
on thickness of material, and absolutely can not be applied to thick-walled products (more
than 3-5 mm), in which the entire course of the curing process is determined by speed of
withdrawal of heat (by thermal conductivity) to be allocated in the exothermic reaction of curing.
The curing cycles of thick-walled products usually obtained on base of the curing cycles of
thin plates that was obtained empirically. In doing so, the temperature of isothermal hold
did not change, and hold time in the press were set to form a linear dependence on the
thickness of the product (Dedyukhin & Stavrov, 1976). This method is built without taking
into account heat transfer, curing kinetics and processes that related to changes viscosity of
resin, which leads to large errors.

The use for this purpose of simple calculation methods, based on the theory of similarity,
allowing extrapolate the curing process parameters, found in the same conditions to other
conditions of curing. For example, in (Dedyukhin & Stavrov, 1976) obtained a formula for
calculation, allowing determine of the hold time of the cure in one-step cycle, depending on
temperature molds, taking into account the heating rate and activation energy of resin.
However, these formulas do not contain connection the temperature curing cycle and the
mechanical characteristics of the material (residual stresses) and do not take into account the
possible overheating of internal layers of the product as a result of exothermic effect.
Nevertheless, they used to calculate the curing cycles of thick-walled products.
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Thus, an analysis of previously used empirical and simple calculation methods revealed the
following deficiencies:

a. to determine of the curing cycles of composite required a broad program of
experiments;

b. the curing cycles, found to be satisfactory for this material in some conditions, may
not be appropriate in other conditions, in particular, when need other thickness of
material;

c. these techniques do not guarantee complete and high-quality curing of material by
the selected temperature-time curing cycle.

The most complete problem of selection of curing cycle products can be solved through the
combined use of optimization methods with the use of mathematical models of thermo-
kinetic curing process and define of mathematical model parameters. This method consists
in setting and solving the problem of minimizing a certain criterion of optimality
(Afanasyev, 1985). It can help to determine the curing cycle of composite products for any
geometrical sizes and shapes.

The first attempts for solving the problem of finding optimal curing of thick-walled
products cycle of thermosetting composites were made by the authors of works (Wu &
Joseph, 1990), (Frank et al., 1991) and further developed in (Balakirev et al., 1990), (Dmitriev
et al., 2009). As a mathematical model in most of these works was used a simplified system
of linear differential equations of heat conduction and kinetics without the mass transfer,
which limited its use and accuracy of solutions. Strict theory of solutions of such problems
are currently not, therefore, in these works have used the approximate methods.

Thus, one can conclude that if there is a large diversity of methods for selecting the curing
cycles the majority of them were built on the basis of empirical approaches. In a small
number of mathematical methods was used the simplified set of optimization problems,
based on a simple linear mathematical models, without taking into account the many
phenomena of the process, for example, currents of resin under the pressure, dependence of
thermophysical properties on temperature, degree of curing and filling ratio (fraction
factor). In addition, almost entirely absent in the tasks of optimizing the recording of
pressure forming, determining its magnitude and duration of application.

The aim is to head the prospects of using the method for calculating the optimal curing
cycles of large-scale products of polymer composite materials based on mathematical
modeling and numerical search of the temperature-time cycle, ensuring the creation of high-
quality finished product in the minimal possible time, with minimal power consumption, or
with minimal residual stresses.

2. Mathematical model and identification of its parameters

In the mathematical description of any phenomenon or process, we solve two conflicting
objectives. On the one hand it is necessary to obtain a simple model with a small number of
parameters and we have research equipment for determine it. On the other hand the model
should be adequate to the real process with acceptable accuracy. Use for this purpose of
simple linear mathematical models without taking into account the many phenomena of the
process, such as, for example, outflow the resin under the pressure, dependence of
thermophysical properties on temperature, degree of cure and the filling factor leads to
large modeling errors and uncertainty of the solutions.
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Technologies for obtaining large-size thick-walled products have the greatest interest.
Examples of such technologies include the hot pressing in mold, autoclave vacuum forming
and winding on the mandrel (Balakirev et al., 1990). Products that produced by these
technologies tend to have a flat shape or a small curvature, which allows to consider such
products as the unlimited plate and to use one-dimensional mathematical model of the
process, although there are no obstacles to the use of more complex models. A mathematical
model for each technology has its own characteristics, but at the same time, a unified
framework (Dmitriev & Shapovalov, 2001). Typically, a mathematical model of a hot curing of
composites when regulating the temperature of the forming tooling U(t) is a system of
differential equations of heat and mass transfer, kinetics of curing, leaking (extrusion) of
resin, compacting the material in the process of forming and rheological equations of state.
As an example, the method of calculating the optimum curing cycles of composites for the
thick-walled products or panels, produced by autoclave vacuum molding is considered.

For the autoclave vacuum molding the dominant processes in the material are heat-mass
transfer and curing. A mathematical model of the autoclave molding and curing of products
made of thermosetting composites in multi-layer i = 1,...5 technology package, taking into
account the outflow of resin is a system of differential equations of the following:

- heat-mass transfer:

oT orT 0 oT B,
C|l—+y,w, —|=—| A, — [+7.Q, —, 1
T=T(xt), Lu<x<L, Ly=0, 0<t< t, i=1,.5
Ci=C(T), i=M(T), wy=0, Qs=0, Li=const, at i=1,4,5,
Co=C(T,Boy2), Aa=2a(TBoy2), wa#0, Qp#0, Li<x <Lo(t), i=2,
G =G(T,B3,v3), Aa=23(T,Bsyv3), wxa#0, Qp#0, La()<x<Iu(t), i=3,
G=G(T), ha=2s(T), ws=0, Qp=0, lu(t)<x<Ls i=3,
with boundary conditions: T(x,0)=flx), 0<x<Ls, )
L o -TO.n], 0<t< i, 3)
ox x=0
—xsg =a[T,(H)-T(Ls,t)], 0<t< t, 4)
ax x=Ls
kig = ki+1£ , 0<t< tr, i=1,.4,
ox x=L;-0 ox x=L;+0
T(xt),_, =TCH ., 0<t< b, i=1,.4,

control parameters U(t)=T(Ly,t) or U(t)=Ta(t),
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- kinetics of cure

B, _ |ei(B)exp[-E,(B)/ RT], P<1, 5
o 0, B=1,

Bi=Bi(xf), Lia<x<L;, 0<t< t,

Bi(x,O) = Boi(x) >0, i=2,3,

- outflow resin and compacting material

dL,,(t)
— L (), (D)< x <L, (1),
wxz(t): dt 2() ﬂ() x 2() (6)
0, 0<x<Ly(t)=€,(t),
e, (t)
—==,  L(t)<x<L,(t)+/1,(t),
w (=] ar  BUSEROO) )
0, L,(t)+0,(t)<x <L,
1-v, —y
LZ(t) = LZ(O) + Lre(t) ’ LZ (O) = va.min PR
1_Yf 1_ys
dL,(f) P+ By=p, 8- £a(B)+((1)]
a1 RO GO , O<ts<t, @)
ntdx+— [ (e
MLy (t)-La(t) kbl Ly (1)
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_Ly()-Ly(0)(1-7,)
Ly(t)

E
H(x, ) = ﬁ(B)eXP[R—“TJ, r(t) (10)

gﬂﬂ:awxrwgP+m—?qiwmql
sV

ghl(t) = & 7 §=Vpur/ Vi,
'Y _ ppr (0) Mre(o) , 'Y _ ppr,min Mre.min ,
’ pre Mpr (0) / pre Mpr.min
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where C - volumetric heat capacity, J/(m3K); E - activation energy of curing, J/mol; E, -
activation energy of viscous flow, J/mol; f - initial distribution of temperature, K; Qy - full
heat of the reaction, J/m3; k - permeability, m?; L - thickness of the product, m; ¢y - the
depth of penetration of the resin in the bleeder, m; ¢ - the thickness of the tightly
compressed layers of filler, m; M - mass, kg; n - number of layers of prepreg in the product;
Py, P, - the pressure in the autoclave and vacuum bag, Pa.; R - universal gas constant,
J/(mol:K); T - temperature, K; T, - the temperature of heating air, K; ¢ - time, s; x - spatial
coordinate, m; V - volume, m3; w - speed of the current resin, m/s; a - heat-removing factor,
W (m2K); P - the degree of curing; y - the mass contents of the resin in the prepreg; o -
kinetic function, 1/s; A - thermal conductivity, W/(m'K); p - dynamic viscosity of the resin,
Pa's; p - density, kg/m?3; £ - porosity bleeder;

indexes: re - resin; fl - fabric filler; bl - bleeder; pr - prepreg; s - start; f - final; a - the air.
Moreover, x = 0 corresponds to the lower surface of the metal tool plate, x = Ls - corresponds
to the upper surface of the airweave breather layer; i=1, 2,...5 - correspond to each layer of a
technological package: i = 1 - metal tool plate, i = 2 - laminate prepreg, i = 3 - bleeder, i = 4 -
perforated metal sheet, i = 5 - airweave breather layer.

In autoclave vacuum molding the temperature of heating air T,(t) or the temperature of the
forming tooling T(L1,t) are control parameters U(#).

The proposed model describes only the changes in the size of the composite products, which
are caused by changes in the content of the resin. Shrinkage caused by changes of molecular
structure of the resin during curing is not considered.

Ne Model parameters Designation
Determined experimentally in the CMS

1 Volumetric heat capacity C(T,By)

2 Thermal conductivity MT,By)

3 Full heat of the reaction Qr

4 Activation energy of curing E(B)

5 Kinetic function of curing o(P)

6 Activation energy of viscous flow E,

7 Dynamic viscosity of the resin during cure n)

8 Permeability of filler kn

9 Permeability of bleeder ki

Determine additional

10 | Porosity of bleeder g

11 Thickness of the tightly compressed layers of filler Lyr min

12 Initial thickness of the product Lo

13 Initial prepreg degree of curing Bo

14 Initial mass contents of the resin in the prepreg Ys

Table 1. Determined experimentally parameters of the mathematical model

The forming often occurs without the outflow of resin from the prepreg in the technological
package or in a closed mold by direct hot pressing. Then the mathematical model is
simplified to two differential equations, this equation of heat conduction and kinetics.
Accordingly, the number needed to identify the characteristics of the material decreases.
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One of key parameters of the mathematical model of curing process are the characteristics of
a material, both in the cured a state and in the uncured state, and also during curing. They
are not constant, but are a function of temperature T, the degree of curing P, resin content y
or time t, which are subject to identification by experimental data (see table 1).

Typically, these parameters are determined from experiments using special techniques and
devices. For their definitions are used: differential scanning calorimeter (DSC) for studying
the thermal processes occurring in the prepreg on heating, thermomechanical analyzer
(TMA), dynamic mechanical analyzer (DMA), thermal conductivity meters, etc.

However, currently available experimental devices and apparatus are intended primarily to
study the properties of solid materials or cured composites or curing kinetics of the small
size of samples in the absence of process pressure. Devices for the determination of
rheological characteristics of thermosetting resins, typically built on traditional classical
rheology and can measure the characteristics of the pure resin without the structural
features of composite and production process (Kulichikhin & Astakhov, 1991). This restricts
the use of standard methods and devices for studying the curing of composites, because
they do not fully possible to determine all the parameters of a mathematical model of the
curing process with all the relationships and features. Thus, to solve this problem it is
necessary to use special methods and measuring devices that allow to determine the
characteristics of composites in conditions close to conditions for the production of
composites in the process. This path will allow more finely into account all the
circumstances connected with the study of properties of composites and to obtain more
precise parameters of the mathematical model.

Characteristics that are determined in conditions close to technological process are in some
sense effective, that correspond to the peculiarities of the process and bear in itself factors
and effects that not considered at the mathematical description and simulation. So
promising are the methods and experimental devices that allow to study materials for the
real designs using special samples and reproduce in the study of process conditions, that are
process pressure, heating rate, peculiarities laying prepreg, study filled composite to replace
the study of pure resin, etc. These requirements relate to the presence of interphase
interactions occurring at the interface of resin-filler and influencing the kinetics of curing, as
well as the influence of process pressure and laying on the thermal conductivity of the
composite. An important condition for developing such devices, along with the ability to
simulate technological modes of cure, is the ability to create special boundary conditions are
necessary to simplify the algorithms for processing the experimental data and the desired
accuracy of determine parameters.

Given the fact that the process of curing and polymer composites are highly information-
intensive objects, their properties are often complicated functions, to solve the problem of
determining the parameters of the mathematical model is necessary to use automation and
computer equipment.

To determine the material characteristics and other parameters of the mathematical model
we have developed a number of methods and the computer-measuring system (CMS)
research of the curing of composites (Dmitriev et al., 2010). CMS allows to explore in the
process of curing all the characteristics needed to solve the equations of the mathematical
model of curing composites (1)-(10): thermophysical characteristics of composites C(T,B,y),
MT,B,y) depending on the temperature T, the degree of curing B and resin content y, the rate
of evolved heat of cure reaction W(f), full heat of the reaction Qy, kinetic characteristics, that
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are activation energy of curing E(pB), the kinetic function ¢(B), which includes the speed and
order of chemical reactions, rheological characteristics, that are activation energy of viscous
flow E, and effective viscosity of resin [i(8) in the curing. Permeability fiber filler k is

determined by CMS in conjunction with the effective viscosity as a complex [i()/k and does

not require additional study, but if necessary it can be determined with the help of special
equipment. Other parameters of the material and products, such as the density p, the
thickness of the product L, mass M, the number of layers of prepreg in the product n is
determined by standard methods or set.

The research composites by CMS produced in the measuring cell in the range of
temperatures from room to 270 °C.

The object of the experimental study is a specially prepared sample, which is a package
thickness of 5...20 mm, assembled from several sections of the researched prepregs cut to a
square with side 100 mm. Stacking layers of prepregs and orientation fiber of the sample
performed similarly to industrial products: unidirectional, cross or cross-bias, etc.
Samples of materials prepared on these conditions and their size allows to take into
account in studied effective characteristics the rheological processes taking place during
curing, the especial of stacking layers of prepreg in the product, to average a local
inhomogeneity of the structure of materials and factor content of resin, which does not
allow to perform other standard methods and devices, including scanning calorimetry
method.

By means CMS in the measuring cell is organized the process of heating the studied sample,
described by the (1) - (10), and measured over time following values: the time f, voltage of
the heater u(t), the temperature in the 2...5 points on the thickness of the sample T(x,t), the
thickness sample L(t), the force pressing the sample F(t), dielectric permittivity &(f) and
dielectric losses tand(f).

Research carried out for each sample in two phases: heating to cure and re-heating after
cooling. During the first phase studied the kinetics of the cure, the flux of resin and the
effective thermophysical characteristics of Cw(#(T)), Aw(t(T)), including the rate of evolved
heat of cure reaction W(t). In the second phase studied the properties of cured material
Cea(H(T)), Aea(t(T)). On the basis of these data are calculated C(T,p,y) and A(T,B,y). To research
the kinetic and rheological characteristics conducted experiments on the cure at least for two
samples with different rates of heating. The conditions of the experiment, ie voltage of core
heater u, which determines the heating rate and the force F on the sample, are chosen to
reproduce the technology modes and to ensure the minimum error of the desired
characteristics. Dielectric characteristics of &(f) and tand(#) are needed to determine the
moment of pressure application and the completion of curing.

In the experiment CMS performs the primary processing of data and recording it to the hard
disk, as well as testing and monitoring of the system. At the end of the experiment is
performed calculations researched characteristics.

As a method of determining the thermophysical characteristics of C(T,B,y), A(T,B,y) used the
method of integral characteristics (Dmitriev et al., 2010). Kinetic characteristics of E(f) and
¢(P) that are part of the equation of kinetics are determined by the rate of evolved heat of
cure reaction W(t), measured in the curing of two or more samples heated at different
temperature-time modes T.(f). By measuring the thickness L(f) of curing sample at
squeezing-out of resin are determined the rheological characteristics E,, and fi(B) .
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Calculated formulas and algorithms for processing of the experimental data obtained on the
basis of established methods are the core software of CMS. Researched characteristics of
composites and other parameters of the mathematical model are entered into a database of
CMS and are the information basis for the automated calculation of the optimal curing
cycles of the composite products for any thickness and configuration.

The results of experimental studies of the curing process and subsequent heating of the
samples made of fiberglass plastic, as well as calculations of its characteristics are presented
in Fig. 1-3.

0 1 1 1 1
0 60 120 180 240 T, oC

Fig. 1. Thermophysical characteristics of fiberglass plastic at ys=0,51

The initial part of effective thermophysical characteristics Cw(T), Aw(T) (Fig. 1) before the
beginning of intensive curing reaction characterizes thermophysical characteristics uncured
prepreg Cpr(T), Ape(T). The beginning of intensive curing reaction (on the figure is 110...120 °C)
corresponds to a rapid decrease in the effective volume heat capacity Cw(T), because it
includes the rate of evolved heat of cure reaction W(t) and it is in this part of the effective
exothermic heat capacity. Effective thermophysical characteristics Cy(T), Aw(T) in the final
stage of the experiment at a high degree of curing p merge with thermophysical
characteristics cured material Ceq(T), Aca(T), which corresponds to the transition of
composite in the cured state. As seen from Fig. 1 the dependence of thermophysical
characteristics of cured composite Ceq(T), Aca(T) and uncured prepreg Cor(T), Ap(T) are
equidistant curves. This allows the difference between the thermophysical characteristics
cured composite and uncured prepreg AC and A\ at the time of the beginning of the curing
reaction, used for the calculation of thermophysical characteristics in the process of curing
C(T,B), MT,B). They are determined by thermophysical characteristics prepreg Cur(T), Ap:(T)
in the range from room temperature to the temperature of the beginning of the curing
reaction, and above the temperature of the beginning of the curing reaction are determined
by Ced(T), hed(T) and AC, AL.
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Fig. 2. Evolved heat of cure reaction of fiberglass plastic
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Fig. 3. Kinetic characteristics of fiberglass plastic
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The rate of evolved heat of cure reaction W(t) (Fig. 2) has a pronounced extremum,
corresponding to the transition from a liquid resin to the viscous-flow state (gel point).
With the increase in the rate of heating the extreme of evolved heat of cure reaction IV/(f)
shifts toward higher temperatures. At the same time, the duration of heat generation and
gelation time with increasing heating rate decreases. The area under the curve of the rate
of evolved heat of cure reaction IV/(f) characterizes the full heat of the reaction Qy of curing
reaction of the resin, and the ratio of the thermal effect Q to the full thermal effect of Q
corresponds to the degree of completeness of the process of curing or calorimetric degree
of curing p.

Kinetic characteristics E(f) and ¢(B) (Fig. 3) of the curing process are calculated from the rate
of evolved heat of cure reaction IV(t), at least of two temperature-time cycles. Rheological
characteristics E, and [i(B) are calculated by the change in the thickness of the samples L(f)
under flowing out of the resin under pressure during curing.

Thermophysical, kinetic, rheological and dielectric characteristics of composites obtained in
the experiment will be automatically recorded in the database of CMS. The dielectric
characteristics g(f) and tand(#) is then used to calculate the correlation dependence or the
function of relationship ¥'(B) between the calorimetric and dielectric degree of cure, which is
necessary for control of the manufacturing product process of composites in real time by
controlling the degree of cure as well as to determine when to activate the pressure and
completion of curing process (Dmitriev et al., 2010). The obtained parameters of the
mathematical models are the basis for computer simulations of different situations in the
curing process and calculate the optimal curing cycles of composite products of any
thickness.

3. Numerical analysis of curing cycles

Using the once studied properties of the composite, the software of CMS allows multiple to
simulate the curing process on the computer under different conditions, thus calculate the
temperature-conversion field during curing of composite, as well as represent them in the
form of graphs and 3D surfaces, thereby, to analyze the uneven curing of the material for
the manufacture, quickly assess the advantages and disadvantages of the used curing cycle
for the material and choose the right strategy to optimize the cycle.
Similar numerical studies were performed on a computer for fiberglass plastic and made a
numerical analysis of the existing standard cure cycles, designed for the production of plates
with thickness up to 10 mm, we evaluated their suitability for the production of thicker
plates, for example 30 mm thick, and we calculated the optimal curing cycles. The
temperature-conversion field, ie the temperature at the surface of the plate Tp and in the
middle T/, respectively, the degree of curing {3, the rate of evolved heat of cure reaction W
and the maximum module temperature gradient G on the thickness L in the process of
curing fiberglass plastic on the two-step cycle thickness L = 10 and 30 mm are shown in Fig.
4-5.
Based on the analysis of numerical calculations of temperature-conversion fields (Fig. 4-5)
can do the following conclusions:
1. In general, the standard cycle is suitable for the manufacture of plates with thickness up
to 10 mm. Here there are small temperature gradients G, and drops in temperature
To—T1/2=AT, that is overheating of the inner layers due to the exothermic effect.
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Fig. 4. Standard temperature cycle used for curing fiberglass plastic thickness L = 10 mm
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Fig. 5. Standard temperature cycle used for curing fiberglass plastic thickness L = 30 mm

2.

When curing the material thickness L = 30 mm at the standard cycle in the first step the
temperature drops are AT;=12,0 K, the temperature gradients are G; = 1,52 K/mm, in
the second step, when there is formation of the structure of the material the maximum
overheating AT, and the maximum module temperature gradient G, reach respectively
AT, = 251 K, G2 = 2,59 K/mm. With such a temperature drop over the thickness and
overheating of the inner layers of the material begin to occur the destruction processes
of the resin, increasing the porosity of the composite, residual stresses accumulate. All
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this causes a decrease in the strength properties of the material, and in the manufacture
of large-sized products appears to warping. Also, be aware that the large structures
made of composite materials, such as elements of the wing, tail and fuselage are
structures with different thickness, so the flow of polymerization processes in these
zones of the composite are significantly different. In this case, the molding cycle should
be chosen so as to obtain the necessary strength characteristics in most of the large area
of intense construction.
These results demonstrate that the use of temperature-time curing cycle, as defined in
laboratory conditions and is recommended for thin samples can not be used in the curing
product of a thickness exceeding 10 mm. In these cases, to obtain high quality products
require regular technical correction cycle, or its optimization.

4. Optimization of the curing cycles of composites

Solution of the optimization task of the curing process of composite products is as follows:
necessary to find the temperature-time cycle U, which is a control parameter

U(tty), U(Q), U(to) = {To(d), Tu®)}, j=1,2,..ks (11)

that delivers minimum for one of the optimality criteria I and provides a high quality
finished product:
- with a minimum possible duration of curing f:

t
I, =min | drt, 12
t
f U(t;tf)o

- with minimal power consumption Q"

tr
I, =min | T /(1)dr, 13
. WQI : (13)

- or with minimal residual stresses o :

I, -min [ [p® aT(“B)) dB] dx, (14)

in solving the equations of the mathematical model (1)-(10) or mathematical models (Wu &
Joseph, 1990), (Dmitriev & Shapovalov, 2001), corresponding to the current technique of
forming products

ER((:'I)\’IQfIEﬁI('PI'Euli]’lljlp)/lclrl):()/ j:1/ 2/“‘Ik51/ (15)

as well as restrictions in the form of inequalities imposed on process

maxT(x,t)<T
0<x<L ( ) max 7 <l

ty<t<ty to<tsty

max|—
ox

<%, max{maxT(x,t) minT(x, t)} (16)

tost<ty | 0<x<L 0<x<L
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taking into account the allowable for equipment temperature-time cycles
u, sut)<u; (), j=12., ks, 17)

where p(B) - weighting function that determines the dependence of residual stresses o of the
temperature gradient (chosen empirically); T, - working temperature autoclave, K; Trmax -
maximum allowable temperature inside the material during the curing product, K; % -
maximum allowable temperature gradient during curing that does not cause the
accumulation of domestic stresses the material, K/m; 0 - the maximum allowable
temperature difference on the thickness of the product that does not cause the heterogeneity
of the curing material, °C; U, (t), U, (t) - upper and lower limits of rate of heating the
surface of the product at the j-th step, defined on the basis of the appropriateness of
reference of the curing process, favorable conditions for the formation of curing resin
structure and parameters of equipment.

Seeking a temperature-time cycle is calculated as

um=1"_ ) L =12k 18
0 T, to<t<t ] ' 18)

j
where K - heating rate of surface product, K/s; ks - number of steps heating; T -
temperature of isothermal hold on the j-th step of heating, K; t, - moment of transition
from the stage of linear heating to the isothermal hold T, s.

A condition for the finish of the j-th step of heating and the transition to a j+1 step are:

B, B, .
m ——m —>n. m . —-m . > 9. =
OstaLX ot ngagi( ot Nj - ngsaLX T](x’t) Os,\'agL(Tf(x,t) - S] 7L 2 ks (19)

tiq <t<l] tiq <t<tj

A condition for the finish of solving the problem (11)-(19) is to achieve a given degree of
cure of Brthroughout the thickness of the product:

minf(x,f) 2B, . (20)
fo<t<ts

Conditions (19) associated with the requirement of intensive curing process, so if the speed
of curing decreased on the value of n; and maximum temperature on the thickness of the
product reduced on the value of 9;, then execute the transition to j +1 step of heating and
isothermal hold. Compliance with (20) guarantees the attainment by all points of the
product specified value degree of finality to the process of curing f.

The main criterion for the quality of the finished product is its solidity, the lack of
delaminating and buckling. Developing common criteria for monolithic reinforced
composites is associated with large experimental difficulties and the lack of reliable
experimental data on the study of strength and deformation properties of composites at
elevated temperatures, especially in the curing process. Usually the monolithic criterion is
given in the form of an inequality, which limits the residual and thermal stresses within the
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transverse compressive strength and stretching. However, such an assignment criterion of
quality products also requires a simulation of the stress-strain state of curing composite and,
hence, the definition of a large number of temperature - and conversion - dependent
anisotropic mechanical properties such as modules of the elastic, Poisson's coefficients,
modules of shear, coefficients of thermal expansion, etc. Therefore, the criterion of the
quality of the finished product useful to associate with a temperature-conversion
parameters of cure and values of the restrictions (16), which define the relationship with the
mechanical properties of the composite, to determine experimentally.

From an examination of the physical essence of the physico-chemical transformations
implies that the curing process should be limited to a maximum temperature Tmax, Which
are beginning to take place in connection undesirable side reactions associated with the
destruction of resin, resulting in deteriorating the mechanical properties of cured products.
This temperature is determined by the chemical composition of resin and this Tmax has a
certain value for each resin.

In the curing process is usually part of the evolved exothermic reaction heat is transferred
into the environment, so when curing product in it there is a temperature gradient in the
direction of the cooling surface. The appearance of the temperature-conversion irregularities
in the product leads to residual stresses that exceed the limit of long-term strength of the
material, resulting in possible cracks, delaminating and violation of a monolithic product.
For practical purposes, a comprehensive description of the inhomogeneity of the
temperature-conversion field is a temperature gradient, which is directly related to the
gradient of the degree of completion of the curing process.

Effects of temperature gradients in the physical and mechanical properties that arise in the
curing on the thickness of the material studied with the help of special experiments, consisting
in testing the mechanical properties of thin samples cured in the CMS in the context of an
artificially-created temperature gradients. Setting limits damaging stresses in the bending was
set temperature gradient 7 , which for fiberglass and carbon are in the 0,2-1 K/mm.

In the curing of thick-walled products, one of the most undesirable modes is the curing in
conditions of the front exothermic reaction because it is the most favorable conditions for the
formation of residual stresses. To prevent the spread of the reaction front with the
optimization process of cure can be limiting the maximum temperature difference on the
thickness of the product. In addition, the large difference of temperatures on the thickness of
the product contribute to the formation of various structures on the segments of the material
and increase the residual stress. Limit values for the temperature difference on the thickness

of products 6 for fiberglass plastics and carbon plastics derived from the testing of
mechanical properties specially cured specimenis 5~ 8 ° C.

The choice of optimality criterion is the most subtle and responsible step in solving the
problem of optimization. Based on the needs of the production of large thick-walled
products made of thermosetting polymer composites, there are three main areas in the
selection objective. The first - the creation of the finished products meet certain quality
criteria for the minimum possible time. The second trend - the creation of high-quality
finished product with minimal power consumption. Finally, the third area concerns the
creation of structures products free of residual stresses, or with minimal residual stresses in
a balanced state. Depending on the purposes of this decision is selected the corresponding
optimality criterion (12), (13) or (14). If necessary, can be solved also the multi-criteria task of
search for optimal curing cycle.
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From the chemical and technological considerations the most reasonable are step curing
cycles. Therefore, we can assume that in our case, the kind of a required temperature-time
cycle (18) is already set, it is necessary to find only optimum speeds of heating of a product
surfaces K ; on everyone j=1,2,..k steps, the temperature of isothermal holds "I"j, their
durations f; and the number of steps heating k. As a result of solution of the optimization
problem defines the optimal boundary temperature-time cycles of the curing product of
composites, in which the curing time f; or energy Q* or the residual stress ¢ will be minimal.
Meeting the challenge of finding the best treatment based on an incremental optimization of
each of the j-th step of heating. For the optimization of the curing cycles of composite
material products promising to use the penalty function method in conjunction with the
algorithm of sequential quadratic programming, which is the core system software.

On the basis of studying the characteristics of fiberglass plastic by the developed CMS, we
calculated the optimal curing cycles flat products of thickness 10 and 30 mm. The calculated
optimal curing cycles plates shown in Fig. 6-7, and Table. 2.

The calculations of the optimal curing cycles performed with the following restrictions: in
the first step of heating the allowable on thickness the temperature gradient is G =1 K/mm
and permissible overheating of the inner layers of AT = 8 °C, in the second and third steps
of heating allowable the temperature gradient is G = 0,4 K/mm and the permissible
overheating of the inner layers of AT =5 °C (see Fig. 6-7 and Table 2). Increased temperature
gradient in the first step of heating caused by reason of reducing the duration of the first
hold, because degree of cure is not reached the point of gelation and the unevenness of the
temperature-conversion field does not affect the accumulation of residual stresses.
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Fig. 6. Optimal temperature cycle of curing fiberglass plastic thickness L =10 mm

Often to removing the solvent, which is present in the resin, in the first step operates a low-
temperature hold at 80..90 °C. In this case, if the temperature is calculated by the
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optimization exceeds the specified value, then the temperature of the first hold is not
selected, but rigidly defined, and its minimum duration is determined by the time required
for evaporation of the solvent.
As a result of calculations, the obtained curing cycles differ from the standard cycle of
smaller drops in temperature over the thickness, much smaller temperature gradients and
gradual increase in the degree of curing.

T, °C W
kW /m3
120 =136 1B
G,
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90 124 T
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30 =18 -1
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Fig. 7. Optimal temperature cycle of curing fiberglass plastic thickness L = 30 mm
Thickness | Step Curing cycle parameters
of the |heating - - . -
product i Ratg of He.atmg Curing Cl}rlng Durat}on Ma.x. Max..
L heating| time [temperature| time |of curing|gradient|overheating
mm K i tj?, Tj tjl.v tj? G, AT,
. min min min K/mm K
K/min °C
3,0 36,7 100,0 44,5 0,9 2,4
10 1,7 7,1 112,3 29,1 292 0,4 1
1,3 9,7 125,0 180,3 0,3 0,5
2,4 22,5 74,1 144,0 1,0 78
30 0,8 21,7 90,5 66,8 460 0,4 34
0,5 66,1 125,0 106,4 0,3 2,0

Table 2. Optimal temperature cycles of curing fiberglass plastic
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For comparison, Fig. 8 shows the existing standard cycle for L = 5 mm, and calculated the
optimal cycles for L = 10, 20, 30 and 40 mm. As can be seen from the graphs (Fig. 6-8), at the
increase in thickness of the product duration of curing process significantly increases and
the temperature of the first and subsequent isothermal holding markedly decreased, while
the evolved heat of cure reaction in the early stages of the process also reduced. This reduces
the heterogeneity of the temperature and conversion fields to the specified levels 3, 6 and
leads to qualitative improvements of products. Due to reduction of the isothermal holding
temperature levels and increase their duration reduced the intensity of the process, and the
total duration of isothermal holding for thick-walled products increases. With increasing
thickness of the product increases the number of steps heating ks, which is associated with
the desire of optimization algorithm to intensify the curing process while satisfying the
restrictions (16). These curing cycles are optimal in terms of strength characteristics and
minimal residual stress, ensure high quality and low cost products due to the minimum
duration and power consumption. They had no sudden changes in temperature and degree
of cure in thickness, which contributes to the formation of relaxed homogeneous structure of
the composite.

Similar properties have been studied and calculated the optimal curing cycles flat products
in thicknesses from 5 to 50 mm made of several types of materials such as fiberglass plastics,
organic plastics, carbon fiber reinforced plastics and rubbers. As an example, Fig. 9 also
shows the temperature-time cycles of curing carbon fiber reinforced plastic thickness to 30
mm.
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Fig. 8. Optimal cure cycles of flat products of various thickness L of fiberglass plastic

The criterion for the end of the curing process is to achieve of dielectric permittivity to
ended maximum allowable values and stabilize the dielectric loss.

The analysis and comparison of the calculated curing cycles flat products made of
composites with existing cycles designed for thin products demonstrated the feasibility of
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widespread use of the method of mathematical modeling and optimization for testing of
existing and calculation of the curing cycles of new composite materials, as well as the
further development of the method.
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Fig. 9. Optimal cure cycles of flat products of various thickness L of carbon plastic

5. Conclusion

Presented an example of determining the optimal curing cycles of plates of different
thickness of the composites based on thermosetting resins demonstrates the need to
implement in practice when determining the curing cycles of the method of mathematical
simulation and optimization. The method allows to repeatedly under different conditions to
simulate the curing process on the computer, that is calculate the temperature-conversion
field during curing of composites, as well as represent them in the form of graphs and 3D
surfaces, thereby analyze uneven curing and quickly assess the advantages and
disadvantages of the curing cycle for the material and choose the correct strategy for
optimizing the production cycle, thus obtain high quality finished products with minimal
energy consumption, or with minimal residual stresses.
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1. Introduction

Generally, a composite material is made of distinct materials, that together act in a different
way than when considered separately. There are a lot of examples of composite materials,
both natural and synthetic, from the human body, to buildings, airplanes and so on.

Most comprehensive definition of the composite materials that characterises their nature is
given by P. Mallick. According to Mallick (1997), a composite is a combination of two or
more chemically different materials, with an interface between them. The constituent
materials maintain their identity in the composite material (at least at macroscopic level),
but their combination gives the system properties and characteristics different from those of
each component. One material is called matrix and is defined as the continuous phase. The
other element is called reinforcement and is added to the matrix in order to improve or
modify its properties. The reinforcement represents the discontinuous phase, distributed
evenly in the matrix volume.

There are several options for reinforcement and matrix, as illustrated in Fig.1, that are taken
into consideration based on the mechanical requirements specific to the application.

‘ COMPOSITE MATERIALS

REINFORCEMENT Textile Reinforced MATRIX

Composites

METALLIC || CERAMIC | POLYMERS ) [ CERAMIC | | cONCRETE/ | | METALLIC

)«A CEMENT
Thermoset resins

Thermoplast resins
3D FABRICS

FIBRES/YARNS

2D FABRICS

‘ Advanced composites l

Fig. 1. Structure of composite materials

The development of textile reinforced composites (TRCs) with resin matrix is based on the
desire to produce improved materials, with tailored properties. The textile material gives the
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ensemble strength, while the matrix ensures the composite unity and transmits the strains.

The advantages of the textile reinforced composites are:

e controlled anisotropy of the textiles which means that their structure materials can be
designed so that the fibres are placed on preferential directions, according to the
maximum strain;

e the use of textile reinforcements allows to obtain a better weigh/strength ratio
compared with the classic materials, such as steel;

e textile materials maintain their integrity and behaviour under extreme conditions - for
example, they do not corrode in a outdoor environment, nor vary their dimensions
when there are significant temperature variations, nor are they sensible to electro-
magnetic fields;

e TRCs present an improved fatigue life.

The aeronautic industry was the first that used TRCs for airplanes. Currently, there is a high

diversity of TRCs applications, with high economic impact (Mouritz, 1999). Composite

materials can be found in all fields of technical textiles. Industrial applications of the
composites include tanks, storage structures, pipes, hoses, etc. The automotive industry uses

TRCs for car frames and other machine parts (manifold, wheels), while in aeronautics the

composites developed from 1st level applications to 2nd level that refers to resistance

elements in an airplane structure and the future trend is building one exclusively with
composites. The composite materials also replaced traditional ones for the rotor blades of
helicopters, increasing their life span and their resistance to wear (Mallick, 1997). One field
of great interest for textile reinforced composites is the wind energy management - these
materials are used to build wind mills. The TRCs are also used to produce sport equipment

- tennis rackets, bicycles and motorcycles, etc.

An interesting application is in buildings, where composites (the so called Textile

Reinforced Concrete) are used to reinforce walls (cement/concrete matrix), increasing their

strength and reducing their thickness and subsequently production costs.

Classification of textile reinforced composites

Two main criteria can be used to characterise the textile reinforcements: the material
structure/geometry and the technological process (Hu, 2008).

Fukuta et al. (1984) gives a classification of the textile reinforcement based on the
significant dimensions of the textile material and its specific geometry. Fukuta considers
not only the 3 dimensions, but also the preset fibres directions used in the material
structure.

According to Scardino (1989), the textile reinforcements can be divided into 4 groups,
depending on their architecture: discrete, continuous, with plane geometry and with spatial
geometry, as illustrated in Table 1.

When considering the technological process, all textile processes can be used to produce
reinforcement for composite materials, but the specifics of each type of process and the
resultant material geometry lead to differences in possibilities and behaviour. The main
processes employed in the production of textile reinforcements are: weaving, braiding,
knitting and non-woven. Also there are other processes, such as filament winding and
poltrusion, which process filaments. Most used reinforcements are woven fabrics (2D and
3D) and nonwovens (fibre mats), but the knitted fabrics, especially warp knitted structures,
present a good development potential.
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. Textil . Fi Fi
Level | Reinforcement exti ° Fibre length . 1bre. ibre
construction orientation entanglement
I Discreet Short fibres | Discontinuous | Uncontrolled none
II Linear Filaments Continuous Linear none
111 Plane 2D materials Continuous Planar Planar
Advanced .
1\Y% Integrated van Continuous 3D 3D
materials

Table 1. Constructive classification of the textile reinforcements

The selection of a certain process is based on the architectural possibilities, the material
characteristics and behaviour (dimensional stability, mechanic strength, drape and
formability, etc) and its suitability with regard to the composite processing and its
application.

Potential of knitted fabrics for composite reinforcement

The main advantages of knitted fabrics for composite reinforcement are:
the possibility of producing knitted fabrics with 3D complex shapes
improvement of fabric handling and matrix injection during composite processing
acceptable processability of high performance fibres (glass, aramid, PES HT or HM)
rapid manufacturing of knitted fabrics for reinforcements
controlled anisotropy (yarn in-laid under preferential angles).
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When considered in reference to other types of textile materials, knitted fabrics are not as
well developed, mainly due to their lower mechanical properties (Leong et al., 2000).
According to Verpoest et al. (1997), knitted fabrics present lower in-plane strength and
stiffness in comparison to materials such as woven, braiding, non-crimps. Another problem
limiting the use of knitted fabrics for composite reinforcement is the low value for volume
fraction, due to the specific geometry of knitted stitches, characterised by areas without
yarns.

The reduced mechanical behaviour is determined by the specific bending of fibres in the
knitted stitches. Mechanical properties are controlled through fabric structure, structural
parameters, yarn characteristics and process parameters. Structure is an effective way of
improving properties by the use of float stitches and in-laid straight yarns placed under
certain angles. Stitch density also affects the tensile behaviour and fabric stiffness,

Yarns are also important, their properties being transferred to the fabric level. The specifics
of the knitting process make bending strength and rigidity the most important
characteristics. This situation is essential, considering that high performance fibres are rigid
and therefore must be processed carefully. Apart from carbon fibres, all other high
performance yarns can be bent around a needle hook and transformed into stitches. The
problems related to their processing are the fibre destruction and the modifications brought
by the strains during knitting that lead to reduced mechanical characteristics of the fabric.
The use of in-laid straight yarns eliminates the problem of fibre damage and also increases
the volume fraction.

The multiaxial warp knitted fabrics, presented in part 3 of this chapter, are the most used for
the production of composites. They have a laminar structure, with layers of yarns under
preset angles, according to the application. The layers are connected and the risk of
delamination is reduced.

Another development direction is the production of preforms with complex shapes for
advanced composite materials. This is an interesting development direction, considering the
complexity of the fabric architecture that can be achieved through knitting. The literature
presents a significant amount of references concerning the development, characterisation
and mechanical behaviour of these 3D fabrics.

2. Raw materials used for the production of knitted fabrics for advanced
composite materials

Textile reinforcements are produced using high performance fibres, like glass,
carbon/ graphite, Kevlar, PES HM and HT, ceramic fibres, boron and silicon carbide fibres,
etc. These yarns have superior mechanical behaviour that can meet the specific demands of
composite applications that are illustrated in Table 2. They also have high bending rigidity
that affects the knitting process and other characteristics that must be taken into
consideration when designing a knitted reinforcement for composite materials (Miller, 1989).
Glass fibres (yarns, rovings) are the most common high performance fibres used to reinforce
composite materials. They are characterised by hardness, resistance to chemical agents,
stability and inertness, low weight and processability (Muckhopadhyay, 1994). There are
more types of glass fibres depending on their chemical composition: E-glass, with good
strength and high electrical resistivity, most common in composite materials; S-glass, with
high tensile strength, most common in military applications; and C-glass, characterised by
chemical stability and corrosion resistance.
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Fibre Relative density | Young’s Modulus | Tensile strength

[g/cm’] [GPa] [GPa]

1 | Carbon (PAN) 2.0 400 2.0-2.5

2 Boron 2.6 400 3.4

3 E-glass 25 70 1.5-2.0

4 S-glass 2.6 84 4.6

5 Kevlar 29 144 60 2.7

6 Kevlar 49 1.45 60 2.7

Table 2. Main characteristics for some high performance fibres

Mechanically, the glass fibres are characterised by high strength, low elongation, high
bending rigidity and brittleness. Law and Dias (1994) and Savci et al. (2001) showed that the
glass fibres can resist when bent around the needle hook and therefore can be processed
through knitting. Due to their brittleness and their low resistance to friction, the glass yarns
damage easily, thus affecting the knitting process and subsequently the real strength of the
reinforcement. Knitting glass fibre therefore requires a preliminary stage to determine the
optimum technological conditions that ensure minimum fibre damage while maintaining
the fabric quality. The fabric density, essential for the fibre fraction volume of the composite
reinforcement gives this quality, together with the amount of fibre damage. High fibre
fraction volume is a sine-qua-non requisite for the performance of the composite materials.

Experimental work

The experimental work is based on the direct study of the yarn after knitting, in order to
identify the damage degree of the glass fibres inflicted by the knitting process. All models
for the mechanical behaviour of the glass knitted fabric are based on the Young’s modulus
for the glass yarns. During the knitting process the filaments are damaged in a significant
proportion, therefore altering the initial value of Young’s modulus and altering the fabric
properties. No previous study indicated the relation between technological parameters and
the final value of the Young's modulus.

Two types of glass fibre were considered for the experiment: EC 11 408 Z28 T6 - Vetrotex
and EC 13 136 Z30 P 100. The yarns are knitted using single jersey, as being the simplest
possible structure.

The fabrics were produced on a CMS 320 TC (Stoll) flat machine with the following
characteristics: gauge 10 E, negative feeding - IRO NOVA (Fig. 3) and holding down sinkers
and presser foot (Fig. 4).

Fig. 3. IRO NOVA negative feeding
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Fig. 4. Holding down sinkers and presser foot

In order to adapt to the yarn count, the fabrics are knitted with different values for the stitch
quality cam, presented in Table 3. Each sample had 100 wales and 100 courses. The fabrics
were relaxed until they presented no dimensional variation. The structural parameters
(horizontal and vertical stitch density and stitch length) are illustrated in Table 4.

lity stitch NP
Yarn count Quality stitch cam (NP) Take down (WM)
[tex] NP1 | NP2 | NP3 | NP4 | NP5
408 100 | 105 | 11.0 | 11.5 | 120 20
136 95 | 100 | 105 | 11.0 | 115 18

Table 3. Technological parameters used for knitting the samples

Yarn NP 2 NP 3 NP 4 NP 5
count Dy D: I Du D: Is Dw D: I Dw D: ls
[tex] [w/10 | [r/10 [mm] [w/10 | [r/10 [mm] [w/10 | [r/10 [mm] [w/10 | [r/10 [mm]
cm] | cm] cm] | cm] cm] | cm] cm] | cm]
408 | 48 69 |7.28| 46 64 | 7.8 48 61 [825| 42 57 |8.85
136 | 56 88 |6.00| 50 84 |651| 44 78 | 717 | 40 70 | 7.52

Table 4. Values for the structural parameters, in relaxed state

After relaxation 10 yarn lengths were drawn from the fabrics in order to determine their tensile
properties, avoiding the edges, visibly more damaged then the rest. The tensile strength was
tested on a HOUSENFIELD H10K-S (Tinius Olsen), according to ASTM 2256. According to
previous studies, the glass yarns break in less than the minimum 20 seconds indicated by the
standard. Therefore, the testing speed selected was the minimum value of 50 mm/minute. The
data confirmed the breaking of the glass yarns less than 7 seconds.

Experimental results

Knitting conditions

Fig. 5 presents the aspect of a 408 tex glass fibre jersey fabric produced with the quality stitch
cams in the limit position, in this case NP = 10.5. The destroyed filaments are placed more at
the level of the sinkers loops and not at the level of the needle loops, as Law and Dias pointed
out in their study. This situation sustains the idea of other cause for yarn damage than the
tension peaks in the knitting point. Furthermore, the significant filament breakage repeats at
every two courses, corresponding to the reverse carriage displacement when the needles
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receive less yarn. If the stitch length is even lower, the yarn gets out of the needle hooks and it
can not be knitted. This situation is exemplified in Fig. 6, for a jersey fabric made of 136 tex

glass fibres. The filaments appear to be completely destroyed, creating a plush effect.
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Fig. 5. Aspect of the jersey fabric (408 text) knitted with NP1=10.5

Fig. 6. Aspect of the jersey fabric (

Test results
The experimental results were calculated based on the raw data from the testing machine,
according to the established methodology (ASTM D 2256), to obtain the following values:
breaking strength, breaking tenacity, Young’s modulus E, breaking elongation, breaking
toughness and time to break. The results are centralised in Table 5. Yarn variant called
Normal is the witness yarn, while the other variants are yarns knitted with a certain position

for the stitch quality cam, defined in Table 3.

136 tex) knitted with NP1=10.5

Yarn Y . Breaking E Breaking Breaking |Time to
count am Breaking tenacity |modulus| elongation | toughness | break
frex] | *2nt | eIV | ponytex) | INjte] | [ D/gl | Ised]

Normal |  75.67 55.59 27.37 22 6.64 6.89

136 NP 3 23.59 17.27 14.79 1.38 1.45 4.14
NP 4 30.92 22.73 18.26 142 1.93 4.24

NP5 37.51 27.58 21.24 1.55 247 4.66

Normal | 229.87 56.34 84.65 246 6.86 6.76

NP 2 118.73 29.10 61.18 1.87 3,01 5.60

408 | NP3 156.59 38.37 69.52 2.00 4.29 6.01
NP 4 165.05 40.45 70.08 212 4.86 6.38

NP 5 167.83 41.14 71.66 2.15 4.87 6.44

Table 5. Experimental results for tensile testing
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Discussions

Contrary to Law and Dias, the experience of knitting on flat electronic machines showed
that the needle could be pulled inside its channel without restrictions for the lowest point.
The relation filament breaking - stitch length was found to be opposite to the one presented
by Law and Dias. For each yarn count there is an inferior limit for the stitch length,
guaranteeing the quality of the fabric. For this limit the degree of filament breaking is so
high the yarn is almost completely destroyed and will break when unravelled from the
fabric. It is the case of the 136 tex yarn knitted with NP2 stitch cam position. No tensile tests
were performed for this variant and therefore it was not included in the experimental data.
The differences in strength and tenacity, compared to the normal values, show that the
knitting process has a negative influence on the tensile properties. Furthermore, the
decrease in strength is in a direct correlation with the stitch length - the lower the stitch
length, the lower the tensile properties. Figs. 7 and 8 present the representative graphics for
each type of yarns, illustrating the variation of the breaking force with the elongation.

136 tex

90

Force [N]
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Fig. 7. Force-elongation curves for the EC 13 136 Z30 P 100 glass yarn
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Fig. 8. Force-elongation curves for the EC 11 408 Z28 T6 glass yarn
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The experimental data and the graphics are showing a contradiction with Law and Dias,
concerning the cause of filament breakage during knitting. If the tension occurring in the
looping point is responsible for the filament damage, then higher stitch length should
present higher values for the breaking force, but the experimental results contradict this.
One answer for this different opinion could be the feeding mechanism. In this case, the yarn
was fed using an IRO NOVA feeding device, ensuring the proper quantity of yarn for the
process. Without it, knitting proved impossible.

The breaking phenomenon appears due to the friction between the yarns and the knitting
elements, especially the knock-over plates that can act like knifes during rob back stage. The
longer the stitch length, the smaller the tension in yarns and there is less filament damage.
The differences between the normal values and the ones for the knitted yarns 136 tex are
varying from - 71% in case of the smallest stitch length and - 55% for the highest stitch
length. In the case the 408 tex yarn, the difference interval is - 48.34% to - 26.99%.

The decrease in breaking toughness is more significant, as illustrated in Fig. 9. The
toughness value for the 136 tex NP2 variant was introduced and was considered 0 only for
comparison purposes. When compared, the initial toughness values for the two yarns are
similar, but the 136 tex yarn shows a much higher decrease in breaking toughness then the
other yarn. The decrease interval for 136 tex is extremely high 78-63%, while for 408 tex the
decrease is in the interval 56-29%.

Toughness comparison

Toughness [J/g]

0 Rl 7 108 tex
Normal NP2 NP3 136 tex
NP4

Yarn variant NP5

@ 136 tex M 408 tex

Fig. 9. Influence of yarn count and filament damage on breaking toughness

This situation suggests the influence of the number of filaments in the yarn, and also the fact
that the amount of filament damage on the knitting machine is the same, regardless of the
yarn count. A superior number of filaments ensure a better knittability, the yarn
maintaining better tensile properties.

The breaking force and toughness values determined for the yarns knitted with NP4 and
NP5 stitch cam positions are similar indicating that filament damage amount is the same.
Even if the best properties are obtained for the highest stitch length - corresponding to NP5
value for the quality cams, this must be balanced with the fabric density, essential for the
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overall performance of the fabric in the composite material. Therefore, the optimum
technological parameters appear to be those for the fourth situation, with NP4 value for the
stitch quality cam. In practice, even if the strength level is lower, value NP3 can also be
used, due to the higher fabric density.

3. 3D knitted structures

In the case of knitted fabrics, the 3D architecture is facilitated by their high extensibility and

formability that allow the production of complex shapes. This is the reason why the knitted

fabrics are regarded as a viable option for preforms for advanced composite materials.

The main advantages of the 3D knitted fabrics are:

a. the high formability of the fabrics, especially due to their drape characteristics

b. the high complexity of the shapes that can be produced;

c. the use of existing technology, without major adaptations;

d. knitted fabrics exhibit good impact behaviour.

Knitted three dimensional performs are less studied and used, mostly because the following

problems related to their production and their properties:

a. the development of these fabrics is still at laboratory stage;

b. the mechanical characteristics of the resulting composites are at a lower level and
require improvement;

c. the specific properties and their prediction are not yet well developed, mainly because
of the complexity of the knitted fabrics;

d. the pretension of the perform before its impregnation with resin determines a uneven
behaviour for the final composite due to fibre migration in the stitches.

The 3D knitted fabrics can be divided into three main groups: multiaxial fabrics (multilayer),

sandwich/spacer fabrics and knitted fabrics with spatial geometry (spatial fashioned).

Multiaxial fabrics

The multiaxial fabrics are characterised by the presence of multiple layers of yarns disposed
at preferential angles that are assembled in the knitted fabrics. These fabrics are produced
on special warp knitting machines using glass fibre or carbon fibre for the layers. The warp
knitting technology is best suited for this kind of structures with in-laid yarns. Multiaxial
fabrics are used mostly for the reinforcement of composite materials.

Fig. 10. Structure of the multiaxial knitted fabrics
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The different layers of yarns in the multiaxial warp knitted fabrics are independent and the
yarns fed under preset angles: 00 (weft yarns), 900 (warp yarns) and any value between
these, like +/- 300 and +/- 450. The layers are united by the actual knitted fabric, using pillar
or tricot stitches, as exemplified in Fig. 10 (Raz, 1989).

The preset angles correspond to the directions requiring higher strength during use and are
imposed by the application. Currently, there are two main technologies adapted for the
production of multiaxial fabrics: the Karl Mayer technology and the Liba technology.

a. Karl Mayer technology

The Karl Mayer machine uses four yarn systems - one to produce the ground fabric, one to
insert the warp yarns, one for the weft yarns and the fourth for the yarns disposed under a
preset angle. The inclined yarns are fed with two guide bars that have a rotational movement
of 1 pitch every row. The guides are shogged in only one direction, passing from one bar to the
other, changing the yarn direction within the fabric structure, as illustrated in Fig. 11.

Fig. 11. The modified angle when changing direction in a Karl Mayer multiaxial fabric

The advantages of the Karl Mayer system are: the accuracy of the inclined yarns position,
the fact that the needles do not destroy these yarns and the high productivity. Still, the
fabrics are less compact affecting the fabric mechanical behaviour.

b. LIBA technology

The Liba technology is by far the best adapted to produce multiaxial fabrics. The MAX 3
CNC machines use a Copcentra machine that is preceded by a number of 3 zones where the
layers are formed with the help of carriers feeding the yarns under the desired angle along
the table: 00 for the weft yarns and 260 to 600 for the rest. The warp yarns (90°) are introduced
in the knitting zone, using special guides. The layers are brought to the knitting zone and
connected using pillar or tricot stitches. A non-woven mat (chopped glass fibres) can also be
inserted, if the application requires it.

Fig. 12 illustrates the Liba system (source: www.liba.de). Liba also developed such a system
also for carbon fibres (Copcentra MAX 5 CNC), where the carrier course is modified in order
to reduce fibre waste.

The system allows obtaining fabrics with different degrees of compactness, made of
different raw materials, as exemplified in Fig. 12 (source www .liba.de). The risk of fibre
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destruction caused by the needles penetrating the layers is eliminated through the walking
needle technique, where the needle bed is moved together with the layers.
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Fig. 13. Examples of multiaxial fabrics
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Spatial fashioned knitted fabrics

The 3D knitted performs started to be developed in the '90, mainly based on the
development of electronic flat knitting machines and CAD/CAM systems. Even if there is
significant progress in this domain, there are a lot of aspects that need addressed in order
for the spatial knitted fabrics to become industrially feasible.

The spatial fashioning of the knitted fabrics is based on the need to produce fabrics with
complex shapes that are similar to the shape of the final product. Even if a certain degree of
spatial geometry can be obtained by using modules of structures with different patterns or
by dynamic stitch length, the technique of spatial fashioning is the only one that has no
limitations with regard to the shape complexity and dimensions. This technique (also
known as ‘flechage’) is based on knitting courses on all working needles and courses on a
variable number of needles, determining zones with different amount of stitches. The zones
with the highest amount of stitches will have in the end a spatial geometry.

A classification of the spatial fashioned fabrics must take into consideration the 3D shape of
the product, defined geometrically as a 3D body. These bodies can be divided in solids of
revolution, such as tubes (cylinders), spheres and hemispheres, cones and frustum of cones,
ellipsoids, hyperboloids, and polyhedrons, such as tetrahedrons, pyramids, parallelepipeds,
etc. Apart from these simple bodies, other bodies can be considered: bodies obtained from
composing simple bodies or bodies with irregular shape.

The fabric 2D plan is a rectangular area where are positioned fashioning lines that define the
final 3D shape of the product. Such a 3D fabric is obtained by placing more fashioning lines
with certain characteristics, forming repeating geometric basic forms within the plan or not
(as is the case for parallelepiped forms).

The fashioning lines can be defined as the zones where the knitting will be carried out on a
variable number of needles, these zones generating the spatial geometry. The lines have two
components, corresponding to decreasing the number of working needles and the other to
increasing them. In the fabric, these two lines become one, the actual fashioning line, as
presented in Fig. 14.

Fachiivniny lime -
Hendlaa sinr warking

Tushicming lins
Hepdles stop working

Fig. 14. Fashioning line - in the knitting programme and in the fabric

Fig. 15 illustrates the correlation between the 3D shape of the product and the 2D plan of the
fabric, emphasising the most significant elements for the knitting process design. The evolute
of the 3D body is obtained using sectioning lines and is the same with the 2D plan of the fabric
that contains the fashioning lines. The knitting direction is very important when designing a
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3D fabric. Knitting along the transversal or longitudinal direction of the final shape determines
the knitting programme, the plan aspect and furthermore the specific behaviour of the fabric in
the product. In some cases, only one knitting direction with regard to the product shape is
possible, the other option being technologically not feasible. Other limitations concern the
positioning of the fashioning lines within the fabric and their dimensions.

iD BODY 2D FABRIC
Section Fashioning
lines lines
'Bﬁﬂr mlu“l = | 2D plan |
Knitting direction

Limits imposed by knitting
Fig. 15. Correlation between the 3D body and the knitted 2D fabric

Some of the most representative examples are illustrated in Figs. 16 to 20, presenting the 3D
shape and the fabric 2D plan.

Fig. 17. Bent tubular shape (Song et al.)
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Fig. 18. Discoid shape (Cebulla et al., 2000)
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Fig. 19. Parallelepiped shape (Dias, 2000)

Fig. 20. Helmet made of aramid fibres - theoretical form, 2D fabric and final preform
(Araujo et al., 2000)
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Fig. 21. Jersey fabric reinforced with weft and warp yarns (Cebulla et al., 2000)
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There are some issues related to the fashioned fabrics used as preforms. One is the fabric
strength, considering that the weft knitted materials exhibit limited mechanical
characteristics. The solution to this problem is to insert warp and weft yarns within the
structure. Fig. 21 presents a jersey fabric with warp and weft yarns, produced on a flat
machine with adapted yarn feeder for the warp yarns (Cebulla et al.,, 2000). Apart from
giving the fabric strength, it also improves the volume fraction of the reinforcement,
increasing the quality of the composite materials.

Sandwich/spacer fabrics

A sandwich/spacer fabric is a 3D construction made of two separate fabrics, connected in
between by yarns or knitted layers (Ciobanu, 2003). The fabric thickness determined by
length of the connecting yarns/layers.

When produced on warp machines, these fabrics are known as spacers. They are obtained
on double needle bar machines, with 4 to 6 guide bars - 1 or 2 guide bars produce the
independent fabrics by knitting only on one bed and the middle bars create the connection
by working on both beds (forming stitches or being in-laid). The fabric thickness depends on
the distance between the two beds (spacer distance).

Fig. 22 exemplifies a spacer fabric made of glass fibre. An interesting application for spacer
fabrics are the so called textile reinforced concrete that is used in buildings. Liba designed a
double needle bar Raschel machine model DG 506-30-2HS that produces spacer fabrics with
net structure, as illustrated in Fig. 23. The fabrics present weft and warp in-lays that form
the net geometry and give the fabric strength on both directions (source: www liba.de).

Fig. 23. Net spacer used for textile reinforced concrete
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In the case of weft knitted fabrics, they are known as sandwich fabrics. Even if they can be
produced also on circular machines (connection with yarns), they are mainly produced on
electronic flat knitting machines that offer the required technical conditions and the
development possibilities.

The connection can be generated through yarns fed on both beds or by knitted layers. The
first solution is limited with regard to shape complexity and fabric thickness. The second
connecting principle requires knitting separately on the two beds and at a certain point to
stop and knit the connection layer on selected needles, usually 1x1. These needles can work
also for the separate fabrics (if the length of the layer is small enough), or can be used
exclusively to produce the connection, if the length and/or the shape complexity require
(Fig. 24).

Fig. 24. Sandwich fabric with connecting knitted layers

There are two types of connecting layers (Araujo et al., 2000):

e Single layers (Fig. 25.a) - the layer is produced on one bed (jersey) or on both beds (rib,
interlock) and can have a perpendicular or an inclined disposition between the separate
fabrics.

e  Double layers (Fig. 25.b) - two layers are knitted separately on the beds, connected at a
certain point with a rib evolution; if a specified amount of rib courses will be produced
also in the exterior fabrics, then the connection will be "X" shaped, with possibilities to
extend more the rib dimensions or to alternate the disposition of the two layers.

straight inclined combination .
keneyoomb mitended inner Allrarmling
layer layer rannnrtine LmeuLiun zonrostion
a) b)

Fig. 25. Types of connecting layers
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The sandwich fabrics presented are characterised by constant thickness and rectangular
form in cross section. There are three major ways to diversify these fabrics and to obtain
structures with complex shape (Ciobanu, 2003):

e The use of connection layers with different length

e The use of connection layers with variable form (the fashioning/flechage technique)

e  The use of exterior fashioned separate fabrics

Sandwich fabrics with connecting layers of different length

The simple variation of the layer length will modify the cross-section of the fabric. The
shape is created by the specific position of the separate fabrics between the consecutive
layers. Two possibilities can be mentioned. One takes into consideration a specified
sequence of layers with different length, as illustrated in Fig. 26. The different length of the
layers will determine an inclined geometry for the exterior fabrics.

N
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Fig. 26. Sandwich fabric with connecting layers of variable length

The other possibility refers to a sequence of two layers with predetermined (different)
length, combined with an according number of courses in the separate fabric(s) that
generates a corner effect (position at 900). It is the case of fabrics with L and T shapes,
presented in Fig. 27 and Fig. 28.

Fig. 27. Sandwich fabric with L shape
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Fig. 28. Sandwich fabric with T shape

Sandwich fabrics with shaped layers (variable courses technique)

In this case the shape is determined directly by the shape of the layers, obtained through the
variable courses technique. The technique is based on knitting on only a part of the needles
producing the layer, in certain rows, while the others are missing. One example (knitting
programme, Sirix) is presented in Fig. 29.

Fig. 29. Knitting sequence for a shaped layer (SIRIX, Stoll)

The fabric cross section given by the connecting layers is controlled through these layers.
Different shapes can be therefore produced, as exemplified in Fig. 30. The layers are
emphasised in red, while the separate fabrics are lined; the arrows are indicating the
knitting direction. Two main types of shaped layers can be identified: with integral shape
(the yarn guide is feeding continuously, even if on only a variable number of needles), as in
Fig. 30.a. and b. and with divided shape (the evolution is split on distinct groups of needles,
requiring separate feeding), as in the case of the fabric presented in Fig. 30.c.
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Fig. 30. Examples of sandwich fabrics with shaped connecting layers

Sandwich fabrics with fashioned exterior fabric
The fully-fashioning of the separate fabrics is obtained by narrowing and enlargement

technique the number of working needles of the fabrics, using stitch transfer and racking.

Fig. 31 illustrates one such possibility.
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Fig. 31. Sandwich fabric with fashioned exterior fabrics

4. Application example - knitted preform for airplane wing

The application presented in the paper refers to a knitted preform for an airplane wing
(glider). It was intended to knit a 3D shape identical to the wing. The preform was used to
produce the composite material (through RTM).

Type and geometry of the knitted preform

The airplane wing prototype was defined using NACA 4 digital profile, according to

specifications. Fig. 32 presents the geometry and dimensions of the chosen profile.

The wing is characterised by the following aspects:

e A difference in width between the beginning and the end of the wing - that requires
successive narrowing;

e  The difference between the two extremities is 60 mm, determining the narrowing slope;

o The fabric thickness for the outer layer is 5 mm;

e  There are two interior walls with 5 mm thickness and different heights, according to the
wing cross section: 79 mm - for the higher wall, and 64 mm - for the smaller wall.

Fig. 32. Wing geometry and dimensions
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Constructive, structural and technological characterisation of the preform

The complexity of the wing shape required the production of the knitted preform on a flat

weft knitting machine, due to their advantages mentioned before.

The preform was knitted on a CMS 320 TC Stoll machine, using EC 11 408 Z28 T6 (Vetrotex)

glass fibre. The yarn was tested on a Housenfield (Tinius Olsen) testing machine model

H100 KS in order to determine its mechanical properties. The yarn is characterised in

chapter 2 of this work.

The production of a preform that includes the inner walls requires a sandwich structure

with connection through single knitted layers, according to the dimensions defined above. A

very important aspect is the knitting direction that is determined in this case by the position

of the inner walls. In the preform, the inner walls are created by the connecting knitted

layers. Choosing another knitting direction, perpendicular to the one considered is not a

viable solution due to the fact that this way the inner walls (connecting layers) are

impossible to knit. Fig. 33 illustrates the architecture of the knitted preform. The zones
marked on the drawing represent:

e border -1 x 1 rib on selected needles;

e  initial zone -1 x 1 rib - this is the part where the rib evolution is produced on all needles
and the feeder for the glass yarn is not yet working; it is subsequently removed,
together with the border;

e beginning zone - first zone in the preform, corresponding to its inclined inferior
extremity;

e zone I - zone made only of the outer fabrics up to the first inner wall (connecting layer);

e zone II - zone of the outer fabrics between the inner walls;

e zone Il - zone of the outer fabrics up to the beginning of the inclined superior
extremity;

e ending zone - zone corresponding to the superior extremity.

Final zone - rib 1x1

25 mm

Ending zone

98 mm

82 mm

Zone I

Zone |

Begining zone

Initial zone - rib 1x1

Fig. 33. Architecture of the knitted preform

The lateral edges of the preform must also be characterised, the lower edge being closed and
shaped, while the wider edge is open and straight.
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In the case of the considered knitted sandwich structure, both the outer fabrics and the inner
walls are knitted on selected needles (1x1). A tubular evolution on selected needles with
fleece yarns can be used in order to increase the fabric compactness (see Fig. 34). The main
problem with last structure is the positioning outside the fabric of the floating fleece yarns
that generates an irregular plush aspect, and also increases the snagging. Still, the simple
pretension of the fabric, specific to the production of the composite material eliminates this
situation.

R(i+1)

R()

Fig. 34. Tubular evolution on selected needles with fleece in-lay - fabric aspect relaxed and
stretched

Table 6 presents the values of the main structural parameters for the two structures (simple
tubular on selected needles and tubular on selected needles with fleece yarns).

Stitch density St.itch Sti'tch Stitch Weight
Structure pitch | height | length M/m?2
DW Dr A/ B/ Istitch/ [ ] !
[wales/50mm] | [rows/50mm] | [mm] | [mm] [mm] 5
Tubular, on 16 26 312 | 192 9.6 842

selected needles

Tubular, on
selected needles, 12 25 417 1.92 | 103 | 4.7 950
with fleece yarns

Table 6. The values of the main structural parameters for the knitted fabrics
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Beginning and ending zones of the preform

The difference in width between the two extremities can be obtained through more knitting
sequences. One possibility is to produce some zones that will be subsequently removed. In
these zones the evolution is successively changed from 1x1 rib to tubular jersey, specific to
the sandwich structure. The use of two feeders for the tubular fabric (row 2) requires 1x1 rib
evolutions on selected needles that present the disadvantage of larger floats. To avoid this
situation, the 1x1 rib evolutions on selected needles can be maintained only for small zones,
the rest of the working needles producing tubular evolutions (see Fig. 35). Such a variant
presents the advantage of simplifying the knitting sequence and the process.

ZOXOXGXE:?XGXC)X@X
O o 0+ O x O = C :

.-L -
oot

Tubular on Tie-in zone -rib Tubular on
selected needles selected needles

Fig. 35. Tie-in zone - from tubular to rib on selected needles (beginning zone)

Fig. 36 illustrates a fashioning solution for the beginning and ending zones. In this case, a
number of incomplete rows are knitted with tubular evolution, using one yarn feeder. The
groups of needles are successively introduced to work until all active needles are working.
This way, the supplementary zones to be subsequently eliminated are cut out.

The number of incomplete rows will determine the slope of the inferior extremity. The slope
of the superior extremity will be determined the same way, but the knitting sequence will be
reversed. Regardless of the chosen variant, the number of rows knitted in the beginning
zone is calculated with relation (1):

L
N: = B @

Where:

N, - number of rows for the beginning and ending zones;

L - height of the beginning or ending zone, mm;

B - stitch height, mm.

The height of the beginning/ending zone is determined in the design stage, according to the
specific dimensions of the wing; in this case 30 mm for the beginning zone and 25 mm for
the ending zone. The calculated value is used to determine the groups of needles that will
pass successively from one evolution to the other, or will successively start to work (2).

N
Igroup = —r;;:lles (2)
Where:
leroup - width of a group of needles;
Nieedtes - total number of needles working in each bed;
N, - number of rows in the beginning/ending zone.
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Group Il Group |

Group I

Succesive introduction
of needles groups

Fig. 36. Knitting sequence for the beginning zone

The inner walls of the preform

The inner walls of the preform are produced as single connecting layers of the sandwich
fabric. The layer length is 80 mm, respectively 64 mm. In order to satisfy the required 5 mm
thickness for the inner walls, two successive connecting layers with the same length will be
knitted. After the introduction of the resin the two neighbouring connecting layers will
generate an inner wall. Apart from knitting connecting layers of such high length, the
production of two layers one after the other represented another problem.

During the knitting of the single connecting layer, some rows of the outer fabric are
produced on the opposite bed in order to reduce the tension generated by the long period in
which the needles making the outer independent fabrics miss. These supplementary rows
must be taken into consideration when calculating the number of rows between the two
connecting layers so that they are horizontal.

Presentation of the preform made of glass fibre

The general aspect of the preform is presented in Fig. 37. The beginning and ending zones of
the outer fabrics can be observed, as well as the zones where the connecting layers were
produced (see Fig. 38). One connecting zone is encircled in Fig.37.

Fig. 37. Preform with jersey evolution on selected needles
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Fig. 38. Preform with jersey evolution on selected needles and fleece in-lays

The successive connecting layers are exemplified in Fig. 39 where the preform is presented
in cross section, showing the two connecting layers of 80 mm length.

Fig. 39. Connection layers - cross section view and aspect of the first connection layer

Production of a supplementary exterior layer for the wing

In order to increase the fabric compactness, as well as to improve the mechanical behaviour
of the preform, a supplementary exterior layer is added, covering the preform. The tubular
fabric is knitted perpendicularly in relation to the direction used to knit the preform (see Fig.
40).

The fabric dimensions correspond to the ones presented in Fig. 32. The conical shape is
obtained with successive, symmetrical narrowing. The tubular fabric is closed, giving a
rounding effect in Ny and N> zones. The closing can be done using the bind-off technique,
though it is preferably to avoid its use for fabrics made of glass fabric. The repeated
transfers lead to a significant amount of broken filaments, affecting the mechanical
behaviour and even destroying the stitches during the introduction of the fabrics in/on the
moulds before the RTM process.

Considering that there are no restrictions regarding the structure and its tensioning, the
evolution chosen for the tubular fabric can be jersey, 1x1 jersey or even jersey fleece (see Fig.
41).
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Fig. 40. Production of the supplementary layer

Fig. 41. Front aspect of a jersey and 1x1 miss jersey fabrics made with glass fibre count 408
tex

Production of a glider wing made of composite material using a knitted preform

The composite material glider wing was produced using an injection process RTM (Nicolau
et al., 2002). The resin used was unsaturated polyester orthophtalic resin, S226E (Neste),
characterised by reduced viscosity, 150 mPas. The pre-acceleration was obtained with a
0.15% solution of cobalt 6%. The catalyst used was Trigonox TX 44B. This recipe formula

avoids resin curing during the injection process.
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Moulds production
The complexity of the preform shape required exterior and interior moulds that would

generate the desired shape for the composite. The exterior mould (see Fig. 42) is made of a
composite material reinforced with two layers of glass fibre matt. The three interior moulds
(Fig. 43) that are to be introduced in the preform, are produced with polyurethane foam and
have a protective layer.

o=

-

Fig. 42. Exterior mould - inferior and superior components

Fig. 43. Internal moulds - front view

Description of the RTM process
The injection process included the following stages (Nicolau et al., 2002):
¢ mould cleaning and application of the separation liquid;
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e introduction of the interior moulds in the preform (Fig. 44) and covering with the
supplementary tubular fabric;

e  positioning in the exterior mould;

¢ mould vacuum closing;

e connecting the mould to the devices for resin injection and vacuumy;

e  vacuum formation inside the mould;

e  resin preparation and catalyst introduction inside the bowl under 1 bar pressure;

¢ starting the injection process (Fig. 45).

Fig. 44. Introduction of the interior moulds in the preform

Fig. 45. Resin injection process

The polyester resin was injected inside the exterior mould at low pressure (1,5 105 Pa) using
the vacuum device. The injection process took approximately 30 minutes. After injection the
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composite material was subjected to a thermal treatment in order to complete the curing
process. The composite wing is presented in Figure 46.

Fig. 46. Composite wing - aspect before and after resin injection

5. Conclusions

Knitted fabrics are well used in the field of technical textiles, including composite materials
with plastic matrix. As composite reinforcement, knitted fabrics have some negative points
with regard to their mechanical behaviour, but this can be improved through structure
(especially the use of in-laid yarns) and structural parameters.

Other issues concern the knittability of high performance fibres (volume of fibre damage
during processing) and there are ways of limiting the filament breaking phenomenon - the
modification of knitting elements, lower yarn tension, etc. The study presented in this
chapter identifies as main cause of destruction the rob-back stage in the knitting process,
when the yarns are pulled over the trick plate under high tension. The best approach to
knitting high performance fibres seams to be a case by case approach, when the knitting
conditions can be determined in order to obtain good quality fabrics.

Both weft and warp knitting technologies can be used to produce composite reinforcement.
Warp knitting is best suited for structures with in-laid straight yarns (multiaxial fabrics),
while weft knitting allows obtaining fabrics with three dimensional architecture, used as
preforms for advanced composite materials. The examples of 3D knitted fabrics presented in
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this chapter illustrate the idea that knitting is a viable option when considering the
production of complex shapes. Further studies should explore diversification possibilities.
Other directions for future development are: the design of knitted fabric in relation to 3D
bodies, the simulation of fabric spatial geometry and properties prediction.
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1. Introduction

The increasing competition in aerospace industries has brought to cutting programs in
manufacturing, design and assembly of aircraft structural frame. An aircraft is made of
several assemblies including 3D complex shapes and the different functional requirements
from design and manufacturing that these assemblies should respect are various. Nowadays
the most important policy is the “Concurrent Engineering” which rule is to lead in a parallel
way, design and manufacturing, making them communicate with the aim of reducing
reworking times and discard products; such requirements are strongly felt in the aerospace
industries.

Tolerance analysis has a considerable weight in the Concurrent Engineering and represents
the best way to solve assembly problems in order to ensure higher quality and lower costs.
It is a critical step to design and to build a product and its importance has grown in the past
years. In fact, the need to assign dimensional and geometric tolerances to assembly
components is due to the standardization of the production and to the correct working of
the assembly. The appropriate allocation of tolerances among the different parts of an
assembly can result in lower costs per assembly and higher probability of fit, reducing the
number of rejects or the amount of rework required on components.

A product is designed and manufactured to perform a task, and its issue depends on one or
more parameters of the assembly that are commonly called “project functions”. A project
function is a dimension or a geometric variable of the assembly whose value depends by the
dimensions, the geometry and the tolerances assigned to the components constituting the
assembly. The nominal value and the tolerance range of the project function allow us to
guarantee the assembly functionality. Practically, the dimensions and the tolerances of the
assembly components combine, according to the assembly sequences, and generate the
tolerance stack-up functions. Solving a tolerance stack-up function means to determine the
nominal value and the tolerance range of a project function by combining the nominal
values and the tolerance ranges assigned to the assembly components.

Tolerance analysis may consider alternative assembly cycles in order to identify that one
allowing to obtain the assembly functionality with the maximum value of the tolerance
range assigned to the components. Huge problems may present during the assembly
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process if the tolerance study on a sub-component was not carried out or was ineffectual
(Whitney, 2004). It is even possible that the product design may have to be subsequently
changed because of unforeseen tolerance problems not detected prior to actual assembly
took place. In this case costs to the business will be high. It was estimated that 40%-60% of
the production cost is due to the assembly process (Delchambre, 1996).

The study of the tolerance stack-up functions, during the design stage, is very critical for
aeronautic field whereas the complexity of the structures, to which high performances are
required; so advanced material, design techniques and assembly technologies are needed. In
fact, the aeronautic structures involve free-form surfaces, which are often made in composite
material. They may be considered as non-rigid parts that could be subjected to significant
distortion after the removal of manufacturing forces. This condition, know as free-state
variation, is principally due to weight and flexibility of the part and the release of internal
stresses resulting from fabrication.

Many well-known approaches exist in the literature to tolerance analysis (Hong & Chang,
2002; Shen et al., 2004). However, these methods are not easy to apply, especially for
complex aerospace assemblies, since they were born to deal with elementary features, such
as plane, hole, pin and so on. So the aid of computer is called for. In the recent years, the
development of efficient and robust design tools has allowed to foresee manufacturing or
assembly problems during the first steps of product modeling by adopting a concurrent
engineering approach. Today Computer Aided Tolerance (CAT) Software is readily
available, but even if these tools provide good results they have not been widely used.
Commercial CATs are not completely true to the GD&T standards and need improvement
after a better mathematical understanding of the geometric variations. The user needs
expertise and great experience combined with a through understanding of the packages’
theoretical base plus modeling principles to build a valid model and obtain relatively
accurate results. Computer Aided Tolerance software efficiently deals with mechanical
assemblies where the feature to align are planes, hole-pin, but it hardly treats of free-form
surfaces to connect.

The present work deals with the tolerance analysis of freeform surfaces belonging to parts in
composite material and that may be non-rigid. The aim of this chapter is to present the steps
to carry out the tolerance analysis of an assembly involving free-form surfaces in composite
material by using a commercial CAT software. The great effort of the present work is
overcome the limits of the CAT software to deal with dimensional and geometric tolerances
applied to free form surfaces in composite material. This paper tries to answer to some
questions on tolerance analysis without clear answer: What are the functions of the product,
how do we flow down these key product functions through into its detail parts? How to
model a free-form surface for a tolerance analysis? How to deal with a composite material
for a tolerance analysis? How to improve the assembly process in order to reduce the
tolerance impacts on these functions?

An aeronautic component is considered as case study. This is an internal frame of a winch
arm mounted on an helicopter. The part addressed in this paper is the after internal frame
that allows to mount the fairing covers of the head of the winch arm directly on its
structural beam. It is made in carbon fiber composite material. The frame is made with five
layer of carbon fiber imbued in a matrix of epoxy resin for a total stack thickness of 1.65 mm.
After the stratification process, a curing process is carried out by autoclave with a control of
temperature and pressure. The weight of the part is about 350 g. Assembly operation among
the parts are done by using special grub screws that are inserted in the holes of each
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component. No adhesives or resins are used to secure the surfaces, since a perfect adhesion
is not required.

The paper is organized as follows: In Sec. 2, the mean of tolerance analysis is deeply
discussed. In Sec. 3, the main models found in the literature for tolerance analysis are
presented. In Sec. 4, the main functions of the commercial CAT softwares are shown. In Sec.
5, the steps of the proposed method for tolerance analysis of an assembly involving free-
form surfaces in composite material are shown. In Sec. 6, the application of the proposed
steps to an aeronautic case study is deeply discussed.

2. Tolerance analysis

The aim of a tolerance analysis of an assembly is to evaluate the cumulative effect due to the
tolerances, that are assigned to the assembly components, on the functional requirements of
the whole assembly. Each functional requirement is schematized through an equation, that
is usually called stack-up function, whose variables are the model parameters that are
function of the dimensions and the tolerances assigned to the assembly components. It looks
like

FR = f(p1, p2.. .,pn) (1)

where FR is the considered functional requirement, py,...,p, are the model parameters and
f(p) is the stack-up function, that is usually not linear.

A functional requirement is usually a characteristic that relates two features. Its analytical
expression is obtained by applying the equations of the Euclidean geometry to the features
that define the functional requirement or to the points of the features that define the
functional requirement.

A stack-up function has to model two possible assembly variations. The first variation is due
to the tolerances assigned to the features of the assembly components. The obtained model
(that is called “local model”) has to be able to schematize all the tolerance kinds, i.e.
dimensional, form, and so on, but in the same time it has to be able to represent the
Envelope Principle (Rule # 1 of ASME standard) or the Independence Principle (according
with ISO 8015 standard) applied to different dimensions of the same part. The local model has
to define the range of variation of the model’s parameters from the assigned tolerances and
it has to schematize the interaction among the assigned tolerance zones. The second
variation is due to the contact among the assembly components. The variability of the
coupled features, by which the link among the parts is made, gives a deviation in the
location of the coupled parts. The resulting model (that is called “global model”) has to be
able to schematize the joints with contact and the joints with clearance between the coupled
features.

Once modeled the stack-up functions, they may be solved by means of a worst case or a
statistical approach (Creveling, 1997). To carry out a worst case approach, it is needed to
define the worst configurations of the assembly (i.e. those configurations due to the
cumulative effect of the smallest and the highest values of the tolerances assigned to the
assembly components) that satisfy its assigned tolerances. This means to solve a problem of
optimization (maximization and/or minimization) under constraints due to the assigned
tolerances. Many are the methods developed by the literature to carry out a worst case
approach (see Luenberger, 2003). To carry out a statistical approach, it is needed to translate
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each tolerance assigned to an assembly component into one or more parameters of the stack-
up function. Therefore, a Probability Density Function (PDF), that is function of both the
manufacturing and the assembly processes, is assigned to each parameter. Being the
definition of the relationship among the production and assembly processes and the
probability density function of the tolerance of the component strongly hard to estimate, the
commonly used assumption is to adopt a Gaussian probability density function. Moreover,
a further assumption is to consider independent the parameters used to represent the
variability of the features delimiting each dimensional tolerance. The variation of the FR is
obtained by means of a Monte Carlo simulation technique (Nigam & Turner, 1995; Nassef &
ElMaraghy, 1996) it is usually calculated as * three times the estimated standard deviation
(three sigma paradigm of (Creveling, 1997)).

3. Literature review

The foremost works on the tolerance modeling problem are found in (Requicha, 1983;
Requicha, 1993) that introduced the mathematical definition of the tolerance’s semantic. He
focused on constructing semantically correct tolerance zones and he proposed a solid offset
approach for this purpose. Since then, a lot of models are proposed by the literature to
perform the tolerance analysis of an assembly whose components may be considered as
rigid parts (Hong & Chang, 2002).

The vector loop model uses vectors to represent relevant dimensions in an assembly (Chase et
al.,, 1995; Chase et al., 1996; Chase et al., 1997a). Each vector represents either a component
dimension or an assembly dimension. Vectors are arranged in chains or loops to reproduce
the effects of those dimensions that stack together to determine the resultant assembly
dimensions. Three types of variations are modelled in the vector loop model: dimensional
variations, kinematic variations and geometric variations. Dimensional variations defined by
dimensional tolerances are incorporated as +/- variations in the length of the vector.
Kinematic variations describe the relative motions among mating parts, ie. small
adjustments that occur at assembly time in response to the dimensional and geometric
variations of the components. Geometric variations capture those variations that are
imputable to geometric tolerances.

The variational solid modelling approach involves applying variations to a computer model
of a part or an assembly of parts (Martino & Gabriele, 1989; Boyer & Stewart, 1991; Gupta &
Turner, 1993). To create an assembly, the designer identifies the relevant features of each
component and assigns dimensional and geometrical tolerances to them. In real conditions
(i.e. manufactured part), the feature has been characterized by a roto-translational
displacement with respect to its nominal position. This displacement is modelled to
summarize the complete effects of the dimensional and geometric variations affecting the
part by means of a differential homogeneous transformation matrix. Once the variabilities of
the parts are modelled, they must be assembled together. Another set of differential
homogeneous transformation matrices is introduced to handle the roto-translational
deviations introduced by each assembly mating relation.

The matrix model aims at deriving an explicit mathematical representation of the boundary
of the entire spatial region that encloses all possible displacements due to one or more
variability sources. In order to do that, homogenous transformation matrices are considered
as the foundation of the mathematical representation. A displacement matrix is used to
describe any roto-translational variation a feature may be subjected to. The matrix model is
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based on the positional tolerancing and the Technologically and Topologically Related
Surfaces (TTRS) criteria (Clément et al., 1998); by classifying the surfaces into several classes,
each characterized by some kind of invariance with respect to specific displacement kinds
(e.g. a cylinder is invariant to any rotation about its axis) the resulting displacement matrix
can be simplified (Clément et al., 1994).

In the terminology adopted by the jacobian model approach, any relevant surface involved in
the tolerance stack-up is referred to as functional element (FE). In the tolerance chain, FEs are
considered in pairs: the two paired surfaces may belong to the same part (internal pair), or
to two different parts, and paired since they interact as mating elements (kinematic pair,
also referred to as external pair). The parts should be in contact to be modelled by this
model. Transformation matrices may be used to locate a FE of a pair with respect to the
other: these matrices can be used to model the nominal displacement between the two FEs,
but also additional small displacements due to the variabilities modelled by the tolerances.
The main peculiar aspect of the jacobian approach is how such matrices are formulated, i.e.
by means of an approach derived from the description of kinematic chains in robotics
(Laperriére & Lafond, 1999; Laperriére & Kabore, 2001).

The torsor model uses screw parameters to model three dimensional tolerance zones (Chase
et al., 1996). Screw parameters are a common approach adopted in kinematics to describe
motion; they are used to describe a tolerance zone, since a tolerance zone is the region where
a surface is allowed to move. The screw parameters are arranged in a particular
mathematical operator called torsor, hence the name of the approach. To model the
interactions between the parts of an assembly, three types of torsors (or Small Displacement
Torsor SDT) are defined (Ballot & Bourdet, 1997): a part SDT for each part of the assembly to
model the displacement of the part; a deviation SDT for each surface of each part to model
the geometrical deviations from nominal; a gap SDT between two surfaces linking two parts
to model the mating relation.

The Tolerance Maps model is being developed at the Arizona State University (Davidson et
al., 2002; Mujezinovic et al., 2004; Ameta et al., 2007). It is based on a two-levels model: the
local model, that models part variations in order to consider the interactions of the geometric
controls applied to a feature of interest and the global model that interrelates all control
frames on a part or assembly. A Tolerance-Map (T-Map) is a hypothetical solid of points in
n-dimensions which represent all possible variations of a feature or an assembly. Overlaying
the coordinates of the T-Map the stack-up equations to perform the tolerance analysis are
obtained.

However, these methods are not easy to apply, especially for complex aerospace assemblies,
since they were born to deal with elementary features, such as plane, hole, pin and so on. So
the aid of computer is called for. In the recent years, the development of efficient and robust
design tools has allowed to foresee manufacturing or assembly problems during the first
steps of product modeling by adopting a concurrent engineering approach.

Efforts to deal with the tolerance analysis in aeronautic field were carried out. Sellakh
proposed an assisted method for tolerance analysis of aircraft structures through assembly
graphs and TTRS theory (Sellakh et al., 2003). Marguet presented a methodology to analyse
and optimise the assembly sequence of simple shape assemblies (Marguet & Mathieu, 1998;
Marguet et Mathieu, 1999). Ody showed a comparison among Error Budgeting techniques
and 3D Tolerance Software Packages (Ody et al., 2001). Those papers present solutions of
typical mechanical assemblies that involve the alignment of plane, holes and pins, but the
aeronautic surfaces have a free form generally.
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Some are the works found in the literature to deal with the tolerance analysis of compliant
assemblies, i.e. assemblies that contain deformable parts, such as sheet-metal, plastics,
composites and glass. Some of the first research related to this area was done by (Gordis &
Flannely, 1994). They used frequency domain analysis to predict in-plane loads and
displacements from misalignment of fastener holes in flexible components. Liu and Hu have
used simple finite element models to predict assembly variation of flexible sheet metal
assemblies (Liu & Hu, 1995; Liu & Hu, 1997). Their work was focused on the effect of part
fixturing and order of assembly.

Merkley uses the assumptions of Francavilla and Zienkiewicz (Francavilla & Zienkiewicz,
1975) to linearize the elastic contact problem between mating flexible parts (Merkley, 1998).
Merkley derived a method for predicting the mean and the variance of assembly forces and
deformations due to assembling two flexible parts having surface variations. He describes
the need for a covariance matrix representing the interrelation of variations at neighboring
nodes in the finite element model. The interrelation is due to both surface continuity, which
Merkley calls geometric covariance, and elastic coupling, which he calls material covariance.
Merkley used random Bezier curves to describe surface variations and to calculate
geometric covariance. Bihlmaier presents a new method for deriving the covariance matrix
using spectral analysis techniques (Bihlmaier, 1999). The new method, called the Flexible
Assembly Spectral Tolerance Analysis method, or FASTA, also includes the effect of surface
variation wavelength on assemblies.

4. Computer Aided Tolerancing software

Today Computer Aided Tolerance (CAT) software is readily available for tolerance analysis
of rigid part assemblies, but even if these tools provide good results they have not been
widely used (Turner & Gangoiti, 1991; Chase et al., 1997b; Salomons et al., 1998; Prisco &
Giorleo, 2002). The CAT system known as CE/TOL® is based on the vector loop model. Many
commercial CAT software packages are based on the variational model, such as eM-TolMate
of UGS®, 3-DCS of Dimensional Control Systems®, VisVSA of UGS®. Commercial CATs are
not completely true to the GD&T standards and need improvement after a better
mathematical understanding of the geometric variations. The user needs expertise and great
experience combined with a through understanding of the packages’ theoretical base plus
modeling principles to build a valid model and obtain relatively accurate results. Computer
Aided Tolerance software efficiently deals with mechanical assemblies where the feature to
align are planes, hole-pin, but it hardly treats of free-form surfaces to connect.

A CAT software shares the same user interface and the same database of a CAD package;
the CAT information is stored within the CAD model with no need of translation.

The CAT software used in the following of this work is eM-TolMate of UGS® and, therefore,
further information about this package has been discussed in the following. EM-TolMate
involves the building of the model through the feature definition, the tolerance specification,
the assembly and the measurement definitions.

The feature definition process must be performed for each component of the final assembly
(there must be a separate CAD model for each component); it uses the existing CAD
geometry of the model to create its own features. Therefore, full associativity with CAD
entities is assured. The basic features supported in eM-TolMate are plane, pin (cylindrical,
tapered, threaded), hole, point, tab, slot, constant profile surface, constant cross section,
sphere, surface of revolution, general 3D surface. Edge features (for thin-walled parts) are
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also available. In many cases, the user needs to mathematically derive some feature from
existing features (e.g. line of intersection between a plane and a parallel cylinder, centroid of
several points or best fit line between several points).

The tolerance specification allows the user to define the dimensional or geometric tolerances
supported by the existing international standards of GD&T (ASME and ISO). There is no
limit on the number of tolerances applied to a feature. Diameter modifier and material
modifier (MMC and LMC) may be added to tolerances applied to a feature of size. Available
statistical distributions are normal (default), uniform, triangular, exponential, gamma,
Weibull, Laplace or Pearson distribution.

The assembly definition creates an empty CAD model which represents the assembly. The
sequence of assembly, represented by a tree structure, has to be defined by using the source
components into the correct position of the assembly tree. Afterwards the assembly
operations have to be specified by the selection of the mating features that are involved in
each operation. Except for the first component of the assembly, the assembly operation has
to be defined for each component which will be constrained to the target features of the
components inserted before it in the tree. The constraint scheme can be isostatic, but also
under or overconstrained.

The measurement definition specifies the geometric relationship that is to be put under
control in the assembly or in the single part. EM-TolMate supports various types of
measurements: linear distance, angle, clearance, virtual size.

The built model is simulated according to Monte Carlo technique in a statistical approach.
EM-TolMate determines simulation order for each feature on each component, the tolerance
priority order and the tolerance degree of control (i.e. the degrees of freedom constrained by
the tolerance on a feature). The system warns the user about any lack of completeness or
ambiguity in tolerancing scheme (e.g. loops, unreferenced datums). Based on this
information, eM-TolMate uses random numbers to create several sets of feature variations
from nominal geometry, according to the specified tolerances. The simulations (one for each
set of variations) proceed based on the mating features specified by the user and
components are assembled into position relative to each other. Finally, measurements of the
actual assembly are performed and the results are stored in memory. Worst-case limits can
be estimated when the sample size of simulations are big enough and setting the estimated
limits to “Actual”. To assure a high level of accuracy, a large number of simulations has to
be carried out.

The user performs the results analysis phase interactively after the simulations are finished.
There are two kinds of results: the variation analysis, which computes statistical parameters
and reports the overall variation range for each measurement, and the contributors analysis,
which determines the sources of variation and presents this information in a sorted list. The
user may view the results analysis on the screen or output the information to a file in
various file formats.

5. The proposed method

Concurrent Engineering imposes that the design of the manufacturing and the assembly
jigs, of the manufacturing and assembly cycles, be in the same time of the product design. In
fact, only the concurrent design of the final product, of the single components, of the
manufacturing processes and jigs, of the assembly cycle and jigs and of the inspection
procedures assures to achieve a high quality with the smallest costs.
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The proposed method adapts the steps of the tolerance analysis process suggested by the

eM-TolMate® package and described in the previous paragraph to the case of an assembly

involving non-rigid freeform surfaces in composite material. It is constituted by the
following 7 steps:

a. Verify the stiffness of the assembly components. Non-rigid parts may be subjected to
significant distortion after the removal of manufacturing forces. This condition, known
as free state variation, is principally due to weight and flexibility of the parts and the
release of internal stresses resulting from fabrication. This distortion is acceptable if the
part surfaces remain within the indicated tolerances, once the part is coupled to another
part of the final product by applying reasonable forces. Therefore, the first step of the
proposed method is to analyse the internal stress and the relative strain of each
assembly components due to the assembly sequence, since those components have
freeform surfaces of a small thickness in composite material. This means to simulate the
assembly configuration of each assembly components through a fixturing equipment on
a coordinate measuring machine and, then to measure the displacements from the
nominal configuration represented by the CAD model through an inspection process.
This is true if the effect of the inspection process on the measured deviation is indeed
non significant and this hypothesis needs to be verified. The displacements between
the real part and the nominal one, obtained in the inspection process, may be used as
input values for a structural numerical analysis with the objective to obtain the stress
and strain fields induced in the material when the part is assembled in the final
product. The numerical analysis may be carried out with a Finite Element Method®,
but before implementing the real case simulation, an assessment of the software
capability on composite material is required through a simple 2D case study. If the
results of the numerical analysis demonstrate that the deformations induced by the
assembly sequence are at least of an order of magnitude smaller than the applied
tolerances, the part may be considered rigid and the models or software of the
traditional tolerance analysis literature may be applied. In this way the complexity to
consider the compliant of the assembly components may be avoided.

b.  Design the measurements of the assembly. A first analysis of the assembly working allows
to identify all the functional requirements that the product should perform. This means
translating the functionality of the design assembly in all the couplings or kinematic
constraints among assembly components that are needed for the assembly to work
correctly. Then, the pairs of assembly components involved in each functional
requirements are defined. The features of each pair of components, that are involved in
each functional requirement, are identified and are generally assigned to them a set of
tolerances. Therefore, the functional requirements and the assembly constraints are
translated into measurement of the assembly, while the coupling parts and their feature
are passed to the following step of the method. A widespread measurement in
aeronautic field is the distribution of the minimum distances along two faced freeform
surfaces, e.g. when the adhesive thickness between the faced parts to connect should be
as constant as possible in order to obtain an efficient structural connection and to avoid
local compressions at the interface of faced parts due to strong reduction of thickness.
In this case it has been demonstrated that the minimum distance among the two
patterns of points, belonging to the two faced surfaces, calculated by projecting the
point to point distance along the direction perpendicular to the nominal surfaces is very
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near to the minimum distance and it is easy to calculate by eM-TolMate® (Polini et al.,
2007).

c.  Define the features of the assembly components, specify the tolerances and the related statistical
distribution. The features of the coupling parts of the assembly may be free-form
surfaces or basic surfaces. The free-form surfaces of each assembly components have to
be schematically represented by a set of control points. The number and distribution of
the control points depends by the slope of the free form surface. If two freeform
surfaces are faced, the pattern of control points of the second surface may be obtained
by intersecting the second surface with the pattern of vectors, that are normal to the
first surface in each control point. The tolerances applied to the freeform surface should
be applied to each control point defined on the surface. The basic surfaces are plane,
pin, hole, point, tab, slot, constant profile surface, constant cross section, sphere, surface
of revolution, general 3D surface, edge features and derived features. Dimensional
tolerancing is supported as +/- tolerances (symmetric or not, sizes or distance from an
origin feature) and for size tolerances of pins, holes, slots and tabs. Tolerance attributes
can be freely modified to reflect effectively the parameters of actual features. The most
common attribute is the tolerance probability density function for each tolerance
applied to each feature of the assembly component. The probability density function
depends by the manufacturing process of the feature and it is generally hardly to
estimate. Therefore, the default distribution is assumed to be the Gaussian, since it is
symmetric, it is simply to use and it is well known by the literature. However, it is
always to change it. Finally, it is needed to verify the datum reference frames (DRFs),
the assembly should have its DRF, that is generally considered “global”’; while each
component should have its DRF, that is considered “local”. Moreover, the elements
(planes, axes and so on) that constitute a local DRF should be easily identified,
manufactured with the design specifications and accessible for verification. The
elements of the local DRFs should be qualified by tolerances. The elements of the local
DRFs should be used to manufacture, to assembly and to control the assembly
components. These simple rules on the definition of the DRFs allow to obtain whose
components may be manufactured, assembled and controlled. Obviously, they have to
be applied by means of a concurrent approach that is implemented by a designer of
product, by a planner of manufacturing processes, by a designer of assembly cycles and
by a designer of inspection processes.

d. Design the assembly cycle and jigs. If required, the assembly jigs should be designed at
first. The assembly jigs should have a plane and two pins in order to locate and fix the
coupling component. The tooling hole (TH) system is the assembly system that is
widespread in aeronautic field and consists in jigs mated with the assembly
components by means of pins that are inserted into tooling holes (TH) located on the
assembly components. The tolerances of the TH are very critical, since they influence
the location and orientation among the different components of the assembly and,
therefore, the functional requirements of the assembly. Some suggestions to choice the
tolerances of a TH may be found in (Marziale & Polini, 2007).The positioning of a
component on its jig is made by the contact of two planar surfaces (one on the part and
one on the assembly jig) and the clearance fit between two Tooling Holes (positioned on
the part) with the corresponding pins (positioned on the assembly jig), as shown in Fig.
1. The position of the THs has an important role in order to limit the flag waving effect
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of the component as regards its assembly jig, since a small change in THs position cause
a great variation in the location and the orientation of the part on the corresponding jig
due to the large dimensions of the parts. Therefore, the distance among the tooling
holes must be as larger as the dimensions of the part increases, but this condition is
difficult to achieve in some practical cases. Another important consideration is that it is
preferred to position the THs out of the part shape, on appendixes that will be trimmed
once the part is assembled, in order to have lower production costs. Through these
considerations an assembly jig has to be designed for each part. Each assembly jig has a
set of tolerances, since it is realised by manufacturing processes.
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Fig. 1. Aircraft skin’s jig with tooling hole system

The design of the assembly cycle foresees as first step the location of each component on
its designed jig. Each component has micro-movements respect to its jig due to the
tolerances of the jig and of the component applied to the coupling system, i.e. to the TH
system. These micro-movements influence the positioning of the part and, therefore,
they have to be characterized by means of probability density function, such as done for
tolerances of the parts. The probability density function depends by the manufacturing
process of the jig and the component and by the assembly constraints. It is generally
hardly to estimate, since it should involve many experimental tests. The default
probability density function is the Gaussian. Therefore, each couple of components is
assembled by moving near the related jigs and, then, by putting the constrain elements,
such as adhesive, bolts or screws. In this way a sub-assembly more and more complex is
generated up to obtain the final product. The positioning of the components and,
therefore, the accuracy of the final product, depends by the stack-up function of
dimensions and tolerances belonging to the components and to the jigs.

Choose the simulation runs and carry out simulations. Monte Carlo simulation has been
used to reproduce the combined effect of all the assigned tolerances and the component
degrees of freedom respect the assembly jigs on the assembly functional requirements.
The assigned tolerances and the component degrees of freedom have been simulated by
means of the probability density functions assigned in the previous steps. The number
of runs of simulation has been fixed at the value for which the estimated mean and
standard deviation of the obtained probability density function of each functional
requirement achieve an asymptotic trend. A step by step procedure has been adopted to
evaluate the simulation runs, the starting value has been 10000 runs.
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f.  Analyse the results. During the assembly simulation, the results of the measurement
calculations are stored in memory. When the assembly simulation is finished, a table
containing all the measurement results remains in memory. These results may be
exported to make statistical analysis. It is possible to evaluate the distribution of the
results of each measurement and, therefore, to calculate the percentage of parts outside
the tolerance ranges. Another possibility is to evaluate the reasonable tolerance range to
assign to each measuring by starting from its estimated distribution in order to satisfy
the tolerance analysis. Finally, a sensitivity analysis may be carried out in order to
identify the tolerances mainly affecting each gap trend. The percentage weight of each
tolerance has been calculated by evaluating the variance of a measurement cror, when
all the tolerances are applied to assembly’s components, and the variance of the same
measurement cror-1i, once i-th tolerance is not applied to the assembly’s components:
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6. Application example

6.1 Case study

The proposed approach has been carried out considering as case study an aeronautical
component. This is a winch arm mounted on an helicopter (see Fig. 2). The winch arm is the
external unit that allows the helicopter to rescue people or things where it is impossible to
land through a rope lowered by an electrical motor.

The winch arm have a main arm and a head covered by three thin fairings.

On the main arm (the part with number 1 in Fig. 3a) are assembled two frames (the yellow
parts 5 and 6 in Fig. 3a) that are two cambered elements connecting and supporting all the
structure. The parts with number 5 and 6 in Fig. 3a are the forward and the after internal
frames that allow to mount the fairing covers of the head (parts 3 and 4 in Fig. 3a) of the
winch arm directly on its structural beam. Finally, the Mid Cowling (part 2 in Fig. 3a) is the
central exterior fairing that covers the head of the winch arm The part 7 in Fig. 3a is a cover
for the overhaul of the winch arm. All the components of the winch arm assembly are made
in carbon fiber composite material. Both of the frames are made with five layers of carbon
fibers imbued in a matrix of epoxy resin for a total stack thickness of 1,65 mm. The carbon
fibers are oriented in a + 45° alternated arrangement within a steel cast which reproduces
the part. After the stratification process, a curing process is carried out by autoclave with a
control of temperature and pressure. The obtained part has size of 300 mm x 400 mm x 500
mm.

The weight of each part is about 350g. Assembly operations among the parts are done using
of special grub screws that are inserted in the holes of each component. No adhesives or
resins are used to secure the surfaces, since a perfect adhesion is not required.

Even if the form of the frame may appear simple, the shapes of its surfaces aren’t regular.
The After Frame is coupled to a metallic part, called Box Support, that allows to fix the
engine of the winch arm (see Fig. 3b).

Each part has three datum planes as component references. Those planes are external to the
part geometry, as shown in Fig. 4 for the Mid Cowling (dimensions and tolerances are not
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reported in this chapter, since they are reserved). The nominal location and tolerances of
coupling holes are defined as regards to this external reference frame. Profile tolerances are
defined as general requirements for the whole assembly by the manufacturer. The value
declared is +0.75 mm. In this case form errors may have effect on the airflow around the
head of the winch arm.

Furthermore, the parts may have a significant geometric distortion after removal of the
forces applied during fabrication. This is a characteristic of composite laminates and occurs
as soon as the stratification cast is removed. This is due to its low thickness, weight,
flexibility and to the release of internal stresses resulting from the manufacturing processes.
When the manufacturing process is completed all the references to the nominal
configuration are lost. In order to re-obtain the nominal shape it is necessary to apply forces
able to win the elastic recovery of the part. This problem is present during the assembly of
the Mid Cowling with its mating components.

Further applications of the proposed method may be found in (Polini et al., 2007; Marziale &
Polini, 2008).

a b
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Fig. 3. a) Components of winch arm: 1-Hoist Mount, 2-Mid Cowling, 3-After Cowling, 4-
Forward Cowling, 5-Forward Frame, 6-After Frame, 7-Cover; b) Coupling of the After
Frame with the Box Support
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Fig. 4. Datum planes of the Mid Cowling

6.2 Verify the stiffness of the assembly components

For example the procedure has been applied to the Mid Cowling, but the same should be
applied to all the components of the winch arm. To be inspected, the Mid Cowling has to be
mounted on a fixturing equipment that reproduces its assembly positions, see Fig. 5.
Because it is joined to after and forward frames by means of special grub screws that are
inserted in each component holes, the fixturing equipment has to reproduce the position of
these coupling holes. Therefore, the fixturing equipment has to reproduce the three
reference planes A, B and C in Fig. 4. The part may be connected to the equipment through
pins with cone-shape heads that couple with the part holes and through blocking elements
such as c-shaped clamps and springs. The pins allow to accurately locate the part holes
inside the CMM working volume. Finally, to spatially orientate the elements of the
equipment, ball-and-socket joints may be used. All the details on the design of the fixturing
equipment may be found in (Ascione & Polini, 2010).

Fig. 5. Fixturing equipment of the Mid Cowling

Five different patches have been defined on the Mid Cowling (see Fig. 6). Each has been
measured by continuous scanning along path m/4 rad tilted. The distance between two
following scanning lines was set to 2 mm; thus, involving 10000 points acquired on each patch.
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Fig. 6. Detected scan patches; a)top view; b) front view
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The force of 0.1N applied by CMM probe to the non-rigid freeform surface of the Mid
Cowling does not produce a significant deformation. In fact, the maximum deviation is
equal to 0.35 pm as shown in (Moroni et al., 2007), while typical value of profile tolerance in
this kind of application is around 50 um.

The deviation along the normal curvature of the surface of the part was calculated for each
acquired point. The distribution of the deviations on the surface represents the overall error
of shape. Such a value may be seen as the sum of three different contributions; the first due
to component production process; the second due to the assemblage of the part and the
third due to the measuring procedure. The deviation was calculated for each acquired point
with Holos® measuring software.

The data analysis has been performed on each patch extracted from the Mid Cowling. From
the analysis of distance colour maps it is possible to observe that no systematic behaviour of
the deviations is present (see Fig. 7).

To estimate the repeatability of the measuring procedure, the scanning on the 5 patches was
repeated 5 times, maintaining the same Mid Cowling coupling position on the equipment.
Therefore, the inspecting procedure may be considered the only responsible of variability of
the measuring results. Then, the average deviation was calculated for each of the 50000
measuring points. Finally, the difference between each measurement point and the average
deviation was calculated. The values thus calculated were distributed according to a
Gaussian probability density function, as verified with the Anderson-Darling statistic test
(p-value > 0.1).

The value of the overall repeatability of the measuring process, that has been calculated as
the standard deviation of the sample of 250000 values, is equal to 8.5um . This value is very
small; this means to say that the effect of the inspection process on the measured deviation is
indeed non significant.

The idea introduced in this work is that the displacement between the real part and the
nominal one, obtained in the inspection process, may be used as input values for a structural
numerical analysis with the objective to obtain the stress and strain fields induced in the
material when the part is assembled in the final product. That is possible because the
measured field of displacement represent the real configuration of the component in its
assembly state. The inspection process simulate the assembly configuration of the real part;
therefore, the measured displacements are the differences from the real part, assembled on
the winch arm, and its nominal configuration represented by the CAD model. The measured
displacements have been used as loads applied on the components in its nominal
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configuration for the numerical simulation. In this way the results of the structural analysis
are characteristic values of the assembled parts, since the assembly process locks the
components of the assembly in the same way the assembly is bounded in the inspection
process and in the numerical simulation. The numerical analysis has been carried out with
the MSC_Patran/Nastran® software but, before implementing the real case simulation, an
assessment of its capability on composite material has been required to obtain a validation
of the results for our case. In this sense a matching procedure between experimental results
and numerical results on the same material in the same configuration has been necessary.
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Fig. 7. Chromatic mapping of the deviations between measured points and nominal
geometry

Having available experimental results for a tensile test on the composite material
constituting the Mid Cowling, the matching procedure has been carried out by simulating
the same test mean the numerical software and then comparing the obtained values with the
correspondents of experimental test. All the details of the tensile test are reported in
(Ascione & Polini, 2010). Fig. 8 shows in blue the stress-strain curve obtained from the
analysis for the first node of the mesh (the node at the intersection of the two plane of
symmetry) and in green the stress-strain curve for the experimental test. It is possible to see
that the results obtainable with the used numerical software on the considered material are
reliable.

The same procedure used to simulate the tensile test has been performed to model the Mid
Cowling. In Fig. 9 it is possible to see the finite element representation of the Mid Cowling,
where triangular shell elements have been used to replace the continuous geometry. In this
case triangular elements have been used, since this kind of elements is the best
approximation of the distribution of the displacements measured through the inspection
process. In Fig. 9 there are green and light blue elements, since the green elements represent
the part's geometry, while the light blue elements represent the points where the
displacement has been applied. Further details on the setting of the numerical analysis are
deeply described in (Ascione & Polini, 2010).

The results of this simulation have been the stress and strain fields induced in the Mid
Cowling subjected to the loads explained above. The strain field is showed in Fig. 10. The
values of the strain showed in these results are congruent as magnitude with those ones of
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the tensile test and with the values of the displacements imposed as loads. Therefore, it is
possible to consider the obtained values representative of the real state of the component in
its real configuration of assembly. The maximum value of the strain field is about 7.28 pm
that is very smaller than the applied tolerances. Therefore, the Mid Cowling may be
considered as a rigid part for the tolerance analysis.
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Fig. 8. Stress-strain diagram with green curve for the experimental test and with red curve
for the numerical results

Fig. 9. FEM model used to simulate the Mid Cowling
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Fig. 10. Strain field resulting from the FEM Analysis of the Mid-Cowling.

6.3 Design the measurements of the assembly

The effect of the deviations when the After Frame is positioned on the Hoist Mount and the
Box Support is positioned on the After Frame cause a change in the position of the Box
Support as regards the nominal one. Therefore, the axis of the engine of the winch arm, that
is positioned at the centre of the hole of the Box Support, may deviate from the nominal
position and this deviation may invalidate the right working of the engine. The evaluation
of the deviation of the axis of the engine from the nominal position is the first measurement
of the assembly. It has been evaluated on the plane of the coupling of the engine with the

Box Support along the two axes of the Datum Reference Frame of the Box Support (see Fig.
11).

Fig. 11. Datum Reference Frame of the Box Support



212 Advances in Composite Materials - Ecodesign and Analysis

The effect of the deviations, when the After Frame is positioned on the Hoist Mount and the
After Cowling is positioned on the After Frame, cause a change in the orientation of the
After Cowling as regards the nominal one. The aerodynamic drag of the After Cowling
depends by the angle of incidence the air rush on the Cowling itself. Therefore, the deviation
in the orientation of the After Cowling may invalidate the right working of the winch arm.
The evaluation of the deviation of the orientation of the After Cowling from the nominal is
the second measurement of the assembly. It has been evaluated as the two translational
motions of the centre of the ellipse along the two axis of the Datum Reference Frame of the
After Cowling and the three rotations of the axis of the Cowling as regards the nominal
position measured in the Datum Reference Frame of the After Cowling.

The same reasoning may be repeated for the Forward Cowling.

3D surfaces
axis tip

.~ Datum Reference Frame
axis

elipse’s centre
coupling holes +

Fig. 12. Features and Datum Reference Frame of the After Cowling

6.4 Define the features of the assembly components, specify the tolerances and the
related statistical distribution

The features of the Hoist Mount are the two planes and the two patterns of six holes that
allow to couple the part with the After and Forward Frame. The holes have a dimensional
tolerance of £0.25 mm. The Y-axis of the Datum Reference Frame passes from the centre of
the holes 1 and 2 of the pattern that allows to couple the After Frame, as shown in Fig. 13 on
the left. The Z-axis is perpendicular to the coupling plane with the After Frame and the X-
axis is perpendicular to ZY plane. The origin is in the centre of the hole 2 of the pattern
projected on the coupling plane.

o gt Patfgrr

AftFrame- HeistMount
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Fig. 13. Features and Datum Reference Frame of the Hoist Mount
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The features of the After Frame are the pattern 1 of six holes that couples the part with the
Hoist Mount and the pattern 2 of four holes that couples the part with the Box Support, as
shown in Fig. 14. The X-axis of the Datum Reference Frames is due to the intersection of the
two planes containing the two patterns. The Z-axis is perpendicular to the plane that
contains the pattern 1 and that mates the Hoist Mount. The Y-axis is perpendicular to ZY
plane. The origin is due to the intersection of the X-axis with the cylindrical surface on the
side of the After Frame. Moreover, there are two further patterns of six and eight holes on
the lateral cylindrical surface for the coupling with the Mid Cowling and the After Cowling
(see Fig. 15). All the holes have a dimensional tolerance of +0.25 mm. To the lateral
cylindrical surface a profile tolerance of 0.076 mm and a dimensional tolerance to the
thickness of £0.10 mm are applied, as shown in Fig. 16.

The same features and the same datum reference frame may be found in the Forward
Frame.

.
Pattern

i
Patterr | .

Fig. 15. Coupling of the After Frame with the After Cowling

The features of the Box Support are constituted by a pattern of four holes that allows to
couple the After Frame, the central hole where the axis of the engine of the winch arm is
fitted and the pattern of six holes that allows to fix the engine (see Fig. 11). The central hole
and the pattern of six holes lie on the same plane. The pattern of four holes lies on a plane
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that mates with the plane of the After Frame. The Z-axis of the Datum Reference Frame is
perpendicular to the plane where the central hole lies. The origin is the centre of the hole to
fit the engine. The X-axis connects the origin with the centre of one hole of the pattern to fix
the engine. The holes of the patterns have a dimensional tolerance of £0.25 mm.

The After Cowling is constituted by a cylindrical surface, that is signed in blue in Fig. 12,
where there is a pattern of eight holes for coupling it to the After Frame. To this surface a
profile tolerance of 0.076 mm is applied, while its thickness has a dimensional tolerance of
£0.10 mm (see Fig. 16). Moreover, it has an elliptical surface, that is signed in pink in Fig. 12,
with aerodynamic properties. The Datum Reference Frame is located in the centre of the
ellipse that generates the cylindrical surface for coupling with the After Frame. The Y-axis is
parallel to the largest axis and the X-axis is parallel to the smallest axis of the ellipse. The Z-
axis is perpendicular to YX plane with a positive orientation outside the material. The origin
is in the centre of the ellipse.

The same features and the same datum reference frame may be found in the Forward
Cowling.
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Fig. 16. Tolerances applied to the coupling surfaces of the After Frame and the After
Cowling

The applied tolerances have been considered distributed as a Gaussian probability density
function, whose parameters (mean and standard deviation) have been estimated as the
nominal value of the surface property and one third of the applied tolerance range
respectively.

6.5 Design the assembly cycle and jigs

After the curing process, the patterns of holes are manually made by means of a brace and
brit with the help of a mask that is placed on the part as guide. Therefore, the After Frame is
coupled with the Host Mount by means of special grub screws that are inserted in the holes
of each component, as shown in Fig. 17 on the left. No adhesives or resins are used to secure
the surfaces, since a perfect adhesion is not required. The Box Support is coupled to the
obtained sub-assembly, as shown in Figure 17 in the middle. Finally, the Frames (Forward
and Cowlings) are coupled, as shown in Fig. 17 in the middle and on the right. No jigs have
been used, since the assembly is small and it is manually caught.
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Box Support Assy Fwd Frame Assy

Fig. 17. Assembly cycle of the winch arm

6.6 Choose the simulation runs, carry out simulations and analyze the results

Monte Carlo simulation has allowed to perturb dimensions and geometry of the winch arm
components inside the tolerance ranges in order to give the statistical distribution of the
deviations of the axis of the engine and of the orientation of the After Cowling. Monte Carlo
simulation has been carried out by a well-known Computer Aided Tolerance software, eM-
Tolmate of UGS®. The number of runs of simulation has been fixed at 200000, once many
tests have been carried out, since this value guarantees a stable estimation of the mean and
the standard deviation of the probability distribution characterising the two measurements.
The deviation of the axis of the engine follows an estimated probability density function
near to Gaussian along the considered X and Y-axes, as shown in Fig. 18 and Fig. 19. The
estimated mean is equal to -0.0005 mm along the X-axis and 0.000 mm along the Y-axis,
while the estimated standard deviation is equal to 0.251 mm along the X-axis and 0.294 mm
along the Y-axis. Therefore, the axis of the engine may range between -0.88 mm and +0.88
mm (i.e. £30) that include 99.73% of the obtained Gaussian distribution. This range does not
significantly influence the right working of the engine.

The deviation of the orientation of the After Cowling has been evaluated as the three
translational motions (AX, AY and AZ) of the centre of the ellipse along the three axis of the
DREF of the After Cowling and the three rotations (Aa, Ap and Ay) of the axis of the Cowling
around the three axes of the DRF of the After Cowling. The three translations and the three
rotations follow an estimated probability density function that may be considered Gaussian,
as shown in Fig. 20 and in Fig. 21. Table 1 shows the mean and standard deviation that have
been estimated for the obtained probability density functions.

P £

| min=-0.784 mm | max= 0783 mm | J;ange= 1.568 mm |

Fig. 18. Probability density function of the deviation of the axis of the engine along the X-
axis of the DRF belonging to the Box Support



216 Advances in Composite Materials - Ecodesign and Analysis
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| min= -1.049 mm | max= 1.050 mm | range; 2.100 mm |

Fig. 19. Probability density function of the deviation of the axis of the engine along the Y-
axis of the DRF belonging to the Box Support

Fig. 20. Probability density function of the three translations motions of the centre of the

ellipse of the After Cowling along the three axes of its DRF: X-axis on the left, Y-axis in the
middle and z-axis on the right

Fig. 21. Probability density function of the three rotations of the axis of the After Cowling
around the three axes of its DRF: X-axis on the left, Y-axis in the middle and Z-axis on the
right

The obtained results underline that the After Cowling may significantly translate along the
largest axis of the ellipse (Y-axis) of about + 0.531 mm and along the axis perpendicular to
the plane of coupling of the After Cowling with the After Frame (Z-axis) of about + 0.709
mm, while the translation along the X-axis is negligible. Moreover, the After Cowling may
significantly rotate around the Z of about + 0.724 radiants, while the rotations around X and
Y axes are negligible. This is due to the coupling of the After Cowling with the After Frame
by means of the screws that get into the holes of the parts with a certain clearance.
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Measurements of the nominal standard
After Cowling value mean deviation (o) 3o
AX [mm] 0.0000 0.0001 0.0256 0.0768
AY [mm] 0.0000 -0.0007 0.1771 0.5313
AZ [mm] 0.0000 -0.0005 0.2364 0.7092
Aa [rad] 0.0000 0.0000 0.0010 0.0030
AP [rad] 0.0000 0.0000 0.0010 0.0030
Ay [rad] 0.0000 -0.0005 0.2414 0.7242

Table 1. Estimated parameters of the probability density function of the After Cowling

7. Conclusion

The present work deals with the tolerance analysis of freeform surfaces belonging to parts in
composite material and that may be non-rigid. This chapter presents a method to carry out
the tolerance analysis of an assembly involving free-form surfaces in composite material by
using a commercial CAT software. The great effort of the present work is overcome the
limits of the CAT software to deal with dimensional and geometric tolerances applied to
free form surfaces in composite material. The proposed method is constituted by seven
steps. The first one verifies the stiffness of the assembly components by means of Finite
Element Method® in order to evaluate the possibility to apply the tolerance analysis models
developed for rigid assemblies. The second step designs the measurements of the assembly;
the third defines the features of the assembly components; the fourth specifies the tolerances
and the related statistical distribution; the fifth designs the assembly cycle and jigs; the sixth
chooses the simulation runs and carry out simulations and the seventh analyses the results.
The method has been applied to the winch arm mounted on an helicopter. All the
components of the winch arm assembly are made in carbon fiber composite material.
Assembly operations among the parts are done through special screws that are inserted in
the holes of each component. No adhesives or resins are used to secure the surfaces, since a
perfect adhesion is not required. The method has allowed to verify some functional
requirements of the winch arm. In particular, it has verified that the applied tolerances do
not compromise significantly the assembly of the engine to rescue people or things.
Moreover, it has underlined the possible changes in the Cowlings” orientation and location
that may modify the aerodynamic performances of the winch arm.
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1. Introduction

The role of polymer composites in mechanical structures has been steadily increasing. The
key factor here is the coefficient of specific strength, i.e. a ratio of tensile strength to specific
gravity. As compared with metals, this coefficient assumes a high value for composites,
including the polymer ones. Other major factors determining the choice of materials are: the
product price, mass manufacturability, high strength and durability, corrosion resistance,
material production and machining energy consumption and a few more. Also the latter
criteria increasingly favour composites. Materials engineering as applied to composites
offers the possibility of creating entirely new materials and modifying the traditional
materials, which in both cases better meet designers” expectations.

The ever increasing popularity of composite structures is first of all due to the considerable
reduction in weight in comparison with metal structures, at a sufficiently high mechanical
durability. Nevertheless, the safety requirements require that the stress-strain state of
composite structure be monitored. Standard NDE methods such as radiography,
interferometric holography, ultrasonic scanning or visual inspection are usually not effective
in on-line monitoring. Even if they were used for periodic checks, they would not be able to
detect promptly defects critical to the condition of the monitored structure. Moreover,
conventional measurement devices, such as electrical resistance strain gauges, often get
damaged in adverse environmental conditions.

State-of-the-art measuring methods based on optical fibre technology are increasingly often
used to monitor the structural health of industrial objects. Optical fibre sensors have many
advantages over the conventional devices. The obvious one is that they can work at high
levels of electromagnetic interference and in other adverse conditions (high dust
concentration, high temperature, high pressure, significant deformations). Moreover, such
sensors are characterized by high (deformation and temperature) measuring sensitivity in a
wide measuring range. Owing to their small geometric dimensions and a relatively small
weight they can be installed inside a structure (e.g. by embedding them in the composite
material) or on its surface. Thanks to their high potential for multiplexing it is possible to
create a nervous system of the object being monitored, enabling health and damage
assessment. In addition, optical fibre based sensors ensure spark-proof safety which is an
important consideration for inflammable applications.
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Because of the wide range of problems connected with the measurement of mechanical
quantities in composites by means of optical fibre sensors it becomes necessary to
concentrate on major problems. The authors decided to focus on the structural health
monitoring (SHM) aspects for all kinds of composite structures. Solutions being mainly the
result of the authors” own research, with reference to the literature on the subject, will be
highlighted.

Considering the above, the objective is to present the fundamentals of the measurement

method based on optical fibre sensors as applied to:

- monitoring the behaviour of, among others, laminates and pultruded composites used
as reinforcement in building structures and aeronautical structures;

- measuring (static and cyclic) strains in Smart composites where strong magnetic fields
limit or exclude the use of other measuring techniques;

- monitoring the structural health of composite structures subjected to extreme strain,
such as composite pressure vessels for storing compressed hydrogen and methane car
fuels.

The focus is on the experimental aspect of measurements, and the numerical modelling of

composite materials and structures is deliberately neglected. However, one should note that

modelling plays an important role in many measurement situations (e.g. it is used to
determine the number and location of sensors, the theoretical state of strain on a meso- and
macroscale, the distribution of temperature, etc.).

2. Composite materials and importance of SHM

Currently most of the research and applications are concerned with composites whose
matrix is made of polymers, ceramic materials or metals (e.g. aluminium, titanium, nickel
and other alloys) and which are reinforced with glass or carbon fibres. Such composites
have found wide application in the manufacturing of fuselages and other structural
components of planes, gliders, space shuttles and rockets, car body components, fuel tanks,
yacht hulls and masts, wind turbine blades and domestic appliances components, in
medicine and in many other fields. Moreover, composites are used to reinforce the existing
building structures, including the historic ones (e.g. to preserve bridges, churches, etc., or to
increase their load-bearing capacity).

The percentage of composite materials used in high-tech applications increases every year,
causing a rise in the production of reinforcing fibres. It is estimated that the demand for
carbon fibres in 2018 will increase by about 275% (from 41240 to 113500 tons) as compared
with that in 2010, (Sloan, 2010). The highest increase in demand is forecasted for
applications connected with the wind power industry (700%), the storage of compressed
fuels (~410%) and the broadly understood aerospace industry (~220%).

The interest in composite materials is due to their very good mechanical (strength)
parameters and low specific gravity. Highly valuable is the possibility of creating a
composite with strictly defined parameters for a given structure. Moreover, increasingly
often various (mainly optical fibre based) sensors are incorporated into the structure of
composite materials. Thanks to this, different parameters (e.g. strain and temperature) can
be measured directly in the structure’s material. Another major advantage of optical fibre
sensors (OFS) is that they can be used to detect defects and their accumulations and to
determine the safe life of the material during its service. In recent years most of the research
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on OFS has been devoted to their use for the continuous monitoring of the structural health
of composite elements.

Novel structural health monitoring (SHM) systems for composite structures are currently
developed. Thanks to the use of measuring systems integrated with the structure the latter
can be optimally managed. Continuous monitoring enables the detection of hazards in the
structure, undetected by inspections or modelling. Consequently, the damaged components
can be promptly replaced whereby the safe service life can be extended. Moreover, thanks to
SHM systems the knowledge about structures and their behaviour in real conditions can be
improved whereby the next generation of such structures will be better designed.
Ultimately, the costs connected with building new structures will be lower and the safety,
reliability and life of the latter will increase (Glisic & Inaudi, 2007).

3. Optical fibre sensors and measuring technique fundamentals

Currently optical fibre sensors (OFS) are increasingly widely used to monitor the
mechanical properties of composite materials and structures in their operating conditions
where the reliability and safety of the structures (often working under extreme strains) is
critical. Typical applications of various OFS to condition monitoring are presented below.
Strain (displacement) and temperature are the main parameters which can be measured by
such techniques. On the basis of the measured strain and temperature one can estimate
other mechanical parameters, such as stress/strain distribution, force, pressure, curvature,
leakage and so on.

3.1 Fibre bragg gratings

Fibre Bragg gratings (FBG) are the most popular fibre based sensors. A Bragg grating is a
structure made inside the core of a single-mode optical fibre, characterized by periodical
changes in the value of the refractive index (Fig. 1). Due to the presence of such a modulated
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Fig. 1. Scheme of fibre Bragg grating principle of operation

structure inside the core of the optical fibre some of the optical radiation transmitted
through the latter is reflected from the grating structure while the remainder is propagated
without any loss (Yu & Yin, 2002). The wavelength reflected from the Bragg grating, the so-
called Bragg wave (Ag), is described by the relation:

AB=2"'Nefr* A @
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where: nes - the effective refractive index of the optical fibre core, A - a Bragg grating
constant.

Sensors bonded to the external surface of the monitored structure or located inside the
material are subject to deformations causing changes in the Bragg wavelength, which
becomes the touchstone for the measured deformations. It should be noted, however, that a
change in As in real measuring systems is the result of the simultaneous influence of
temperature and deformations, which can be measured in ranges: -270°C + 800°C and -3% +
3%, respectively.

3.2 Interferometric SOFO® sensors

Another type of OFS applicable to composite structures are interferometric sensors (i.e.
SOFO® sensors with long measuring arms). Interferometric optical fibre sensors are
characterized by the modulation of the light signal phase propagated in the measuring
system (Glisic & Inaudi, 2007). The measuring heads of SOFO® sensors, in the form of a
single-mode optical fibre, may attain from a few centimetres to a dozen or so meters and are
either integrated with the surface of the monitored object (e.g. by means of special tape -
SMARTape®) or located inside the monitored structure (e.g. in the case of tested vessels
they are buried in the composite). The sensors are designed to measure displacements
(deformations). The measurement consists in analyzing the difference in the phases of the
optical signals propagating in the two arms (the measuring arm and the reference arm) of
the Michelson interferometer (Fig. 2).
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Fig. 2. Scheme of Smartec SOFO® interferometric measuring system (Glisic & Inaudi, 2007)

The measuring arm is in direct contact with the examined structure. The reference arm is
separated mechanically from the monitored object, but it is still close enough for the
temperature of both arms to be the same. Thanks to this the influence of temperature
fluctuations on the measurement results is eliminated. The change in the phase of the light
wave is a result of the change in the length of the optical fibre constituting the measuring
head. Because of the interference of the two beams it is possible - through an analysis of
interference fringes - to quantitatively determine the deformation of the sensors and
consequently, the deformation of the monitored structure (Glisic & Inaudi, 2007). Since
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interferometric sensors belong to a group of sensors with long measuring arms (long-gage
sensors), the measured deformations are averages for the whole length of the sensor.

3.3 EFPI sensors

Extrinsic Fabry-Perot interferometric (EFPI) sensors are built from two optical fibres facing
each other, but with a small air gap (in the order of micrometers) between them, inside a
capillary. The working principle of EFPI sensors is based on multi-reflection Fabry-Perot
interference between optical signals reflected from air-glass interface mirrors (Leng &
Asundji, 2003). The scheme of the EFPI principle of operation is shown in Fig. 3.
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Fig. 3. Scheme of system based on extrinsic Fabry-Perot interferometric sensors

Changes in air gap length (L), which in fact are changes in sensor length, correspond to the
variation in the applied mechanical strain. They can be measured by demodulating the
interference signal, i.e. by means of coherent or low-coherent techniques (Glisic & Inaudi,
2007).

4. Selected applications of OFS to composite elements

There is a great variety of fibre-optic measuring methods which are used in the monitoring
of composite structures. Therefore in the literature survey the authors decided to focus on
the areas in which they have considerable achievements and experience. Among others, the
monitoring of laminates and pultruded composites, structural aircraft components, SMART
magnetic composites and composite pressure vessels for storing CH2 and CNG is discussed.

4.1 Reinforcing laminates and pultruded composites

Optical fibre sensors have found the widest application in the measurement of deformations

of all kinds of laminates and pultruded composites. This is owing to several advantages

which OFS have, such as:

- similar material properties of the sensor and the reinforcing material in the composite,

- OFS, even the ones complicated in shape, can be located directly in the material (sensor
small size and weight and measuring head flexibility),

- resistance to electromagnetic interference (the sensor is a dielectric),

- awide range of measured physical quantities and simultaneous measurement in many
points,

- resistance to environmental conditions.
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OFS, usually in the form of bare-fibre Bragg gratings or interferometric sensors, are located
directly between the successive layers of the laminate or are interwoven with reinforcement
bundles in the case of woven/drawn elements. Depending on the method of manufacturing
the composite and its end use, the sensor may be impregnated with resin during the
production of the material (“wet” methods such as pultrusion and winding) or later using
the vacuum method.
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Fig. 4. Scheme showing how local defects arise in composite laminates with embedded
optical fibre sensors (Balageas et al., 2006)

Nevertheless, one should also note potentially negative aspects which need to be taken into
account or eliminated (or their effect minimized). One of the drawbacks is the sensor size.
Even though the optical fibre diameter is relatively small (typically 125 pum), it is quite
considerable in comparison with that of the fibres used to reinforce the composite
(amounting to ~16 um for glass fibres and ~8 pm for carbon fibres) and with the thickness of
a single laminate layer. Thus by locating the optical fibre inside the composite one may
introduce areas of reinforcement discontinuity (Lee et al., 1995). These areas are excessively
filled with resin and are referred to as resin pockets or resin eyes (Fig. 4). The disturbances n
stress field distribution in the material may initiate delamination of the latter (Balageas et al.,
2006; Udd et al., 2005).

The size and shape of a local defect in the form a resin pocket depend on the orientation of
the optical fibre relative to the reinforcement fibres. The laminate’s mechanical parameters
are least affected when the sensor is laid along the direction of the reinforcement and most
affected when it is laid perpendicularly to the latter. If the sensor is laid parallel to the
reinforcing fibres and the two ends of the optical fibre are led outside the area of the sample,
the size of the additional defect in the laminate is close to zero (Balageas et al., 2000).
Another aspect which needs to be considered is the effect of the process of manufacture of
composite laminate on the measuring properties of the FBG sensors located inside it. In
(Kuang et al., 2001) the authors analyzed the spectrum reflected from the fibre Bragg grating
in the reference environment (outside the composite before installation), comparing it with
the response of a sensor embedded directly between the layers of the laminate. For some test
samples they found the spectrum reflected from the sensor to be distorted and widened.
This was due to the locally strong nonuniformity of the load acting on the sensor along its
whole length (7 mm). Such local nonuniformities in the distribution of the strain field
resulted mainly in an increase or decrease of the Bragg grating constant (A), which
manifested itself in the splitting of the single Bragg wave peak into several peaks. This
behaviour of the sensor was observed mainly for laminates consisting of several composite
layers laid at different angles relative to each other. In the case of unidirectional composites,
only a shift of the reflection (Bragg wave) spectrum towards lower values, due to the local
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compression or tension of the sensor as a result of the manufacturing process (e.g. resin
curing in elevated pressure and temperature conditions), was observed. The possibility of
fibre-optic monitoring of resin curing during the manufacture of high-strength laminates
was described by, among others, Leng in (Leng & Asundi, 2003). Thanks to the use of FBG
and EFPI sensors residual strains during curing can be determined and local material
defects in the form of delaminations can be detected. The quoted authors prepared samples
made up of 16 layers of carbon prepregs, between which optical fibre sensors were installed
along the direction in which the reinforcement had been laid. In addition, a Teflon disk 300
mm in diameter was placed in one of the samples to simulate a local delamination. In order
to harden them the samples were annealed at a temperature of up to 120°C. By analyzing
the signals received from the sensors installed in the samples with and without the defect
one could detect the local damage already during the curing process. It was also found that
residual strains after the curing of the samples are greater along the direction of
compression for the flawed sample. The difference between the signals received from the
EFPI and FBG sensors for the samples during curing amounted to 5-10% (Leng & Asundi,
2003). Then in order to determine their bending strength the samples were subjected to the
three-point bending test. The test results confirmed that the strength of the samples with the
designed flaw was lower than that of the samples without the flaw and that the artificially
introduced delamination reduced the stiffness of the structure (Leng & Asundi, 2003).

One of the main uses of laminates and pultruded composites is the reinforcement of the
existing structures or structures under construction. The strength and load-bearing capacity
of such structures as bridges, viaducts and buildings are commonly increased by
introducing (through bonding) additional reinforcement made of materials characterized by
high tensile strength and stiffness (e.g. laminates or pultruded composites in the form of
strip or mat) glued to the surface of the structure being reinforced. Thanks to its relatively
little weight the reinforcement does not additionally weight down the structure.

But composite reinforcements have drawbacks - they tend to creep and are brittle. For this
reason research is underway aimed at the detection and control of internal material defects
at the early stage in their development (Majumder et al., 2008). For example, a method of
manufacturing glass fibre reinforced composites (GFRC) and carbon fibre reinforced
composites (CFRC) through pultrusion with FBG and EFPI sensors located inside is
presented in (Kalamkarov et al., 1999). The quasi-static and cyclic test measurement results
received from the optical fibre sensors for the tested samples were in agreement with the
results obtained from extensometric measurements. Moreover, it was shown that optical
fibres with polymer cladding are characterized by better parameters of the sensor/material
bond. Sensors in acrylic cladding tended to separate from the laminate and could not be
used in composites which required manufacturing processes conducted at a temperature of
above 85°C. In the case of the sensors in the polymer cladding the allowable temperatures
were as high as 385°C (Kalamkarov et al., 1999).

The use FBG sensors located in pultruded epoxy-glass (GFRP-OFBG) and epoxy-carbon
CFRP-OFBG) composites designed for reinforcing concrete beams is described in (Zhou et
al., 2003). The composite elements prepared in this way were cast in concrete, cured and
subjected to three-point bending. The FBG sensors registered the strains of the composite
rods in a range of up to 200 microstrains (with an accuracy of 1+2 pe), registered the
cracking of the concrete layer and informed about the slipping out of the reinforcements
from the concrete. The authors showed that pultruded composite rods (with incorporated
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sensors) can be used both as elements increasing the load-bearing capacity of a structure
(reinforcing the latter) and as measuring heads integrated directly with the monitored
element.
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Fig. 5. Tested beams with composite reinforcements: (a) laboratory made in IMSAM (1) and
by Polish Bridges company (2), and (b) characteristics registered by respectively

microbending sensor and FBG sensor for beam with commercial composite reinforcement
(Btazejewski et al., 2007)

Above one can find exemplary results of investigations into the monitoring of composite
reinforcements of engineering structures, carried out by the present authors. Composite
reinforcements, in the form of pultruded CFRC and GFRC strips, were glued to the tested
concrete beams. Besides the reinforcements, two types of optical fibre sensors, i.e. FBG
sensors and amplitude microbending measuring heads, were employed. Figure 5a shows
two tested concrete beams with composite reinforcements (made in the laboratory in the
Institute of Materials Science and Applied Mechanics (IMSAM) at Wroctaw University of
Technology and by the Polish Bridges (PB) company) and embedded optical fibre sensors.
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During three-point bending in an MTS810 strength tester the following were registered as a
function of time: the force, the strain (measured by the FBG sensors) and the change in
optical power (registered by the microbending head).

a)

&
o
H
&4

Foice [kM]

Fig. 6. Four-point bending of steel beam reinforced with unidirectional carbon-epoxy
composite with integrated FBG sensors (a) and comparison of measurement results for
different reinforcements (b)

Figure 5b shows exemplary measurement results for the microbending sensor and the FBG
sensor, as a function of the force applied to the tested concrete beam with the Polish Bridges
reinforcements. Similar measurements were carried out for concrete beams without
reinforcement and with the laboratory made glass composite and carbon composite
reinforcements. On this basis the effect of the type of reinforcement on the strength of the
concrete beams was determined. The tests confirmed the suitability of optical fibre sensors
for the testing of engineering structures reinforced with elements made of composite
materials (Blazejewski et al., 2007).

Then tests were carried out for two types of reinforcement (pultruded carbon/glass
reinforcement) with integrated FBG sensors, designed to increase the load-bearing capacity
of steel frame structures. The reinforcement together with the sensor was glued to the
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beam’s (tensioned) bottom. An additional reference (FBG) sensor was installed on the top
(compressed) side. The reinforced beams were subjected to the static four-point bending test
during which the force and the strain in two areas were registered.

The measurement results are presented in Fig. 6b. An additional measurement was
performed on a steel beam without any reinforcements to determine the effect of the
composite of the structure. It was found that the reinforcements applied made the beam
stiffer whereby its load-bearing capacity increased as manifested by lower strains in
comparison the beam without reinforcements under the same static load. Thanks to the
reinforcement the elastic range of the whole beam increased (up to about 20 kN). In the
strain-force diagram for the beam with glass reinforcement one can see local jumps in the
registered strain values (at ~20.2 kN, 26.4 kN and 43 kN), indicating that the reinforcement
locally gets unstuck from the structure. In the sample, this manifested itself in local
whitening of the composite.

4.2 Aerospace structural components

Owing to their excellent mechanical properties, particularly high strength and stiffness,
composite components are increasingly used in aerospace structures. Modern planes (e.g.
Boeing B787) include many subassemblies made from composite materials, especially
carbon fibre reinforced composites (CFRC). Their (volumetric) percentage in the total
aircraft parts is as high as 80%, which amounts to 50% of the ready aircraft weight.
However, the development of defects in composite materials is much more complicated
than in metallic materials and it is still not fully explored (Diamanti et al., 2002). For this
reason, in recent years much research has been devoted to structural health monitoring
(SHM), also of aerospace structural components, by means of fibre-optic measuring
techniques. The research projects are aimed at developing systems for monitoring aerospace
structures not only during their everyday operation, but also during the processes of
production (e.g. pressure and vacuum forming, resin impregnation and curing, machining,
assembly, etc.) of the particular composite components.

In (Takahashi et al., 2010) the authors describe a method of developing a system for the
continuous monitoring of the composite parts of the plane’s fuselage (a partition with
reinforcements) through a system controlling the state (distribution) of strain on its surface
during the entire production stage and service life. The developed system was based on
Bragg gratings integrated with the structure of a CFRC reinforced composite. Through the
measurement of local strains the system can detect and locate defects and other damage
arising in the structure’s material. The authors also showed that it was possible to measure
the strain of composite samples in the course of the whole process of pressure forming and
described its effect on the tested object. In order to determine the optimum location of point
FBG sensors on the reinforced composite partition a numerical FE model was created and
loaded on its outer surface with a pressure corresponding to the maximum design pressure.

Two types of defects: reinforcement separation and local impact into the partition resulting
in the delamination of the composite were implemented in the virtual model. Thanks to this
it became possible to determine the optimum distance between FBG sensors, ensuring
detection of defects in any area of the investigated object. It was estimated that the
intersensor distance for sensors with a sensitivity of 10 pe, installed on the reinforcements
should not exceed 100 mm. In the case of the sensors controlling the surface of the partition,
one FBG grating is capable of detecting a defect within an area 300 mm in diameter.
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A major problem which designers of systems for continuous structural health monitoring
encounter is the location of measuring transducers and their optimization with regard to
the number of measuring points. The constraints put on the number of sensors are aimed
at reducing the measuring system costs (e.g. costs of sensors, instrumentation, measuring
units, system installation). They are also dictated by difficulties with the on-line
processing of large quantities of measurement information. A large number of sensors
does not always guarantee system reliability. Proper software with implemented data
processing algorithms, capable of keeping the user informed about potential risks, is also
needed.

Besides research on optimizing the arrangement and number of sensors (e.g. through
numerical modelling and the hybrid (model + experiment) approach), purely experimental
research on implementing the very wide networks of sensors (comprising a few thousand
and more sensors) is being conducted. The aim is to create SHM systems which, similarly as
the human nervous system (nerves/sensors, the brain/the information processing unit),
enable the monitoring of entire engineering structures (Balageas et al., 2001).

Exemplary research on implementing an SHM system comprising a large number of sensors
is presented in the paper (Childers et al., 2001). The authors describe a measuring system
consisting of 3000 measuring points based on fibre Bragg gratings, for monitoring the strain
of a transport plane wing. Static tests on 12 m long composite wing made of carbon-epoxy
composite with Kevlar inserts were carried out. A system consisting of 466 foil strain gauges
was used as the reference. A novel system for handling many FBG sensors in a single fibre
had been specially designed for the tests. The system is based on the optical frequency
domain technique (OFDR) and is capable of simultaneously reading signals from 4
measuring heads. Each of the heads is 8 m long and contains 800 sensors spaced at every 10
mm.

The results obtained from the two different measuring systems were very similar. Moreover,
it was found that thanks to the use of the fibre-optic system the total weight of the
measuring system could be considerably reduced and at the same the number of measuring
points could be increased. As a result, the behaviour of the structure under real loads could
be more accurately represented. In addition, owing to the small number of cables the system
based on Bragg gratings turned out to be much easier to install than the strain gauge system
(Childers et al., 2001).

4.3 SMART magnetic composite elements

SMART magnetic materials (SMM) are active materials which in recent years have been
increasingly often and wider used in the aerospace industry, the navy, the car industry, civil
engineering and in many other fields (Schwartz, 2002). The so-called giant magnetostrictive
materials (GMMs) form a major subgroup in SMM. They enable the conversion of magnetic
energy into mechanical energy and vice versa with high efficiency. A typical representative
of GMM:s is Terfenol-D which offers many advantages but its low tensile strength and the
occurrence of high eddy currents detract from them. Attempts are made to eliminate the
drawbacks by creating composites. For several years now research projects, e.g. (Kaleta et
al., 2009; Gasior et al., 2009; Yin Lo et al, 2006), targeted at creating magnetostrictive
materials capable of assuming the form of, e.g., rods or laminates and effectively replacing
solid Terfenol-D, have been conducted. Such composites offer the possibility of new
applications, in e.g. SHM (tagging).
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Fig. 7. Composite sample containing powdered Terfenol-D, with installed fibre-optic sensor
and test stand for magnetostrictive composites (a) and exemplary change in longitudinal

magnetostriction under influence of applied magnetic field for different composite and solid
samples, registered by FBG sensor (b) (Kaleta et al., 2009)

Monolithic (solid) GMMs and composites incorporating them are tested mainly with regard
to their magnetic properties. The parameters describing these properties are
magnetostriction (the deformation of a ferromagnetic under the influence of an external
magnetic field) or the opposite effect (the Villary effect). In both cases, the conventional
methods of measuring strains (e.g. by means of extensometers or strain gauges) are
practically inapplicable since GMMs are inside coils (or even constitute their core) and the
sharp fluctuations in E-M fields there disturb the measurement.

For this reason, optical fibre sensors are an ideal solution for measuring the mechanical
parameters of magnetic materials (including GMMSs). Owing to their dielectric nature they

are resistant to all electromagnetic interferences and in addition, enable strain registration
with an accuracy as high as 1 pe.
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In (Kaleta et al., 2009; Gasior et al., 2009) the authors used FBG sensors to measure the
deformation of solid Terfenol-D rods and composite rods based on epoxy resin and
powdered Terfenol-D. The fibre-optic sensors were installed on the surface of the samples
(Fig. 7a) in the longitudinal and circumferential directions whereby magnetostriction could
be measured in two directions. During the bonding of the sensors to the samples the latter
were prestressed. As a result, strains could be measured under both compression and
tension. This is important since in order to obtain optimum operating conditions for these
composites they need to be prestressed (Kaleta et al., 2009).

The aim of the static tests described in the above papers was to determine the magneto-
mechanical properties of rods made of GMM composites and solid Terfenol-D. Their
magnetostriction was determined depending on the percentage of the magnetic phase in the
material (Fig. 7b). The test results showed that although the magnetostriction is three times
lower in comparison with that of the solid material, it is about 30 times higher than that of
nickel (the reference material). But the influence of eddy currents was eliminated and the
tensile strength increased (Kaleta et al., 2009).

4.4 Composite pressure vessels

Today composite pressure vessels are used in many fields, such as: the car industry, the
aerospace industry, rescue services, etc. They owe their popularity to the considerable
reduction in the weight of the vessel in comparison with steel vessels, and to their high
mechanical strength. Also their excellent resistance to corrosion is not without significance.
In order to illustrate the subject, a case of a composite hydrogen vessels is presented below.
The use of hydrogen to feed fuel cells and for combustion in conventional engines requires a
safe and expensive fuelling method. Storing hydrogen in pressure vessels of the CH2
(compressed hydrogen) type has become the predominant technology, especially in cars.
The latest (4th generation) designs are pressure vessels with a nominal working pressure
(NWP) of 70 MPa. The weight of the vessel itself should be low enough in order for the
latter to be installed in a car without the necessity to reduce the boot space. For this reason,
wholly composite vessels (Fig. 8) must be installed. The load-bearing wrapping of such a
vessel is made from high-strength carbon fibres (CFRC) while the liner (ensuring tightness)
is made of high-quality plastics. The burst test pressure (BTP) at a safety factor of 2.35 (for
CFRC) has to be above 164.5 MPa. In the case of glass composites (GFRC) the safety factor
increases to 3.65 whereby BTP is higher.

b)

Fig. 8. Examples of pressure vessels for storing CNG and CH2: of type 2 (a) and type 4 (b),
(Btazejewski et al., 2007)
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Because of the stringent requirements the CH2 vessel is an integrated high-tech product
which can withstand extreme strains, and all its building components, i.e. the materials, the
calculations, the design, the lining and wrapping technologies and the test methods,
represent the cutting edge of research and engineering. The problem of SHM for such a
vessel is discussed below. The discussion is based on the present authors’” experience gained
in carrying out research projects, among others, within the 6th EU Framework Program
(Storage of Hydrogen - StorHy) and the 7th UE FP (Integrated GAS Powertrain - InGas).
The combination of the highly-strained composite load-bearing structure of the vessel and
the hazardous substance (which compressed hydrogen fuel is) necessitates the monitoring
of the structural health of such objects. It is estimated that the danger area in the case of
explosion of a full car methane tank is 250 m large in diameter and in the case of hydrogen it
may be as large as 1000 m in diameter (Mair, 2007). Therefore it is of critical importance to
ensure operational safety over the entire ten-year service life.

At the moment the standards require that pressure vessels be subjected to routine tests
certifying them fit for further use, but it is not necessary to permanently install SHM
systems. Because of such regulations pressure vessel manufacturers prefer to increase the
amount of the material reinforcing the structure to increase its safety than to optimize the
the vessel design. This leads to higher production costs and a higher final product price.
However, currently efforts are made, e.g. (Sulatisky et al., 2010), to exert pressure on the
legislative bodies to introduce regulations reducing the current high safety factors for the
manufacture of pressure vessels when a continuous structural health monitoring is
employed. As already mentioned, standard NDE methods are not suitable for the on-line
monitoring of such objects and can be used only for periodic inspections (Foedinger et al.,
1999; Degrieck et al,, 2001). A system of sensors should ensure the assessment of the
technical condition of the high-pressure cylinder during both its production and (above all)
its long use.

The research in this field, e.g. (Foedinger et al., 1999; Degrieck et al., 2001; Kang et al., 2006;
Hernéndez-Moreno et al., 2009; Sulatisky et al., 2010; Blazejewski et al., 2010; Glisic &
Inaudi, 2004; Frias et al., 2010), shows that the best of the offered solutions is to use optical
fibre sensors for this purpose, since they are characterized by resistance to electromagnetic
interference, non-sparking safety, ease of integration with the structure of the composite
material and high sensitivity in a wide measuring range. Such sensors, permanently
installed on the surface of the vessel or incorporated into the structure of the composite
material, enable the continuous monitoring of the structure’s technical condition over its
whole service life.

In one of the first works (Foedinger et al., 1999) dealing with the application of optical fibre
sensors to the monitoring of the structural health of standard testing and evaluation bottles
(STEBs), the authors used FBG sensors which were integrated with the composite load-
bearing layer as it was being wound during its manufacturing. The sensors were to measure
the strain and temperature of the vessel during the curing of the epoxy resin and quasi-static
pressure tests. A micrographic analysis of the cross sections of the composite load-bearing
shell containing the optical fibre was carried out and showed good interaction between the
two as well as no defects in the areas incorporating the sensors. The latter were located in
several areas of the pressure vessel, e.g. in its cylindrical part and in its bottoms. Each time
they were positioned in the direction consistent with the direction of the reinforcement,
which means that they were wound at different angles to the principal axis of the vessel. In
addition, resistance strain gauges and thermocouples were employed as the reference
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sensors. The strain gauges were installed on the vessel’s outer surface (after resin curing) in
the neighbourhood of the fibre Bragg gratings. The investigations showed good agreement
between the sensor measurement results and the strain gauge measurement results
(depending on the winding direction and the location, the difference between the FBG
sensor results and the strain gauge results ranged from 1.2% to 24%) and the numerical FE
model results.

In (Degrieck et al., 2001), the authors investigated the possibility of using fibre Bragg
gratings to monitor the strains of components made of composite materials, including
laminates and pressure vessels made by winding. The research was carried out in several
stages. First tensile tests and temperature tests were carried out on a bare optical fibre with
an FBG sensor. Then carbon-epoxy laminate with a fibre Bragg grating placed between the
layers was made. The laminate was subjected to the static three-point bending test. Finally, a
pressure vessel was made by winding a glass fibre, in which an optical fibre together with a
Bragg grating was wound (in the circumferential direction) with the final reinforcement
layer, parallel to the latter. The vessel was then subjected to tests. In the first test it was
statically loaded with an internal pressure of 0-16 bar and then cyclically with 0-3 bar. In
both tests a change in pressure resulted in a shift of the Bragg wave reflected from the
sensor incorporated into the structure of the composite load-bearing layer. It was found that
being located directly in the material structure, FBG sensors are ideal for measuring strains
in composite materials and in addition, they represent a promising technique for
nondestructive testing and evaluating the structural health of composite elements (Degrieck
etal., 2001).

The suitability of optical fibre (FBG) sensors for monitoring composite pressure vessels,
especially taking into account the possibility of integrating such sensors with the load-
bearing layer during the manufacture of vessels by winding, is the subject of the paper
(Kang et al., 2006). The authors describe the difficulties they encountered while embedding
measuring heads (made by welding FBG sensor together) in a composite material. Only one
of the four measuring heads in a pressure vessel with the sensors prepared in this way
survived the manufacturing process (winding and high-temperature curing). It turned out
that because of their low resistance to lateral stresses in the weld, the welded fibres are
poorly resistant to the conditions prevailing during vessel manufacturing whereby the risk
of optical fibre damage during reinforcement winding increases considerably. Measuring
heads consisting of several sensors produced directly in one optical fibre segment
additionally coated with a thin protective layer proved to be much better. In the latter case,
the percentage of sensors which after the vessel manufacturing process were still fit for
measurements increased to ~79% (11 out of the 14 sensors were available). By comparing the
reflection spectrum for the pressure vessel before annealing with the spectrum for the ready
vessel one could determine the local residual strain. In all the measuring points local
compression amounting to several hundred microstrains (ue) was registered, but the strains
at the vessel bottoms were relatively larger (Kang et al., 2006).

Then the vessel was subjected to the pressure test until failure. For reference purposes,
strain gauges were installed on the vessel’s surface. The gauges were damaged before the
vessel burst. The maximum registered strains amounted to 0.95% for the pressure of 2900
psi (~200 bar). Also the splitting of the Bragg wave into several peaks was observed -
probably due to the displacement of a sensor relative to its optimal position fixed during
winding (the sensor was not situated parallel to the reinforcement fibres), (Kang et al,,
2006).
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The reliability and safety of composite vessels with an integrated SHM system is also the
subject of the research conducted by Hao and others (Hao et al., 2007). They proposed to
create a system which would monitor the circumferential and longitudinal strain of a tested
vessel made of glass-epoxy composite, by means of three FBG sensors installed on its
surface. In addition the authors used two strain gauges to locally measure strains in the
circumferential and longitudinal directions. The tested vessel (with a 3.2 mm thick load-
bearing wall) was statically loaded with a pressure of 0-200 bar. The obtained measurement
results showed good convergence for the strains registered in the longitudinal direction,
particularly in a low pressure range (up to 8 bars), and large scatters for the circumferential
strains. The differences between the FBG sensors and the strain gauges amounted to as
much as 60%, even though they were separated by a distance of maximum 12 mm.
According to the quoted authors this is due to the different distances of the sensors from the
defect around which the vessel burst (Hao et al., 2007).

The use of fibre Bragg gratings for the monitoring of the state of stress of a composite
pressure vessel was also the subject of research carried out by Frias and others (Frias et al.,
2010). In their paper the authors describe a measuring system based on six FBG sensors and
two piezoelectric polyvinlyidene fluoride (PVTF) sensors, integrated with the composite
vessel structure. The sensors were located between the steel liner and the load-bearing layer
made of glass fibre in thermoplastic resin. The liner was made by welding the two bottoms
and the circumferential FBG sensors were located in the direct vicinity of the weld. The
other sensors (two Bragg gratings and two piezoelectric sensors) were located in the
cylindrical part, and registered longitudinal strains. The vessel was subjected to cyclic
testing within which 9 test series with 30 cycles in each were carried out. The upper cycling
pressure amounted to 5-40 bar with a 5 bar step in the successive series. The test results
showed good convergence for the different measuring systems. Moreover, the liner in the
weld region was found to plasticize quickly under the cyclic loading, as indicated by the
circumferential FBG sensors. The latter showed that the vessel behaved nonlinearly in the
circumferential direction in the weld area and linearly in the longitudinal direction outside
this area (Frias et al., 2010).

Glisic and his co-workers in (Glisic & Inaudi, 2004) presented the application possibilities of
a system for monitoring the structural health of 4th-type composite (the so-called full
composite, a polymer liner and carbon-epoxy reinforcement) pressure vessels for storing
compressed methane in cars, with a nominal working pressure of 350 bar. The proposed
measuring system is based on interferometric SOFO® sensors. The latter are characterized
by relatively long measuring arms which average the measured strain over their length. The
aim of the research carried out within the EU ZEM Project (the 5th EU Framework Program)
was to develop a topology of sensors distribution on a vessel, and a proper algorithm
analyzing the measurement data, enabling the detection of local defects which could
endanger the safety of the users (Glisic & Inaudi, 2004).

SMARTape® sensors were integrated with the vessel structure and located between the last
carbon fibre layer and the first glass fibre layer. The interferometric SOFO® sensors
measured strains in the longitudinal direction (four sensors spaced at every 90° on the
circumference) and in the circumferential (helical) direction (2 sensors with opposite lead
angles).

Glisic and Inaudi proposed an algorithm (a monitoring strategy) for measurement data
analysis which made it possible to detect different anomalous behaviours of the vessel and
defects arising in its structure. It was assumed that in the case of damage the vessel would
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become more deformable (under a constant pressure), which meant that the slope of the
strain-pressure line would change. It was also assumed that a local defect could result in
local deformations (e.g. ovalization, bending) of the vessel, which would be registered by
pairs of SOFO® sensors distributed symmetrically on its surface. Thanks to the latter
assumption the correlation of measurements between selected sensors could be analyzed. In
the case of a defect, the linear dependence between the strains registered by one sensor and
the ones registered by another sensor will be disturbed and will change (Glisic & Inaudi,
2004).

In order to prove the above assumptions a series of static and quasi-static tests were carried
out on new pressure vessels and vessels with designed flaws (cuts differing in their
geometrical dimensions and delaminations), subjected to a pressure of 0-350 bar. The
authors of (Glisic & Inaudi, 2004) show that an increase in such parameters as deformability
or the relative compliance coefficient and a change in the reciprocal linear dependence
between the particular sensors are indications of vessel damage.

5. Structural health monitoring of composite pressure vessels

5.1 Concept of composite pressure vessel monitoring system

The on-line monitoring of a pressure vessel is not limited to only the measurement of the
mechanical parameters (e.g. strain fields) of its composite load-bearing layer. In order to
determine the vessel’s structural health and to detect critical defects which may pose a risk
to the safety of the users it is necessary to employ proper algorithms to analyze the acquired
measurement data. An ideal solution to this problem is a hybrid method in which the
acquired measurement data are compared with the numerical model of the monitored
object. Moreover, a good numerical model should indicate the primary sensor locations to
be taken into account when installing sensors. However, this approach is not always
possible, usually due to the lack of sufficient information needed to create a reliable
numerical model of the investigated object. In addition, the use of the hybrid method
necessitates the use of separate numerical models for each type of vessel. Any change in the
design must be properly taken into account in the modelling process.

In the case of pressure vessels for which there is no precise information on the geometry of
the load-bearing wrapping or the materials used, the present authors proposed to use a
method consisting in analyzing local changes in the strain field (measured in many places)
during the service life of the vessel and comparing them for particular pressure values. Any
deviations from the assumed uniform strain field distribution in the vessel’s cylindrical part
indicate its potential damage (Btazejewski et al., 2008).

In order to create a fully functional system of monitoring the structural health of
composite pressure vessels a special coefficient called ABS (absolute value) was calculated
and compared with the threshold value. The ABS coefficient value was calculated as the
absolute value of the difference between the coefficients of the directional strain-pressure
lines for the successive vessel stress cycles. In addition, in order to locate possible defects
the ABS coefficient values were compared between the particular measuring points
(sensors). For a pressure vessel with no defects the dependencies between the particular
sensors should be the same or very similar (considering the uniform state of stress in the
load-bearing layer). When damage (e.g. a delamination or a crack) arises, the strain field is
no longer uniform and the dependencies between the sensors are disturbed (Blazejewski
et al., 2010).
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5.2 Cyclic tests of pressure vessels

A pressure vessel with a steel liner, for storing hydrogen was subjected to cyclic tests at
room temperature in accordance with the Draft ECE Compressed Gaseous Hydrogen
Regulation, 2003. The vessel was loaded with pressures in the maximum range of 20-875 bar
on a test rig in the Institute of Materials Science and Applied Mechanics at Wroclaw
University of Technology.
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Fig. 9. Hoop strain characteristic registered by fibre Bragg gratings in different places of
vessel (a) and Bragg wave shift registered by sensor FBG1 for different internal pressures (b)
(Btazejewski et al., 2007)

Optical fibre sensors (FBG) for local strain measurement were used for the monitoring of the
structural health of the vessel. In addition, acoustic emission sensors were employed for
reference measurement purposes (Blazejewski et al., 2007). In the course of the basic tests
(20-875 bar) about 700 cycles simulating vessel operation (filling-emptying) were carried
out. The diagram in Fig. 9 shows exemplary vessel hoop strains registered by sensors: FBG1,
FBG2 and FBG3 during cycle loading and the variation in the length of the Bragg wave
registered by the FBG1 sensor in a pressure range of 0-875 bar. It should be noted that the
vessel’s circumferential strains for the pressure of 875 bar are relatively high (ranging from
~4000 to 4500 pe depending on the type of sensor), (Gasior et al., 2007).

Figure 10 shows the maximum strains (at internal pressure Prn.x=875 bar) registered by the
FBG sensors installed in the circumferential direction, versus the number of vessel loading
cycles. It should be noted that an increase in the number of cycles results in a local increase
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in registered strain values (enlarged fragment A in Fig. 10) leading to the failure of the
vessel. This is due to the fatigue (cyclic softening) of the steel from which the liner was
made. The bursting of the vessel was preceded by rapid increase in locally registered
circumferential strains (enlarged fragment B in Fig. 10). By analyzing the slope of the strain-
number of cycles curve in its linear region one can determine how long the vessel can safely
remain in service, i.e. predict its life. This is particularly important in the case when pressure
vessels are to stay in service for many years.
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Fig. 10. Maximum circumferential strain (for P = 875 bar) versus number of vessel loading
cycles and close-ups of marked areas, (Blazejewski et al., 2007)

Figure 11 shows signals registered by the particular sensors (the circumferential FBG
sensors, the strain gauges and the acoustic emission sensors) at the moment of failure of the
vessel (the broken line in Fig. 11). It is apparent that the failure was preceded by the
previously mentioned rapid increase in strains (in the order of 1500 + 3000 pe depending on
the sensor and its distance from the defect) registered in the circumferential direction.
Moreover, there is good correlation between the measured changes in the strain field on the
vessel’s outer surface and the acoustic signals registered by the AE sensors. At the moment
of failure a considerable increase in the root mean square (RMS) acoustic emission signal
occurs, which indicates a high degree of damage to the composite layer (Gasior et al., 2007).
Figure 12 shows an analysis of local circumferential strains for the last 8 cycles of the tests to
which the pressure vessel was subjected. The analysis was carried out in accordance with
the procedure described in sect. 5.2, consisting in the determination of the ABS coefficient.
Its value was calculated as the difference between the directional coefficients for the strain-
pressure lines obtained from the reference measurement and the next measurements. The
first of the measurements was adopted as the reference point. Figure 12 shows a marked
jump in ABS coefficient values between cycles 3 and 4 for all the analyzed measuring points.
Moreover, the differences between the particular ABS coefficient values increase, which is a
symptom of nonuniformity of the strain field distribution on the external surface of the
vessel. This situation is indicative of the strong development of defects in the load-bearing
structure of the composite pressure vessel (Blazejewski et al., 2008).
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Fig. 11. Local circumferential vessel strains registered by FBG sensors (upper diagram) and
strain gauges (middle diagram), and acoustic emission signal (bottom diagram) at instant of
vessel failure (Gasior et al., 2007)
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Fig. 12. Analysis of measurement results for final vessel loading cycles (detection of defects
in structure of pressure vessel), (Gasior et al., 2007)

5.3 Cyclic tests of pressure vessels with designed flaws

A major problem in the monitoring of extremely strained composite structures is the early
detection and identification of defects arising in the structure of the material. The defects can
be the result of material fatigue under cyclic loads (e.g. filling and emptying of the vessel) or
other events, e.g. external impacts or the exceedance of the allowable stress (pressure) and
working temperature.

The standards relating to the testing of pressure vessels for storing high-pressure fuels (ECE
Regulation No. 110, 2008; ISO/DIS15869.3, 2008) distinguish two main types of defects:
flaws and delaminations. According to the cited regulations, a vessel with a flaw should

meet the requirements of, among others, the cyclic tests at room temperature for a vessel
without visible flaws.
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Tests of vessels with flaws are referred to in the standards as composite flaw tolerance tests.
Depending on the standard, the size of a flaw can be defined as “larger than the limit for the
visual inspection, specified by the vessel manufacturer” and so no smaller than:

- length 25mm x depth 1.25mm,

- length 200mm x 0.75mm depth.

The flaws are made (by cutting) in the vessel’s composite shell in the direction parallel to its
principal axis (Fig. 13). As already mentioned, after the flaws are made the vessel is
subjected to the standard cyclic test whose result is deemed positive if the vessel does not
fail (loss of airtightness or burst).

Fig. 13. Composite pressure vessels with designed flaws (cuts) (Btazejewski et al., 2008)

A pressure vessel for storing hydrogen at NWP = 207 bar (3000 psi) with 12 fibre Bragg
gratings installed and two designed flaws in the form of cuts (Fig. 14) was subjected to a
cyclic test at room temperature. The test consisted of over 4050 cycles in a pressure range of
20-258.5 bar (1,25 x NWP).

Fig. 14. Arrangement of designed flaws and sensors on tested pressure vessel (Blazejewski et
al., 2008)

The measured local strains in a cross section with the shorter flaws (cross section A-A) are
shown in Fig. 15. Figure 15a shows the minimum (emin) and maximum (emax) strains
registered by sensors FBG1-FBG4 for pressures 20 and 285.bar. Fig. 15b shows the variation
in strain amplitude (emax - €min) Versus vessel load cycles. It should be noted that in the
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analyzed cross section as the number of load cycles decreases so does the strain values
registered by sensors FBG1 and FBG2 located closest to the flaw. At the same time the
amplitude of the strains registered by the other sensors increases. This is evidence of local
defects accumulation in the load-bearing shell of the composite vessel and of the growth of
the designed flaw.
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Fig. 15. Local strains of pressure vessel with designed flaws, measured by fibre Bragg
gratings in cross section A-A (a) for pressure of 20 bar (min) and 258.5 bar (max), and
amplitude of locally measured strains (b) versus number of vessel load (20-285.5 bar) cycles
(Btazejewski et al., 2008)

The fluctuations of the maximum and minimum strain values are due to the specific
character of the cyclic tests, i.e. due to the actual fluctuations of the maximum and minimum
internal pressure around the fixed value (the switching pressure).

Figure 16 shows an analysis of the ABS coefficients for each of the FBG sensors installed on
the tested pressure vessel, carried out in accordance with the description in sect. 5.2. It
should be noted that as the number of pressure cycles increases so does the value of each of
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the analyzed ABS coefficients. This indicates the growth (accumulation) of defects in the
tested vessel.
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Fig. 16. Analysis of ABS coefficients versus number of pressure cycles for all FBG sensors
installed on tested vessel with designed flaws (Blazejewski et al., 2008)

The largest changes were registered by sensors FBG1, FBG2, FBG11 and FBG 12, i.e. the
sensors located closest to the introduced designed flaws. Moreover, one can see that the
variation of the ABS coefficient, registered by sensor FBG1 after about 1600 cycles sharply
increased during the next cycles. This indicates intensive local accumulation of defects,
whose increase slowed down in the interval from ~2000 to ~3000 cycles, and then began to
sharply increase again.

6. Conclusions

The increasing use of polymer composites in various engineering structures necessitates
the application of novel effective techniques of measuring mechanical quantities.
Preferred are nondestructive techniques which would be inexpensive, reliable over the
long service life of engineering structures and resistant to external influences.
Measuring techniques are also expected to satisfy the requirements which structural
health monitoring (SHM) systems have to meet. Systems based on optical fibre sensors
(OFS) satisfy most of the requirements.

The OFS technology offers the possibility of implementing “nervous systems” for
infrastructure elements that allow health and damage assessment. Provided proper
procedures are followed, optical fibre sensors can be located between the reinforcement
fibres inside the composite material without affecting the mechanical properties of the
composite element. Optical fibre based sensors can be used for measurements in
adverse conditions (e.g. strong electromagnetic interference, high temperature and
humidity) in which conventional methods cannot be used. Measuring heads based on
fibre Bragg gratings have proved to be particularly suitable for composite structures.
Also interferometric sensors (e.g. EFPI, SOFO®) can be used to some extent for this
purpose.
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- The increased interest in the novel measuring methods is also due to the many
advantages of OFS over the conventional measuring methods. In practical applications
measuring heads based on fibre Bragg gratings have been used most often.

- A major advantage of optical fibre sensors is that they can be used to build SHM
systems comprising several thousand measuring points. This is particularly valuable
when the object to be monitored is large or when it is not possible to determine the
weak (critical) points in its structure. Thanks to the installation of many sensors the
calculation methods can be simplified and the possibility that important information
concerning the operational safety will be overlooked can be reduced. In addition, such
systems are lightweight (in comparison with, e.g., strain gauge systems) and require
little cabling.

- OFS can be used for on-line structural health monitoring. A major field of their
application are extremely strained pressure vessels for fuel gas (methane, hydrogen). It
was demonstrated that the OFS system is capable of detecting and controlling the
growth of defects arising in the structure of composite materials whereby the safe
service life of pressure vessels can be determined. Thanks to the way in which optical
fibre sensors are installed it is possible to diagnose the health of structures during both
their manufacture and long service life.

- Exemplary applications to building elements (reinforced concrete beams), composite
aerospace structures and new generation of composites stimulated with a magnetic
field (SGMM composites) were described.
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1. Introduction

The objective of this work is to provide the aerospace community with a robust
computational capability to determine composite material strength allowables. The technical
approach presented in this document serves two purposes: (1) reduce laminate level testing
for determination of allowables; and (2) estimate allowables with some level of reliability
when such data are difficult to obtain. A- and B-basis strength values are essential for
reducing risk in aircraft structural components made from fiber reinforced polymer
composite materials. Risk reduction is achieved by lowering the probability of failure of
critical aircraft structures through the use of A- and B-basis design values. Generating
strength allowables solely by means of testing is costly and time consuming as large number
of composite coupons must be tested under various environments: cold, ambient and
elevated temperatures (with and without moisture). The aerospace community is challenged
by the following: (1) tests must be conducted on many types of coupons to determine
allowables for in-plane and out-of-plane properties (un-notched and notched); and (2) new
composite materials are introduced to the market at a rapid rate amplifying the need for
timely cost effective approach. The tests must be carried out in accordance to standards set
by ASTM (American Society for Testing and Materials).

Current practices for determining allowables follow procedures recommended by FAA and
working draft of the composite materials handbook CMH-17 Rev G (formerly military
handbook Mil-HDBK-17-1F) [1&2]. Table 1 lists the robust and reduced test sampling
requirements set forth by CMH-17. Determination of A-basis values requires more test
samples than those needed to determine B-basis values as A-basis strength are applied to
single members within an assembly whose failure would result in loss of structural integrity.
For A-basis, at least 99% of the population of material strength values is expected to equal or
exceed this tolerance bound with 95% confidence. B-basis values are applied to redundant
structures where failure would result in safe load redistribution. For B-basis, 90% of the
population of material strength values is expected to equal or exceed that strength value with
95% confidence. Figure 1 illustrates the statistical definition of 0.01 and 0.10 probabilistic
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strength for A-basis and B-basis, respectively. The physical definition of A- and B-basis is

presented in Figure 2. A-basis strength value [2] is traditionally calculated using equation (X -
(Ka) S ); similarly B-basis strength value is computed using equation (¥ -(Kg) ‘S ); where X is
the mean strength of the test samples, S is sample standard deviation, and K and Kp are
tolerance factors. The higher the tolerance factor, the lower the allowable; the higher the
number of test replicates the more stable the allowable. CMH-17 provides tables of tolerance
factors for various distributions as function of the sample size. The same procedures and
standards require checking for outliers, distribution types if non-normality is observed, and
batch variability. Details on numerical and test procedures for standard practice for
determination of allowables can be found in [1 & 2].

# of # of # of
Category Tatdhe || Semall Category Batches # of Samples
A-basis - l.iobust 10 75 B-basis - Bobust 10 55
Sampling Sampling
A-basis - R.educed 5 55 B-basis - R‘educed 3 18
Sampling Sampling

Table 1. FAA Guidelines for Robust and Reduced Sampling

The proposed approach for determination of strength allowables builds on existing accepted
standards and practices [1&2]. It uses statistics from lamina level testing to reverse engineer
uncertainties in fiber and matrix material properties and manufacturing variables. These
uncertainties are subsequently used in generating virtual test samples for laminated notched
and un-notched specimens. The virtual samples are then used in lieu of actual test samples
with resulting savings in cost and time. The methodology combines probabilistic methods
with advanced multi-scale multi-physics progressive failure analysis (MS-PFA) [4] to reduce
the number of tests needed for determination of A- and B-basis strength values. Details of
the technical approach are provided next and the viability of the approach is demonstrated
through application to four composite materials.

10 T —— A = 955 Lowesr Conideacs
/ \\ Limilon 161 Percentle
{ os. / -t
1 / \
S \
. . 10th mmh}ll.' "'.l
E o / H\\\
/ \
g 02 1|m.r=|m:1u/./'R \‘\
o0 —'-/-/il B \_
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Fig. 1. Statistical Definition of A-and B-basis Strength [3]
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(a} A-basis Applications
Mo Load Distribution Path

I S-basis Applications
Redundant Load Distribution Path

Fig. 2. Physical Definition of A-and B-Basis Strength

2. Nomenclature

En

Ex

Em

Em»

Em
Eps11C
Eps11T
Eps125
Eps22C
Eps22T
FVR
VVR
MVR
GI12
Gf12
Gf23
GUI
IPS

LC

LT
S11C
S11T
S12S
S22C
S22T
Sf11 C
Sf11T
SmC
SmS

Lamina extensional modulus in fiber direction

Lamina extensional modulus perpendicular to fiber direction
Fiber extensional modulus in fiber direction

Fiber extensional modulus perpendicular to fiber direction
Matrix extensional modulus

Lamina compressive strain limit parallel to fiber

Lamina tensile strain limit parallel to fiber

Lamina in-plane strain limit

Lamina compressive strain limit perpendicular to fiber
Lamina tensile strain limit perpendicular to fiber

Fiber volume ratio

Void volume ratio

Matrix volume ratio

Lamina in-plane shear modulus

Fiber shear modulus - In-plane

Fiber shear modulus - Out-of-plane

Graphical user interface

In-plane shear

Longitudinal compression

Longitudinal tension

Lamina compressive strength in fiber direction

Lamina tensile strength in fiber direction

Lamina in-plane shear strength

Lamina compressive strength perpendicular to fiber direction
Lamina tensile strength perpendicular to fiber direction
Fiber compressive strength

Fiber tensile strength

Matrix compressive strength

Matrix shear strength
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SmT Matrix tensile strength

TT Transverse tension

TC Transverse compression

CDF Cumulative distribution function
PDF Probability density function
Ccov Coefficient of variation

3. Description of technical approach

Methodology and computational procedure is described as an integrated MS-PFA and
probabilistic analysis capability. It is comprised of the following;:
e determination of scatter and sensitivity of in-situ material properties and fabrication
parameters (e.g., fiber tensile strength, and fiber volume ratio);
e reproducing the test measured scatter/distribution in lamina using MS-PFA, and
probabilistic analysis;
e generate random samples using lamina level uncertainties;
e update scatter from simulation to match lamina CDF and PDF curves using Bayesian
statistics followed by determination of allowables with the desired confidence levels;
Scatter in strength data obtained from unidirectional lamina testing is used in predicting
allowables for notched and un-notched laminates. The variability is generally caused by: (1)
scatter in micro-scale mechanical properties of the fiber, matrix, and interface; (2) variability in
composite manufacturing parameters; and (3) manufacturing defects such as void, waviness,
and gaps. Lamina level testing is carried out to determine ply in-plane and out-of-plane
mechanical properties. Table 2 lists the measured ply properties obtained from in-plane
testing of composite specimens made from unidirectional laminates. The same table also lists
the physical parameters influencing the measured ply response. For example, variation in ply
longitudinal strength collected from test is a function of scatter of fiber strength and fiber
content. MS-PFA [4] is used in conjunction with probabilistic methods [5] to reproduce scatter
in strength obtained from lamina level testing. Figure 3 shows the lamina level testing
performed per ASTM standards to generate in-plane ply properties. Figure 4 shows the
process for reproducing the scatter from lamina level testing. Micro-scale random variables
consisting of fiber and matrix mechanical properties combined with fabrication parameters are
perturbed to reproduce the scatter from lamina level testing. This process results in a unique
set of coefficient of variations for various random variables that can be used in random
sampling of test specimens for higher order ASTM tests (laminate level).
The use of lamina level uncertainties to predict allowables for laminate level building block
tests is the added value of the work presented in this paper. The work reported in [6]
confirms that lamina uncertainties are adequate for use in generation of scatter in laminate
level response. The uncertainties causing scatter in strength of a composite laminate are: (1)
variability in fiber and matrix properties and composite fabrication parameters; (2)
manufacturing defects (“as designed” versus “as built” and “as is”); and (3) human error
encountered during testing. A flow chart of the technical approach for determination of A-
and B-basis allowables is presented in Figure 5. The basis for the computation is the
reproduction of scatter in ply strength caused by variability of constituent material
properties and manufacturing defects. The approach was validated by comparing its A-
and B-basis predictions with values obtained from standard methods [1&2] using test data
from robust or reduced sampling.
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Measured Ply Property

Physical Variables Influencing Measured
Property

Longitudinal tension strength (S11T)

Fiber tensile strength (5f11T) and fiber volume
ratio (FVR)

Longitudinal tension modulus (E11T)

Fiber longitudinal tensile stiffness (Ef11) and
fiber volume ratio (FVR)

Longitudinal compression strength

Fiber compressive strength (5f11C) and fiber

(511Q) volume ratio (FVR), fiber micro-buckling
Longitudinal compression modulus Fiber longitudinal compressive stiffness (Ef11)
(E11C) and fiber volume ratio (FVR)

Transverse tension strength (S22T)

Matrix tensile strength (SmT) and matrix
volume ratio (MVR)

Transverse tension modulus (E22T)

Matrix modulus (Em), fiber transverse
modulus and matrix volume ratio (MVR)

Transverse compression strength (522C)

Matrix compressive strength (SmC) and
matrix volume ratio (MVR)

Transverse compression modulus

Matrix modulus (Em) and matrix volume

(E220) ratio (MVR)
In-Plane shear strength at 0.2%Offset Matrix shear strength (SmS) and matrix
(IPS) volume ratio (MVR)

In-Plane shear strength at 5% Strain
(IPS)

Matrix shear strength (SmS) and matrix
volume ratio (MVR) and nonlinear properties
of the matrix

In plane shear modulus (G12)

Matrix modulus (Em), matrix Poisson’s ratio,
Fiber Shear Modulus (Gf12)and matrix
volume ratio (MVR)

Table 2. Stiffness and Strength Properties Obtained by Physical Testing of Composite

Specimens (in-plane loading)

3m

Fig. 3. Five Basic ASTM Tests are Needed at the Lamina Level to Characterize Fiber and

Matrix Constituent Material Properties
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Fig. 4. Process for Reproducing Scatter from Ply or Laminate Level Testing

Combined Multi-Scale
PFA Simulation &
Probabilistic Analysis

Sensitivity Analysis
=Determine influence of material
and fabrication random

! Determination of Allowables

Virtual Sampling of Notched
and Un-Notched Laminates

= Apply uncertainties to considered
laminates;

= Generate 55 or 75 random samples

Lamina Level Testing

Lamina Level Testing
(per FAA/CMH17 Guidelines) :

variables on lamina strength;
=LT,LC, TT, TC, TT &IPS (FEA of specimens as applicable);
= Environments: CTD, RTD, ETW1, * = Run laminate samples with MS-PFA;

'
'
& ETW2 . N i = Retrieve strength & stiffness;
= Minimum 18 specimens (3 —»| Lamina level Uncertainties _,\—gf_
'

in fiber & matrix properties and = Run probabilistic analysis to rank
sensitivity of random variables &
generate strength CDF and PDF;
= Use Bayesian statistics to update
CDF & PDF with limited test (if
available);
= Obtain A and B-Basis from:
= 1/100 and 1/10 probabilities
from CDF curve or from
= STAT17 using MS-PFA
generated samples;

fabrication parameters;

Material Characterization

= Reverse engineer In-Situ fiber &
matrix properties from lamina level
testing;

= Repeat step for each environment;

v

Lamina Level Scatter
=Compare CDF/PDF from MS-
PFA simulation to test;

= Adjust COVs of material and
fabrication random variables as
needed to reproduce lamina
scatter in strength;

1
batches) 1| Reverse Engineering of scatter Calculate Allowables
1

Fig. 5. Technical Approach for Determination of A- and B-Basis with Reduced Testing

4. Validation of technical approach

The computational capability described herein is validated for polymer composite materials
typically used in aerospace applications. Data for MTM45-1 145 AS4, IM7/MTM45
graphite/epoxy and T300/PPS material are used to demonstrate the effectiveness of the
methodology. Additionally, the capability of obtaining A-basis starting from B-basis is
demonstrated.

Strength Allowables for MTM45-1 145 AS4 (Lamina Level)

Ply properties from lamina level testing at room temperature dry condition, obtained from
[7], are used to characterize the MTM45-1 145 AS4 tape composite material. This is achieved
by deriving its in-situ fiber and matrix properties. Table 3 lists the AS4 fiber in-situ
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mechanical properties while Table 4 lists similar properties for the MTM45 matrix. The
derived constituent properties combined with ply manufacturing parameters of 61% fiber
volume fraction and 2% void volume fraction reproduced accurately the average ply
properties reported from test in [7]. A comparison of calculated ply properties by MS-PFA
simulation and test is presented in Table 5. With accurate determination of average ply
properties starting from in-situ fiber matrix properties, random variables statistics for micro-
scale mechanical properties are obtained directly from lamina level testing published in [7].
Table 6 lists the derived random variables statistics for use in determination of strength
allowables for MTM45-1 145 AS4. The COVs of strength and stiffness properties were
obtained from lamina level tests published in reference [7] while the COVs of other random
variables were iterated on to ensure proper simulation of lamina level scatter. The
considered random variables included fiber and matrix stiffness and strength and fiber and

=% Fiber (1}
2y AS4-
i Description:
-Calibrated From Input Ply Properties:
i FYR=0.6065; WWR=0.02
—-.,j Mechanical
= -{ed Modulus
§>----E11 = 3.139E+07 IbFiin™2)
E22 = 3.611E+06 Ibf{(in"2)
--G12 = 5.318E+06 IbF/{in"2)
G2 = 1,234E-+06 IbFin~2)
--{# Poisson Ratio
MU1Z = 2.895E-01
LoNUZE = 4.632E-01
=4 Strength
>51 1T = 4, 5S00E+05 IbF/{in™2)
51 1C = 3, 1Z0E+05 IbF/{in~2)

Table 3. AS4 Fiber In-Situ Properties

=174 Matrix (1)
= MT45
i Description:
-Calibrated Frorm Input Ply Properties:
i FwR=0.8065; ¥WR=0.02
—-,9 Mechanical
—‘\9 Modulus
| E = 3.495E+05 Ibf/(in"2)
—\g Poisson Ratio
MU = 3.400E-01
= -iz# Strength
5T = 1.07SE+04 IbFf{in2)
SC = 4.000E+04 IbFj(in2)
t.55 = 1.400E+04 IbFiin2)

Table 4. MTM45 Matrix In-Situ Properties
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AS4M2K (Tape): FVR=60.65%; VWR=2"%

RTD
Property Test [Simulation| Error
[msi] [msi] [%]
E11 17.925 18.79 483
E22 12 1.14 -4 17
G12 .53 0.53 0.00
[ksi] [ksi] [%]

S1T 27475 2B -1.16
S1MC 20353 2009 -1.29

s227T B.92 B.584 -1.18
s22C 2b.81 2518 -5.08
5128 9.36 5.68 -1.26

Table 5. Comparison of Average Ply Properties Obtained from Test to those from Simulation
for MTM45-1 145 AS4

Fiber-Matrix Properties Random Mean COV | Standard | Distribution
Variables Value Deviation Type
Fiber Ef11 - Longitudinal modulus (msi) | 31.39 3.0% 0.9417 Normal
Fiber Sf11T- Longitudinal tension 450 5.5% 24.75 Normal
strength (ksi)

Fiber S11C - Longitudinal compression 312 5.0% 15.6 Normal
strength (ksi)

Matrix Em - Normal modulus (msi) 0.3495 3.1% 0.018345 Normal
Matrix SmT - Matrix tension strength 10.75 17.5% 1.881 Normal
(ksi)

Matrix SmC - Matrix compression 40 5.0% 2 Normal
strength (ksi)

Matrix SmS - Matrix shear strength (ksi) 14 4.0% 0.56 Normal
Manufacturing Parameters Random Mean COV | Standard | Distribution
Variables Value Deviation Type
Fiber content (%) 60.65 4% 2.426 Normal
Void content (%) 2 2.5% 0.05 Normal

Table 6. Random Variables Statistics for Use in Determining Allowables for MTM45-1 145
AS4 Composite

void contents. The COVs for the mechanical properties were obtained from lamina level
testing published in reference [7] using the correlation between measured ply property and
micro-scale properties of Table 2. The COVs for the manufacturing variables were obtained
by iterating on the scatter produced by combined MS-PFA and probabilistic analysis to
match the one from lamina level testing of the five in-plane ASTM tests of Figure 3.
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Figure 6 shows the lamina level cumulative distribution functions (CDFs) for the 5 in-plane
ASTM tests LT, LC, TT, TC, and IPS generated from virtual test data using MS-PFA
simulation and from actual test. The data from test and simulation are fitted to a normal
distribution in the plots (a) through (e) for the various ASTM tests. The amount of data
reported in reference [7] for each ASTM type varied. For example, for the LT test, 19 samples
were reported while for LC a total of 24 samples were reported. The CDF from simulation
was generated for each test using the random variables statistics listed in Table 6. A total of
55 samples were randomly generated with MS-PFA considering simultaneous uncertainties
in material and manufacturing random variables. That means MS-PFA was run 55 times for
each ASTM test to predict failure stress for each sample. All variables listed in Table 6 took
on random values for each analysis sample by MS-PFA. As illustrated in Figures 6-a
through 6-c, the distribution (scatter) and mean strength generated by the simulation
matched perfectly the ones from test for LC, LT, and TT tests.

The data generated for TC and IPS are shown in Figures 6-d and 6-e. The CDFs from
simulation are updated for TC and IPS per the procedure outlined in Figure 5 for fine
tuning the COV variables. Initial predictions for mean strength from simulation were 5.5%
and 6.3% lower than average from test for TC and IPS. The updates, although not necessary,
are done to ensure that the mean strength from simulation matches exactly the mean from
test. This process allows the analyst to correlate data from test with simulation and update
the simulation results with test data regardless how limited the data is. The difference
between mean predicted and test strengths for TC and IPS specimens could be have been
reduced to a negligible value by adjusting the calibrated in-situ properties. However, the
authors intended to illustrate that the difference in mean strength between simulation and
test depicts a realistic situation.

1 _
09 -
038 -
07 -
06 -
05 -
04 -
03 -
02 -
0.1 -

0 - - ‘
200000 250000 300000 350000
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—=55 Random MS-
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(a) MS-PFA Samples Compared to Test for MTM45-1 145 AS4 Longitudinal Tension (LT)
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Fig. 6. Scatter in Failure stress for LT, LC, TT, TC, and IPS Generated by MS-PFA Simulation
for MTM45-1 145 AS4 Compared to Lamina Level Test Data [7]

Based on accurate reproduction of strength scatter with MS-PFA from test, one concludes
that the uncertainties defined are valid for use in laminate level simulation of notched or un-
notched specimens. If the scatter produced from simulation is not accurate, other physical
random variables can be included in the analysis while iterating on the COV to match the
scatter at the lamina level.

The virtual test samples data produced by MS-PFA are run with STAT-17 [2] to determine A-
and B-basis values. Table 7 compares the A- and B-basis values from the 55 samples generated
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by MS-PFA to those reported in reference [7]. The samples generated virtually by MS-PFA are
analyzed using STAT-17 to determine A- and B-basis values. The results obtained from STAT-
17 for MS-PFA samples met the normality criterion. Note that the allowables reported in [7] for
TT and IPS tests were obtained using ANOVA method (a very conservative criterion). The
advantage of simulation lies in its capability of providing alternate approach to avoid

unreasonable allowable strength values when CMH-17 criteria are not met.

* Randomly generated with MS-PFA then used as input to STAT-17 (Normal)
**Reference [7] used ANOVA method to report allowables

Table 7. Validation of MTM45-1 145 AS4 Lamina Level Allowables Obtained Using Virtual
Test Samples by MS-PFA (Simulated Samples are Inputed to STAT-17)

Lamina Test Mean MS-PFA Mean Test Report [7] MS-PFA* % Diff
Test Strength (ksi) Strength (ksi) A-Basis (ksi) A-Basis (ksi) w.r. [7]
LT 274.78 275.18 234.76 224.01 -4.58%
LC 203.53 203.38 168.23 172.55 2.57%
TT 6.92 7.05 0.48** 3.68 N/A
TC 26.81 25.36 21.61 21.71 0.46%
IPS 9.36 8.76 4,97 7.61 N/A
Lamina Test Report [7] MS-PFA % Diff
Test B-Basis (ksi) B-Basis (ksi) w.r. [7]
LT 250.71 245.80 -1.96%
LC 182.47 185.68 1.76%
TT 0* 5.12 N/A
TC 24.26 23.27 -4.08%
IPS 6.8** 8.10 N/A

Table 8 lists lamina level allowables obtained from simulated CDF at 0.01 probability for A-
basis and at 0.10 probability for B-basis are compared to those reported in reference [7].
Overall, generating samples randomly with MS-PFA and processed with STAT-17 produce
similar allowables to those obtained from a CDF for the given ASTM test. However, the
CDF curve would depict more stable allowables as it is not dependent on tolerance factors.
Next, results obtained for laminate level allowables are presented and discussed.

Lamina Test Mean MS-PFA Mean Test [7] MS-PFA* Difference
Test Strength (ksi) Strength (ksi) A-Basis (ksi) A-Basis (ksi) w.r.t [7]
LT 274.78 275.18 234.76 229.91 -2.07%
LC 203.53 203.38 168.23 175.17 4.13%
TT 6.92 7.05 0.48** 4.04 N/A
TC 26.81 25.36 21.61 22.32 3.29%
IPS 9.36 8.76 4.97* 7.93 N/A
Lamina Test [7] MS-PFA Difference
Test B-Basis (ksi) B-Basis (ksi) w.r.t[7]
LT 250.71 249.91 -0.32%
LC 182.47 187.11 2.54%
TT 0** 5.28 N/A
TC 24.26 23.27 -4.08%
IPS 6.8** 8.29 N/A

* Obtained from CDF of Probabilistic Strength (A-basis at 0.10 Probability; B-basis at 0.1 Probability)
**Reference [7] reported use of ANOVA for this prediction

Table 8. Validation of MTM45-1 145 AS4 Lamina Level Allowables Obtained Using Virtual
Test Samples by MS-PFA (A- and B-Basis Values are Obtained from CDF Curve at 0.01 and

0.1 Probabilities)
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Strength Allowables for MTM45-1 145 AS4 (Laminate Level without use of Test Data)

A major contribution of the work presented here is the ability to use lamina level
uncertainties to predict uncertainties for any laminate. Micro-scale uncertainties are infused
to higher level structures of the FAA building block of Figure 7. The uncertainties derived
in Table 6 are used to determine A- and B-basis allowables for un-notched laminate
specimens for two layups: [0/90]s and quasi-isotropic (25% 0° plies, 50% +45° plies, and 25%
90° plies). The allowables were obtained with MS-PFA for tension and for compression
loading conditions. Figure 8 shows plots of the CDF of strength determined using the same
uncertainties used in the lamina level simulation. Table 9 lists the values for A- and B-basis
obtained from MS-PFA simulation and from reference [7] using standard methods.
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Fig. 7. FAA Building Block Validation with Generic and Non-Generic Specimens Depicting
Multi-Scale and Multi-Level Integration of Structural Parts

In Figure 8, strengths from physical testing are plotted alongside the strengths generated
with MS-PFA. This is done to illustrate the degree of fitness of simulated data compared to
test. The allowables values listed in Table 9 are obtained from simulation using the
uncertainties of Table 6 and assuming data from physical testing are not available. Figure 9
shows the probabilistic sensitivities of random variables for the quasi-isotropic laminate.
The sensitivity analysis ranks the random variables by order of influence on the laminate
strength response. This is done by identifying the “root cause” for composite damage and
failure. Controlling variability in the influential random variables reduces scatter in
laminate strength response. As can be concluded from Figure 9, the transverse tensile strain
EPS22T is the most predominant uncertainty followed by fiber volume ratio, FVR. Note that
for laminate level specimens, a strain failure criteria is used for ply failure analysis in MS-
PFA while for lamina level specimens, strength based criteria were used. The random
variable statistics remain unchanged as the evaluation moved from lamina level to laminate
level. Strain limits used as fracture criteria for laminate analysis are derived from lamina
analysis and the reverse engineering process of fiber and matrix properties discussed earlier
(Table 3 and Table 4).
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Fig. 8. Scatter in Laminate Level Failure Stress for MTM45-1 145 AS4 0/90 and Quasi Un-
notched Specimens Generated by MS-PFA Simulation Compared to Test Data [7]
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Test Type Test Mean MS-PFA Mean Test [7] MS-PFA* Difference
Un-Notched Strength (ksi) Strength (ksi) A-Basis (ksi) A-Basis (ksi) w.r.t [7]
0/90 Tensile 143.74 142.96 122.82 125.87 2.48%

0/90 Compressive 108.07 112.47 89.71 91.30 1.77%
Quasi Tensile 108.82 110.62 95.35 99.80 4.67%
Quasi Compressive 78.81 80.62 68.51 61.15 -10.74%

Test Type Test[7] MS-PFA Difference
Un-Notched B-Basis (ksi) B-Basis (ksi) w.r.t [7]

0/90 Tensile 131.16 129.20 -1.49%
0/90 Compressive 97.09 104.02 7.14%
Quasi Tensile 100.83 104.41 3.55%
Quasi Compressive 72.63 69.44 4.39%

*Randomly generated then used as input to STAT-17 (Normal)

Table 9. Validation of MTM45-1 145 AS4 Laminate Level Allowables Obtained Using Virtual
Test Samples by MS-PFA (Simulated Samples are Input to STAT-17)

The effect of sample size on A- and B-basis predictions is presented in Figure 10 for the
quasi-isotropic laminate under tension loading. MS-PFA was used to generate 55, 100 and
1000 samples. The predictions improved with the use of increased number of samples as
compared to the 21 physical tests reported in reference [7]. The A and B- basis values for
different random sample size are listed in Table 10. The randomly generated samples were
fitted to normal distribution. Evaluating these virtual samples with STAT-17 yielded the A-
and B-basis values presented in Table 10. As more virtual samples were generated, the
mean value approached the real mean from the 21 physical tests. Data presented in Table 10
establishes confidence in the computational approach, especially to the stability of data
obtained from virtual simulation. Next, validation of allowables for IM7/MTM45-1 with
reduced testing is presented and discussed.
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Fig. 9. Sensitivity of Random Variables for MTM45-1 145 AS4 Quasi Un-notched Laminate
(Tension Loading)
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Fig. 10. Effect of Number of Virtual Samples on Strength of MTM45-1 145 AS4 Quasi Un-
notched Laminate (Tension Loading)

Test Type Mean A-Basis B-Basis
Un-Notched Strength (ksi) | Strength (ksi) A-Basis (ksi)
21 Test Samples [7] 108.82 95.34 100.83
55 Virtual Samples 110.62 99.80 104.41
100 Virtual Samples 110.09 98.85 103.66
1000 Virtual Samples 109.15 96.90 102.32
Difference w.r.t. tests [6]

55 Virtual Samples 1.65% 4.68% 3.55%
100 Virtual Samples 1.16% 3.68% 2.81%
1000 Virtual Samples 0.31% 1.64% 1.48%

Table 10. Effect of Number of Virtual Samples on Determination of A- and B-Basis for
MTM45-1 145 AS4 Quasi Un-Notched Laminate (Tension Loading)

B-Basis Strength Allowables for IM7/MTM45-1 (Sealed Envelope Prediction)

To further affirm the validity of the approach for generating allowables with reduced
testing, Northrop Grumman Corporation (NGC) provided data for IM7/MTM45 composite
for use in a “sealed envelope” process [8]. Using statistics provided by NGC for lamina level
testing, B-basis values were calculated for notched and un-notched laminates using the
approach proposed in this document to reduce laminate level testing. NGC provided one
third of the laminate level test data usually used in the generation of allowables.
Independent of full test results, predictions were made and handed to NGC for comparison
against a “sealed envelope” of real test data. B-basis tensile strength values for un-notched
and notched IM7/MTM45-1 coupons were predicted (using a reduced number of test
replicates) and provided to NGC. Predicted results were compared to those obtained using
standard military specification practices and the standard number of test replicates. The
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difference in the B-basis results obtained from prediction and those from current practices
ranged from -5.31% and 5.34%. Figure 11 shows the steps followed to compute B-basis
values for the various coupons starting with a reduced number of test replicates. The
number of replicates varied from 3 to 6 as listed in Table 11. The same table compares MS-
PFA B-basis predictions to those obtained using traditional methods and all available
replicates [9-10]. The B-basis values from the references were not made available until after
computational allowables were derived. The B-basis predictions were obtained with MS-
PFA using a unique set of prescribed uncertainties of the following random variables: fiber
tensile strength, matrix tensile strength, matrix shear strength, fiber volume ratio, and void
volume ratio. The uncertainties were derived from the lamina level testing for IM7/MTM45
Open hole tension (OHT) coupon simulations showed errors in predicted mean tensile
strength ranging from -12.7% to 8.88% compared to true average from test. The difference

Coupon Type Lamina B-basis (ksi) | B-basis (ksi) | Difference
Un-Notched Tension RTD Proportions MS-PFA CMH17 [2] w.r.t. [2]
[50-0-50] 156.22 158.54 -1.46%
[25-50-25] 112.98 119.32 -5.31%
[10-80-10] 69.09 65.59 5.34%
Un-Notched Compression RTD ([50-40-10] 173.41 178.4 -2.80%
[25-50-25] 59.4 62.15 4.42%
[10-80-10] 41.59 41.67 0.19%
[50-40-10] 98.13 100.63 -2.48%

Table 11. Un-Notched and Notched B-Basis Strength Predictions for IM7/MTM45 (Tension
Loading)
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Fig. 11. Process Used for Computing B-Basis Values for Various IM7/MTM45 Coupons
Starting with a Reduced Number of Test Replicates
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Fig. 12. Damage Initiation, Damage Growth and Fracture in Quasi OHT Made from
IM7/MTM45 (Red Indicates Material Damage)

between simulation and test averages were addressed using Bayesian statistics update where
CDF from simulation was corrected with the 6 few tests that were available. Animation of
damage at the initiation stage and progression up to ultimate failure for the quasi open hole
coupon under tension loading is presented in Figure 12. MS-PFA [4] identified critical damage
evolution events isolating plies and elements contributing to the failure.

A- and B-Basis Validation for Open Hole Tension (OHT) T300/PPS Thermoplastic

To further demonstrate the validity of the MS-PFA approach for determination of
allowables with reduced testing, A- and B-basis predictions were made for an open hole
specimen under tension loading [11,12]. The specimen was fabricated from T300 carbon PPS
thermoplastic composite material in a woven configuration with [+45/(0/90)]3s layup.
First, MS-PFA was used to reverse engineer the constituent properties from lamina level LT,
LC, TT, TC and IPS tests. Second, uncertainties in fiber and matrix properties and fabrication
parameters were assumed since lamina level statistics for the T300/PPS material were not
available. Unknown COV’s can be obtained from existing databases of comparable or
similar materials or from experience based on anticipated scatter. Table 12 lists the

Test # | Failure Load | Test #] Failure Load
1 09218 16 1.0005
2 0.9507 17 1.0027
3 0.9593 15 1.0027
4 0.9690 19 1 0065
5 0.5704 20 1 0065
] 0.9723 | 10065
7 0.9523 22 1.0143
g 0.9553 23 1.0143
1 0.9592 24 10268
10 0.9850 25 10287
11 0.95:30 26 1.0335
12 0.9360 27 1.0335
13 0.95749 28 1.0393
14 0.58749 29 1.0470
15 0.5993 30 1.05110

Table 12. Normalized Tensile Failure Load for T300/PPS Open Hole Composite Coupon
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Property COV
Fiber longitudinal modulus 5%
Fiber longitudinal tensile strength 5%
Matrix modulus 5%
Matrix tensile strength 5%
Matrix shear strength 5%
Fiber volume fraction 5%
Void volume fraction 5%

Table 13. Random Variables Used in Predicting A- and B-Basis Allowables for T300/PPS

normalized failure load from the test for the OHT case. The range of the failure load varied
from 0.9218 to 1.051 with a standard deviation of 0.028. Table 13 lists the assumed random
variables for use in the prediction of allowables. Initial COV of 5% was assumed for all
random variables.

MS-PFA was used in conjunction with probabilistic analysis to replicate the scatter in the
failure strength for the OHT coupon. The random variables were selectively perturbed by
the analysis engine to populate enough data to predict the cumulative distribution of the
failure stress. As indicated in Figure 13, the scatter from simulation did not agree with that
from test when a coefficient of 5% was applied uniformly to all random variables. However,
reducing the coefficient of variation to 1% for the fiber and matrix stiffness and strength and
the fabrication variables, yielded an excellent agreement with test (Figure 14). If test data
did not exist to calibrate the COV’s of the constituent properties and fabrication parameters,
one can assume a 5% value as a starting point. Sensitivity analysis can also be used to reduce
the list of random variables to include those that are very influential (those with sensitivity
higher than 10%).
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Fig. 13. Comparison of Scatter from Simulation and Test for T300/PPS OHT Strength With a
Coefficient of Variation of 5%
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Fig. 14. Comparison of Scatter from Simulation and Test for T300/PPS OHT Strength With a
Coefficient of Variation of 1%

Processing the 30 test data through STAT17 resulted in an A-basis value of 0.92 and a B-
basis value of 0.9486 with respect to a mean normalized strength of 1.0. The CDF obtained
from MS-PFA resulted in A-basis value of 0.9104 and a B-basis value of 0.959 when the
strengths were retrieved at the 1/100 and 1/10 probabilities. The maximum error from the
prediction with respect to test was 1.1% as shown in Table 14.

Test (Mil-HDBK) Analysis % Error
A-Basis 0.92 0.9104 1.04%
B-Basis 0.9486 0.959 -1.10%

Table 14. Open Hole Tension Case Comparison of A- and B-Basis Values from Test and
Analysis

Determination of A-Basis Values from B-Basis

As discussed earlier, accepted standards for determination of A-basis require physical
testing of 55 specimens from 10 batches (as a minimum). Reference [13] listed strength data
from testing of 145 specimens for 90° tension laminate made from T700 fibers and 2510
epoxy matrix. The MS-PFA approach was used to generate random samples to determine A-
basis for the transverse tension laminate assuming only 18 test samples existed. Note that
the 18 specimens is the minimum accepted standard [1,2] for B-basis determination. The 18
test specimens were obtained from a total 3 batches from [13], the data extracted were the
first 18 test points reported in reference [13]. MS-PFA was then used to simulate the scatter
for the 18 specimens and used to generate additional samples (55 and 145 random samples).
The virtual test samples generated by MS-PFA wused the statistics listed in
Table 15.

Figure 15 shows a plot of the 18 test samples, 145 test samples, and 55 and 145 MS-PFA
virtually generated test samples. The MS-PFA virtual samples fitted the 145 samples from
physical test with great accuracy. The technical approach in MS-PFA can be used to generate
virtual test samples not available thru physical testing. This is evident by the goodness of fit
between simulated and test data and with the accurate calculation of A- basis as presented
in Table 16.
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Property Mean COV | Distribution
Ef11 (msi) 34.80 5.00% Normal
ST11T (ksi) 604.50 7.56% Normal
Sf11C (ksi) 366.90 6.15% Normal
Em (msi) 0.53 5.00% Normal
SmT (ksi) 11.62 8.39% Normal
SmC (ksi) 46.00 4.73% Normal
SmS (ksi) 37.82 2.82% Normal
FVR 0.53 2.50% Normal
VVR 0.03 2.50% Normal

Table 15. Random Variable Statistics for Determining A-Basis Strength from B-Basis for
T700/2510 90° Tension Laminate
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Fig. 15. Comparison of 18 and 145 tests to 55 and 145 MS-PFA Virtual Samples Used in
Determining A-Basis Strength from B-Basis for T700/2510 90° Tension Laminate

Test Type Mean A-Basis B-Basis
Un-Notched 90 Deg Tension| Strength (ksi) | Strength (ksi) Strength (ksi)
18 Test Samples [12] 7341 4610 5741
145 Test Samples [12] 7083 5523 6200
55 Virtual Samples 7302 5603 6326
145 Virtual Samples 7121 5684 6258

Difference w.r.t. 145 Test Samples [13]
55 Virtual Samples 3.09% 1.45% 2.03%
145 Virtual Samples 0.53% 2.92% 0.94%

Table 16. Determining A-Basis Strength from B-Basis for T700/2510 90° Tension Laminate
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The referenced table lists A- and B-basis calculations obtained using the data from test and
simulation after running STAT-17 with the generated virtual test samples. For each random
sample generated, MS-PFA is executed to determine sample failure stress. Table 16 also lists
the mean strength from test and simulation. The mean strength value from 145 MS-PFA
simulations was within about 0.5% of that from 145 physical test samples. The accuracy in
predicting mean strength and A- basis values demonstrates the effectiveness of the devised
methodology for determination of allowables with reduced testing.

5. Summary

A computational method has been presented for determining A and B-basis composite
strength allowables with a significant reduction in testing over standard FAA and CMH-17
methods. The method combines multi-scale multi-physics progressive failure analysis (MS-
PFA) with probabilistic methods and Bayesian updates. It was demonstrated for typical
aerospace composite materials such as MTM45-1 145 AS4, IM7/MTM45-1, T300/PPS and
T700/2510. Starting from lamina level coupon test data, root cause fiber and matrix
properties, fabrication variables, and associated uncertainties are reverse engineered with
MS-PFA for use in generation of strength allowables. MS-PFA is then used to virtually
generate random laminate level test samples. In turn, the virtual test data are used to
calculate allowable values for notched and un-notched composite laminate specimens.

The methodology is robust and can be easily inserted into material characterization and
qualification programs to yield a significant reduction in the number of physical tests at the
laminate level. Additionally, the approach can be relied on to generate allowables for
configurations (layups) that were not initially included in a test plan as long as the
simulation results are verified with few tests that are representative of the over-all design
envelope. Very importantly, the methodology was validated for typical aerospace
composite laminates and calculated A and B-basis values compared very well with test.
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1. Introduction

Carbon fibres reinforced copper matrix composites (Cu/C composites) offer an excellent
thermal conductivity and a low coefficient of thermal expansion. Then, these composites are
compromising heat dissipation materials for electronic application.

The modern electronic devices consist of a variety of metallic, ceramic, plastic or composite
components. The large difference of coefficient of thermal expansion (CTE) between ceramic
substrates, such as A[LOs; and AIN, and heat dissipation materials, such as Cu and Al, and Si
and GaAs semiconductors, induces thermal stresses resulting in failures at the interfaces
between the different layers of the devices (fig. 1). In high power dissipation packages,
thermal management is an important issue to prevent thermal damage of sensitive
components on the silicon ship, especially for high density electronic packaging. Thermal
management is thus one of the critical aspects in design of multichip modules to ensure
reliability of electronic devices with high packing and power densities. In this context, there
is an increasing demand of new heat dissipation materials having low CTE combined with
high thermal conductivity, such as Cu/C composites.

. Silicon chip CTE = 4 10-6°C1
Ceramic substrate (DBC)

CTE = 6.5 106 °C-t
Solder joint in SnAg
#CTE CTE =23 106 °C1
I

B I
Peak stress and

fatigue rupture in
solder joint

Copper base plate
CTE = 17 106 °C-1

Heat sink

Fig. 1. Design of microelectronic devices with peak stress in solder joint.

Aluminium and copper are good candidate materials for the heat dissipation due to their
thermal conductivity, but they have high values of CTE. Materials with low CTE and high
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thermal conductivity, such as Al/SiC or Cu/W composites, have improved the reliability of
electronic devices [Luedkte, 2004]. However, these composites are often too expensive for
many applications. In addition, their machinability and the elaboration of thin sheets remain
still very difficult and expensive.

Carbon fibres reinforced copper matrix composites corresponds to a good compromise
between thermo mechanical properties and thermal conductivity [Korb et al., 1998]. Their
main advantages are the following properties (Table 1):

i. lower density than copper,

ii. very good thermal conductivity,

iii. low coefficient of thermal expansion,

iv. good machinability.

Other advantages of copper/carbon fibre composites are adaptive thermal properties, which
can be adjusted with the nature and the volume ratio of carbon fibres.

CTE Thermal
Function Materials 10 °C1 (RT- conductivity Density
250°C) W.m-L.K- at 25°C

. Si 4.2 150 2.3
Chips GaAs 5.9 45 5.32
Copper 17 400 8.95

Aluminum 23 230 2.7

. Aluminum /63 % SiC 8 165 3
Heatsinks =0 er /85 % W 6 180 17
Copper /40 % Carbon 17 L 140-160 L 6.11

fibres (Pitch) 9-12// >210// )

Substrates ALO; 6.7 20-35 3.9

AIN 45 170-250 3.26

Table 1. Properties of different electronic device materials (//: in plane properties; L:
through-thickness properties).

The purpose of this chapter is to present the main research results during this last decade on
the elaboration and properties of Cu/C composites. First, the different elaboration route of
Cu/C composites is presented in this chapter. Then, the main physical properties of Cu/C
composites are discussed, and a particular attention is given on the improvement of
interface copper/carbon and thermal properties of Cu/C composites. Finally, the main
potential applications of Cu/C composites are introduced, and their performances in
focused applications are discussed at the end of the chapter.

2. Elaboration of Cu/ C composites

Several processes have been developed to elaborate copper carbon composites through hot
pressing or squeeze casting [Praksan et al., 1997][Koréb et al., 2002]. However, all processes
are difficultly perfecting and too expensive for elaboration of thin sheet materials. Besides,
the poor wettability of carbon fibres with copper lead to low interfacial strength of
composites obtained with casting or liquid process routes. This low wettability results often
by large angle of the copper drop on graphite substrate (fig 2.). Then, one solution is the
improvement of this wettability between copper and graphite with alloying element with
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copper melt, such as Cr or Ti, in order to create a carbide layer to the copper/carbon
interface [Gofi, 1998]. Then, the wetting angle decreases from 137° for the pure copper to
46° for the alloy Cu-1%wt Cr. This alloy has a good wettability with a final wetting angle
lower than 90° because of the formation of chromium carbide (Cr;C) layer in the
copper/carbon interface.

Copper drop Yeu air
YClL Gr e
CRAPHITE  'Grair

0 : Wetting angle

Ycuair - Copper surface tensile _ (’YG - Yo Gr)
Cos 6

YcuGr - Copper/graphite interface tensile Ycu air

YGrair . Graphite surface tensile

0 = 145°> 9()° —> Low wettability

Fig. 2. Wetting angle of copper on graphite substrate.

Currently, the elaboration processes of Cu/C composites are based on powder metallurgy
technology that offers many advantages such as the decrease of the machining cost
(economical aspect), of power consummation (environmental aspect), and the better
interfacial properties between copper matrix and carbon fibres. In opposite, the squeeze
casting or liquid process route involves the low melting of matrix, low reactivity of metal
liquid with carbon reinforced, and good wettability of metal liquid with carbon fibres.
Indeed, the no reactivity between carbon and copper leads to very low mechanical
resistance of the interface and poor mechanical properties of composite. In order to improve
the mechanical properties of interface, the carbon fibres require a previous surface
treatment. These surface chemical treatments (in different acid solutions) of the carbon
fibres, which may be used in order to create chemical bonding at the C-Cu interfaces, will be
presented in more details in the following sections.

2.1 Starting copper powders and carbon fibres

The elaboration processes of Cu/C composites based on powder metallurgy technology
require the starting copper powder, typically from 10 and 30 um, and short carbon fibres,
typically from 1 to 10 mm of length. In opposite, the squeeze casting process does not
require the short carbon fibres or copper powders, but continuous carbon fibres can be used
in this route process.

The characteristics of copper powder and short carbon fibres have strong impact on the final
structure and properties of composites. These characteristics can be listed as following points:
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- Ratio size between copper particles and diameter of carbon fibres. High ratio is
favourable to better distributions of carbon fibres in copper matrix, and a ratio higher
that one is usually recommended.

- The electrolytic copper powders (dendritic shape) lead to better mixing with short
carbon fibres that copper powders obtained by atomisation (spherical shape).

- The length of carbon fibres must be 100 times greater than their diameter in order to
obtain the optimal thermo-mechanical properties.

The following figures (fig.3) show two main types of copper powder, the spherical copper

particles obtained by atomisation and dendrite copper particles obtained by electrolytic

route.

Fig. 3. (a) Copper powders obtained by atomisation from Nanoval, Germany (b) Copper
powders obtained by electrolytic route (CH-UF 10) from Eckart Poudmet, Germany

Two main types of carbon fibres are usually used for industrial applications:
polyacrylonitrile (PAN) and Pitch. Most of the carbon fibres currently produced in the
world is based on PAN. Pitch fibres are produced using existing hydrocarbon resources
(petroleum and/or coal) as the raw material to derive high performance carbon materials
and product with a textile manufacturing approach.

In comparison to PAN, pitch carbon fibres have higher modulus capability, (equivalent)
negative CTE, and higher thermal and electrical conductivity. These properties come from
higher crystallisation of carbon fibre after graphitization step at high temperature. However,
the Pitch carbon fibres are often more expensive that the PAN carbon fibres. Then, the Pitch
carbon fibres are more appropriated for the thermal management applications.

Recently, Vapor Growth Carbon Nano Fibres (VGCNF) have been developed for potential
thermal applications with theorical thermal conductivity close to one of the diamond (1200
W/m.K). The VGCNF can be considered as an intermediate structure between carbon
nanotubes and vapor growth carbon fibres. However, the properties of VGCNF have still
been some controversy, since the strategy to measure their mechanical properties relies on
non-conventional measurement techniques or inverse calculations from models.

The copper particles have dendrite shape with a range size from 25 to 30 pm (Fig. 3b).
Starting chopped carbon fibres have diameter ranging from 9 to 10 pm and mean length of 6
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mm. After milling, using planetary mill in alumina jar and alumina balls, the mean length of
carbon fibres is decreasing down to 100 to 200 um (Fig. a, b and c). In fact, for carbon fibre
length greater than 200 microns, the flowability of slurry decreases strongly leading to the
impossibility of slurry casted thin film.

Fig. 4. Short carbon fibres, a) type PAN (T300), b) type Pitch (CN80C) and c) type VGCNF
(Showa Denko)

The main physical characteristics of powders are given in Table 2.

2.2 Preparation of short carbon fibres or vapour growth carbon nanofibres (VGCNF)

After acid and ultrasonic treatments, the VGCNF are subjected to 3 consecutive steps (fig. 5).

The sensitization (Sn absorption), activation (Pd absorption), and plating (Cu deposition)

stages consist in the successive immersion of the VGCNF into the following baths:

e  Sensitization bath: 10g/1 SnCly, 40ml/1 HC1 37%, distilled water;

e  Activation bath: 0.25 g/1 PdCly, 2.5 ml/1 HClI 37%, distilled water;

e Plating bath: 10g/1 CuSO,, 50g/1 KNaC4H4O64H>O, 10 g/1 NaOH, 15 ml/1 CHOH
distilled water
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iﬂfgfclec I;/{fc?crlle Apparent Densi CTE Thermal Young's
Materials area dpiameter density (& cm-?)l (106 | conductivity | modulus
.cm3 ’ °C W.m1.K1 GPa
e |y | B /°0) | ( ) | (GPa)
Spherical
COPPE - 10.050.06 | 10-15 5.1 89 | 17 400 120
powder
(Nanoval)
Electrolytic

Copper 0.3 5-10 18 8.9 17 400 120

powder
(CH-UF 10)

Ficht carbon 10in | (<1)Not 120 151 | 5201
fibres 0.4 212 //

(KT120) ’ diameter | applicable ' 140 // 640 //
PAN carbon 0.4 10 in (<1) Not 210 -1,2 1-51 1-51
fibre (T300) ’ diameter | applicable ' // 70// 220 //

Vapour

0.06-0.15 -1,2

growth |45 in | (DNt 459 1y | 12007/ .
carbon nano diameter applicable

fibres

Table 2. Main characteristics of copper powders and carbon fibres.
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Cu deposition catalysed by the Sn protective layer
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Fig. 5. General principles of electroless coating [Lang et al., 1999]
CHOH initiates the coating deposition by reducing the CuSO; according to the following

reaction:

Cu?*+ 2HCHO + 40H- —» Cu% + H, + 2H,O + 2HCO;.

The main parameters, which have to be controlled, are: 1) the pH of the solution should be
between 9 and 12 (the sodium hydroxide (NaOH) amount is adjusted in order to obtain the
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desired pH), 2) the deposition time, 3) the temperature of the different baths and 4) the

reaction rates.

After each immersion, the VGCNF are immediately rinsed with distilled water to stop the

deposition process and, after the last step, the samples are carefully left dry.

Figures 6 and 7 show the evolution of the VGCNF Cu coating with different conditions. It

has to be mentioned that the VGCNF have been treated with an acid solution (VGCNF +

(HNOs + H2S04 2/3 vol.) during 6hours. before electroless coating.

Several point s can be noticed from this study:

1. The pH of the solution is one of the key factors in order to obtain a homogeneous
copper coating around each VGCNF. Homogeneous coating is obtained for pH greater
or equal to 12 (fig. 6). For that pH value the VGCNF are mostly cover with
homogeneous coating and the coating thickness can easily be controlled with
parameters as Cu sulfate concentration, deposition time and VGCNF content.

2. Copper coating is more homogeneous when i) the reducer concentration (HCHO) is
increased and ii) the water content of the solution is increased (fig. 7). Both conditions
lead to a decrease of the coating speed (see for example fig. 7a and 7b for two water
content 100 ml and 200 ml). The diagrams linked with these 2 water contents (fig. 7d
and 7f) show the evolution of the bath temperature and Ph with the deposition time.
For each diagram, the diagram background color (gray to white) shows the evolution of
the color of the solution (non transparent from Ph going to 13 to 10 and transparent
when all the Cu salt has reacted and therefore for a pH lower than 10) with reaction
time. Whatever the starting point and solution the advancement of the reaction is linked
with a decrease of the Ph and an increase of the solution temperature (the exothermicity
of the reaction is linked with the VGCNF concentration within the bath)

3. Whatever the starting conditions, an increase of the bath temperature is always
observed and linked with the decrease of the pH of the solution.

2.3 Squeeze casting

The squeeze casting is likely one of the most usual manufacturing processes for elaboration
of metal matrix composites (MMC). This process consists in the production of rigid porous
structures with reinforcement, in our cases carbon fibre structure, that are further infiltrated
by metal molten under pressure (fig. 8). The molten copper is poured (1180°C) into the
bottom half of the pre-heated die (close to 1000°C).

s g PR

pH =9 - t = 30 min pH =10 - t = 30 min pH =12 - t =30 min

Fig. 6. Evolution of the coating behaviour with the pH of the solution
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a) 100 ml of water b) 0() ml of water

¢) 300 ml of water

Time (min) Time (min)

d) 100 ml of water f) 200 ml of water

Fig. 7. Evolution of the coating behaviour with the water concentration

Infiltration of molten copper

Hot die

Pressure

Molten copper

Carbon fibre structure

Fig. 8. Squeeze casting process

During the infiltration step, the carbon fibre structure is placed in the die. The main
inconvenient of this technique is to keep steady the metal liquid during the infiltration step
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because of the high melting point of copper (1083°C). Other inconvenient is linked to low
wettability of copper with carbon, which involves the high infiltration pressure. This low
wettability can lead to carbon fibre agglomerates and the presence of micro porosity in
composites. Then, the squeeze casting is not the best process route for the elaboration of
Cu/C composites.

2.4 Tape casting process

The powder metallurgy process are mainly hot press for 3D design or thick substrate (3 mm
of thickness) and tape casting process for thin film (from 100 to 500 microns of thickness).
Tape casting process offers an original solution for the elaboration of thin sheets of metal
matrix composites [Corbin et al., 1997] or, in our case, carbon fibre reinforced copper matrix
composites. Tape casting process is currently used on the large scale to produce thin ceramic
or multilayer structures of various materials for different applications, [Roosen, 1999] such
as ALOs and AIN substrates for electronic devices, BaTiOs for multilayer capacitors, solid
electrolytes for sensors or energy conversion, piezoelectric ceramics for actuators or
transducers, etc.

The main characteristics of this process are low cost, accurate control of the thickness from
25 to 1000 pm, good surface finish and high quality of laminated materials [Geffroy et al.,
2007], (fig. 9).

Fig. 9. Picture of discontinuous tape caster in SPCTS lab of Limoges, France.

One of the key points of tape casting process for the elaboration of the copper/carbon
composite sheets is the elaboration of stable slurry with copper particles and short carbon
fibres. Then, tape casting process (fig. 10) consists of the preparation of a suspension of the
inorganic powder(s) in an aqueous or non-aqueous system. This slurry is a complex
multicomponent system typically containing the following components: powder (ceramic
and/ or metallic), solvent, dispersant, binder, and plasticizer. The suspension must be stable,
homogeneous and with a suitable rheological behaviour according to the tape casting
process. The slurry is spread onto a support by means of a moving doctor blade. After
evaporation of the solvent, the obtained dried tape, or green tape, was cut to the desired
shape.
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Fig. 10. Processing flow sheet of tape casting process
The main key points of tape casting process are discussed in the following sections.
a. Choice of organic components for tape casting

The solvent must wet the carbon fibres and the copper powder and should have a low
temperature of vaporization. The solvent is the azeotropic mixture of ethanol and 2-butanone
(40/60). Indeed, it offers a low boiling point (74.8°C) and a low dielectric constant that is
favourable for a good wettability of carbon fibre [Johnson et al., 1987]. The nature of the
solvent and of the powder determines the choice of organic additives, such as dispersant,
binder and plasticizer [Moreno, 1992]. According to sedimentation tests in the azeotropic
mixture of ethanol/2-butanone (40/60), one phosphate ester (CP213, Cerampilot, France)
corresponds to the best desagglomeration and dispersion of copper and carbon particles. The
optimum concentration of dispersing agent can be determined by rheological measurements
or sedimentation tests. The minimum viscosity, then the best state of dispersion, is usually
obtained for a dispersant concentration of 0.5 wt% on the dry powders basis.

The binder ensures the cohesion of the green sheet to avoid cracking during drying and for
handling. After evaporation, the binder molecules form organic bridges between copper
particles and carbon fibres, resulting in high mechanical properties of the green tape
[Bohnlein-MaufS et al., 1992]. The binder must be easily removed at low temperature
without residues. The binder is commonly a PolyMethyl MethAcrylate (PMMA) with a
molecular weight ranging between 100 000 and 200 000 g.mol-1.

The plasticizer, which confers the flexibility to the green tape for easy handling, induces a
decrease of the Tg of the organic phase. An efficient plasticizer of the PMMA is usually the
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dibutyl phtalate or polyethylene glycol with a low molecular weight close to 300 g.mol-l. A
good compromise between the flexibility and the mechanical strength of the green tape was
obtained for a binder/plasticizer ratio close from 1 to 1.5.

b. Slurry preparation and tape casting

The tape casting suspension is prepared in two steps. The first one consists in dispersing, by
planetary milling, the copper powder and carbon chopped fibres in 2-butanone/ethanol
solvent with phosphate ester as dispersant. The binder and the plasticizer are added to the
suspension in a second step and the complete slurry was homogenised, also by planetary
milling, but at a lower rotating velocity. After homogenization, the slurry is degassed and
directly casted onto a siliconed Mylar carrier film with a doctor blade. The doctor blade
speed is fixed at 0.5 m.min! with a gap of 0.5 mm. The solvent evaporation is carried out at
room temperature under air.

c. Green tape

The geometrical density of the green tapes varying from 2 to 2.5 g.cm corresponds to a
relative density ranging from 0.55 to 0.65 of TD (theoretical density), that suggests a rather
good arrangement of particles, whereas the particle shapes, like short fibres or dendrite
copper particles, are not favourable to a good compaction. However, the carbon fibres are
oriented in the casting plan due to shear imposed during tape casting.

d. Thermal treatments

The organic components are removed during a thermal treatment at low temperature, i.e.
debinding. The composites are then pre-sintering at higher temperature. The resulting
composite structures have sufficient strength and flexibility for handling, but still present an
important porosity. The thin sheets are then subsequently fully sintered by hot pressing (fig.
11?). In this densification step, 5 or 10 sheets (with thickness equal to 200 um) can be pressed
together for the elaboration of thick systems.

e. Debinding and pre-sintering

In the first step of firing, the organic additives, i.e. the binder, plastizicer and dispersant are
burned out carefully. The removal of plasticizer and binder occurs, under air, between
120°C and 350°C, whereas the extraction, under nitrogen, is performed between 140 and
400°C.

Due to copper oxidation starting at 150°C under air, debinding of copper/carbon composite
green sheets are performed at 350°C under nitrogen. In the second step of firing, the copper
matrix is pre-sintered at 750°C during 30 mn in nitrogen. The resulting composite has a
sufficient strength and flexibility for handling, but still presents an important porosity (20-30
% in volume), which results from the presence of carbon fibres. The densification of the
copper/carbon composites starts at about 650°C.

f. Densification by hot pressing

The pre-sintered individual tapes or multilayers are introduced between the two pistons of
the steel mould which were heated, under vacuum (0.66 Pa), by induction system and
regulation monitor. The usual conditions of hot pressing correspond to 650°C with a heating
rate of 25°C.min-! under 50 MPa during 1 min. This last step of densification by hot pressing
is presented in more details in the next section.
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2.5 Hot pressing

Hot pressing process consists firstly in the preparation of powders mixing. This mixing,
which contains ceramic, metallic powders and lubricant agents, must be stable and
homogeneous.

The bad wettability of the carbon fibres by copper and the non reactivity between carbon
and copper led to the formation of a stable porosity between the copper matrix and the
carbon fibres during the densification stage. Thus, the full densification of copper/carbon
composites is not possible by conventional sintering. Hot pressing technique, [Evans and
McColvin, 1976][Jha and Kumar, 1997], under controlled atmosphere, is finally used in
order to obtain fully dense materials.

|Chopped carbon fibres | | Copper powder | | lubricant agent |
o0
'E& | Milling — Mixing |
<
n
| Pressing
| Green sample
g ¥
b= | Hot pressing |
9
g |
g | Copper/ carbon composites |

Fig. 11. Processing flow sheet of hot pressing

In a first step, powders are desagglomerated and mixed in ball milling with lubricant agent
during 6 hours. Elaboration conditions, such as mixing conditions of the short carbon fibres
and the copper powder, dimension and shape of the two powders must be optimized. The
powders mixing is pressed to desired shape under 200 MPa, and the green sample obtained
have finally sufficient strength and flexibility for handling but still shows important
porosity close to 15-25%. Up to 200 MPa, the pressure can lead to the rupture of carbon
fibres in green sample and the deterioration of final properties of composites.

In a second step, the green sample is heated and forged up to 600°C under 50 MPa. Figure
12 shows the hot press apparatus with the inducting heating system. The mould can be in
steel or in tungsten carbide for higher temperature and pressure. To prevent copper
oxidation or steel mould, the atmosphere of hot pressing chamber is usually inert
atmosphere (nitrogen or argon) or primary vacuum. The temperature can be controlled with
a thermocouple placed into the steel mould.

The temperature and pressure of hot pressing is adjusted in order to obtain full dense
composite and to avoid the deterioration of carbon fibres. In the figure 13, the density of hot
pressed sample increases with the pressure and the temperature of hot pressing. However, a
high pressure can lead to breaks the carbon fibres if the copper is not enough soft. Then, the
high temperature leads to a softening of copper matrix and to improving the copper flow
around the carbon fibres during the hot pressing step. Finally, the optimal conditions
correspond to a moderate temperature, 600-700°C, (which is a low sintering temperature of
copper particles) with pressure between 50-100 MPa. The pressure must be higher than 20
MPa, which corresponds likely to the limit of elasticity deformation of copper particles
before ductile deformation and copper flow step in composite materials.
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Fig. 13. Relative density of Cu/C composites in relation with temperature and pressure of
hot pressing conditions
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Besides, a high temperature of hot pressure involves the important technological cost, and it
can lead the pre-sinterisation of copper particles, which is prejudicial to suitable softening of
copper matrix during the hot pressing. Then, the optimal conditions of hot pressing
correspond usually to the best compromise between optimal properties of Cu/C composites
and process cost.

Finally, the main parameters of hot pressing, such as temperature, time and atmosphere in
the thermal properties of the Cu/C composite materials must be adjusted in relation with
the optimal mechanical and thermal properties of Cu/C composites.

2.6 Reporting of Cu/C composites

Composite heat-sink family shows the highest potential for application in heat sinks for

electronic applications. The great advantage of this kind of materials is that they can

combine metal, polymer and ceramics in a broad range of different products to tailor the
final properties sought. Nevertheless, final properties of composites greatly depends on
manufacturing processes.

Among the huge amount of different composites, the most efficient and so the most

commonly developed for heat dissipation purposes, are metal matrix composites, and most

specifically those based on copper and aluminum matrices with a broad range of different
reinforcements.

Recently, some investigations in epoxy based composites reinforced with an extremely

interesting new kind of carbon fibres (Vapour Grown Carbon Fibres, VGCFs) have shown

outstanding thermal conductivities, near 650W/mK. These newly developed kinds of
micro/nanofibres (commercially available since the nineties) exhibit the highest thermal
conductivity of all materials known. Their special structure based on its manufacturing
process (they are produced from gases) gives them a high potential to achieve a highly
graphitic structure by a proper heat treatment, not achievable in other carbon fibres, thus
leading to outstanding physical and mechanical properties. But the main problem
encountered with epoxy based composites is their low highest temperature of use.

Nevertheless, in any case, these composites could be applied up to a temperature near

120°C, where polymers can start degrading.

Undoubtedly, the most efficient composites for heat sinks are those based on Cu and Al

with a number of different reinforcements. In general, metal matrix composites (MMCs)

show several improvements in comparison with currently used materials in electronic
packaging, among them the following can be underlined:

- Lower and tailorable CTE (the higher the volume fraction of reinforcement used, the
lower the CTE is) to be as similar as possible to ceramic substrates. In the present
development, in which a suitable electronic packaging component for GaN
semiconductor device will be developed, the coefficient of thermal expansion must be
as similar as possible to that of the electronic substrate. This reduction of the CTE
mismatch supposes, therefore, a reduction of stresses between the components and
their substrates during thermal cycling;

- High heat dissipation capability;

- Lightweight, suitable for space applications;

- High stiffness at high temperatures, being an useful characteristic in order to assure
dimensional stability of electronic components working at high temperatures.

Due to their high conductivity, low CTE and lightweight, Al/SiC, (50-70%SiC,) composites

represent one of the MMC kinds of materials that have found an easier way to be introduced
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into real industrial applications [Luedkte, 2004]. Some manufacturing processes for this type
of composites have been developed along the last years (infiltration and squeeze casting) for
these materials, so they are already available (it depends very much on size, shape, etc...).
Unfortunately, they are extremely difficult to machine, therefore, manufacturing processes
must be net or near-net shape, in order to get a really profitable manufacturing process.
Another interesting kind of MMCs for heat sinks is Cu/diamond composites. But their main
problem, again, is that they are expensive because diamond is expensive and difficult to
machine.

Looking, at the previous table 1, it can be said that copper based materials are the most
promising among MMCs. Most of the composites based on this matrix are reinforced by
ceramics (particles, short fibres, and long fibres) in order to reduce their extremely high CTE
and match it with those of the semiconductor or other ceramic substrates. Nevertheless, carbon
fibres also offer the big advantage of high heat and electrical conductivity. So, MMCs
reinforced with long C fibres show excellent thermal conductivity along the fibre direction.
Unfortunately, these types of composites are not usable in a broad range of heat sinks, as the
excellent thermal conductivity is achieved in surface but not across the thickness. Of major
interest are those composites reinforced with short fibres, as although in general terms thermal
conductivity is more modest than those reinforced with continuous fibres, they have isotropic
properties. In addition, their manufacturing processes are less sophisticated and expensive.

3. Properties of Cu/ C composites

The main properties of Cu/C composites depend strongly of process conditions. One of key
points is the improvement of interfacial strength between copper and carbon during
process. These main properties obtained by hot pressing and tape casting are discussed and
presented in the following parts.

3.1 Microstructure of Cu/C composites

The final density of materials is close to 94-98 %, and no specific degradation of carbon
fibres is observed in the Cu/C composites materials microstructures.

Microstructure characterization (fig. 14) shows strong anisotropy structure between the
perpendicular and parallel pressing directions. Carbon fibres are oriented in perpendicular
plan of pressing direction due to the strains and stresses imposed by pressing conditions
and geometry. It can be expected that carbon fibre orientation leads to anisotropic properties
of the Cu/C composites.

3.2 Coefficient of thermal expansion (CTE)

The CTE is measured using a differential dilatometer with a heating rate of 10°C.mn-! from
room temperature to 250°C under nitrogen to prevent t eventual oxidation of copper. Tested
samples have typical size of 5 x 5 x 20 mm of length.

The CTE measured in parallel pressing direction of composite is close to 17 10-¢ °C1 (CTE of
copper) for the different volume fractions of fibres. In opposite, CTE values in the
perpendicular pressing direction decrease with carbon fibre volume fractions (fig. 15). Theses
anisotropic properties are due to the strong anisotropy of carbon fibre properties (CTE = -1 10-
6 °C1 in parallel axis and 12 10 °C- in perpendicular axis) and the orientation of the fibres in
the perpendicular pressing direction. It has to be noticed that CTE values parallel and
perpendicular to the fibre axis have same values whatever the carbon fibre type.
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Fig. 14. SEM micrograph of hot pressed C/Cu composite material

CTE (10%) in L direction of pressing

16 "

.‘+“
14 } -
12

10 }

2 . . . . .
0 10 20 30 40 50

% carbon fibre volume fraction

Fig. 15. CTE of Cu/C composites in perpendicular direction of pressing in relation with
carbon fibre volume fraction.

3.3 Thermal conductivity (TC)

The thermal conductivity is commonly measured by flash laser method in axial direction of
small cylinders, typically 6-15 mm diameter and 2-5 mm high. The small cylinders are
machined in both parallel and perpendicular pressing directions in order to measure the
thermal conductivity in parallel and perpendicular directions of pressing.

In opposite to CTE properties, TC of C/Cu composite materials is strongly linked with the
thermal properties of the carbon fibres (CF) or vapor grown carbon nanofibres (VGCNF).
Indeed, TC of CF along their main axis can go from 10 to 900 W/mK whereas TC are
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constant perpendicular to CF main axis (close from 5 to 10 W/mK). Table 3 shows the
evolution of CTE, TC and density of C/Cu composite materials for one type of CF (with TC
= 140 W/mK in parallel to main axis). It can be seen that the thermal conductivity of
composites materials decreases with volume fractions of fibres. However, the TC is strongly
anisotropic, with 150 and 170 W.m-1.K-! in perpendicular direction, and 210 and 250 W.m-
1K1 in parallel and perpendicular direction of multilayer samples for 40 and 30 vol. %
fibres, respectively (table 3). Also, the strong anisotropy of carbon fibre properties (A,; = -1
10 °C1 in axis and A ;=12 10 °C-1 in perpendicular axis of fibre) and orientation of fibres
lead to strong anisotropic behaviour of thermal conductivity of Cu/C composite materials
(table 3).

. . CTE Thermal Conductivity .
0
Material with %C 106 °C-1 W.mK- Density

Cu /10% C 15-16 L 270 // 8.1
Cu /20% C 13 L 230// 7.5

0 260 L
Cu /30% C 111 180/ 6.8

0 220 L
Cu /40% C 91 160/ 6.1

0 180 L
Cu /50% C 71 120/ 5.5

Cu/5% carbon

nanofibre (VGCNE) 171 807/ 85

Table 3. CTE and TC measures in parallel (/) and perpendicular (L) pressing direction on
the copper carbon composites with pitch based carbon fibre (TC = 140 W/mK) [Geffroy et
al., 2008] and with carbon nanofibre [Silvain et al., 2009].

The thermal conductivity obtained with Cu/C carbon composite is lower than one expected
by inferior limit of Hashin and Shtrikman model [Hashin and Shtrikman, 1962]. This is
likely due to the important thermal resistance of copper/carbon interface. Then, the thermal
conductivity decreases strongly with an increase of carbon volume fraction. The thermal
resistance of interface Cu/C decreases usually with an improvement of mechanical
properties of interface copper/carbon by previous surface treatment of carbon fibre, as
described in previous section. Indeed, the origin of thermal conduction in copper is
electronic, while the one of carbon fibres is due to phonons. These different mechanisms of
thermal conduction between copper matrix and carbon fibres explain likely that the
interface carbon/copper has a large influence on thermal properties of composites, and is
always one of the critical points of thermal properties of Cu/C composites.

Recent research results show that the TC of these composites materials can be improved
with a higher thermal conductivity than copper (450 W.m-1.K-!) using a low amount (5% in
volume) of carbon nanofibres [Silvain et al., 2009]. However, the elaboration of these
composites requires, on the one hand, the previous surface treatment of short carbon fibres
in order to improve the Cu/C interface properties, on the other hand, the excellent
dispersion of carbon nanofibres in copper matrix.
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3.4 Electrical properties
The electrical resistivity of composites is often measured by using conventional four points
method. The electrical resistivity is increasing with carbon fibre content (fig. 16). The
experimental values are close to those predicted by lower limit of Hashin and Shtrikman
model, [Hashin and Shtrikman, 1962], taking pcy = 1.7 pQ.cm- and pfipre = 1000 pQ.cm-1.
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Fig. 16. Electrical resistivity of Cu/C composites in relation to fibre volume fraction [Geffroy
and Silvain, 2007].

These models have been described as follow:
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This behaviour is linked to a good electrical contact between carbon fibres and copper matrix
and to a low porosity at matrix/copper interfaces. Indeed, the both copper and fibres present a
similar mechanism of electrical conduction with free electrons. This involves that the electrical
resistance of interface copper /carbon has a low impact on electrical resistivity of composite.

4. Potential applications of Cu/C composites

The electronic industry is involved in an endless search of new materials that enable
electronic systems with increasing density of components, through higher heat dissipation
capability, lower density, higher reliability while matching the CTE of materials currently
used in electronic packaging components, ceramic substrates, Si, SiC and other
semiconductors, etc. In fact, reliability appears nowadays as is one of the major problems
that affect the electronics, microelectronics, telecom, automotive, and aeronautic industries.
Especially, thermal management is an increasingly critical part of achieving competitive
functionality in these industries since it impacts speed, size, weight and reliability of
components, mainly for future components which will need to dissipate heating from
electric currents and packaging densities in order of magnitude higher than those in use
today. Due to the high power dissipation capability of the current and future electronic
semiconductors and high reliability demand, it is mandatory to develop a new electrical
conductive layer based on Cu/C functionally graded materials with adapted CTE in order
to adjust the thermal stresses between the FGM ceramic and the Si wafer.

Cu/C composites are so attractive materials for thermal conduction because of its high
thermal conductivity and low CTE. Their potential primary applications are heat sinks,
thermal planes, and substrates (fig. 17).

15 mm

a) b)
Fig. 17. Two examples of machined C/Cu composite materials for a) railroad application
and b) aeronautic application

5. Conclusion and outlooks

The properties of Cu/C composites depend mainly on conditions and routes process.
Today, the powder metallurgy processes offer Cu/C composites with a low cost of
elaboration, a low CTE and excellent thermal conductivity properties. However, physical
properties obtained by power metallurgy process such as CTE and thermal conductivity are
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strongly anisotropic. In additional, the lack of interfacial strength between copper and
carbon requires a previous surface treatment of short carbon fibres in order to improve the
interface properties between copper matrix and carbon fibres. Recent research
developments suggest that the thermal conductivity of these composites materials should be
largely improved by using nanofibres with a higher thermal conductivity than copper (up to
400 W.m-LK1).
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1. Introduction

Non-conducting wideband absorbing materials are important for improving immunity of
electronic equipment and solving various problems of electromagnetic compatibility
(Celozzi et al., 2008). Application of absorbing materials for the design of shielding
enclosures, coatings, gaskets, or filtering patches is preferrable compared to metal structures
for several reasons. Typically enclosures of electronic equipment are made of highly-
conducting metal to achieve the required shielding levels (Neelakanta, 1995). However,
requirements to make electronic devices of smaller size and weight neccessitate substitution
of metal by electrically conducting composites (Sichel, 1982) and polymers (Fox et al., 2008;
Wang & Jing, 2005). Moreover, if a conducting surface has sharp edges, slots, and apertures,
currents on this surface may drive unintentional antennas and enhance noise coupling paths
as culprits of undesirable emissions (Paul, 2006). One of the ways to eliminate this problem
is to use absorbing materials, including applications of magneto-dielectric composite
materials for electromagnetic shielding purposes.

Engineering of absorbing materials with desirable frequency responses and advanced
physical properties is of great importance. These materials can be either bulk or sheet, and,
depending on a particular application, they may be shaped as needed. Frequency
characteristics of composite absorbing materials may be either wideband, or frequency
selective. The materials of interest should provide the required attenuation of surface
currents on the extended conducting surfaces, and/or satisfy requirements on damping
electromagnetic near-fields of the sources, or far-field electromagnetic waves of the given
configuration, direction of incidence, and polarization. Advanced physical, chemical, and
mechanical properties of absorbing materials are of great importance as well. The materials
must comply with requirements on thermal, chemical, and mechanical stability and
durability, incombustibility, non-toxicity, environmental friendliness, and adhesion with
surfaces on which they will be placed.

It is important that when applied to electronic products, the engineered absorbing materials
would allow for compliance with requirements and regulations from the point of view of
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electromagnetic compatibility (EMC), electromagnetic immunity (EMI), signal integrity (SI),
and power integrity (PI) over frequency ranges of interest. For applications in high-speed
digital electronic designs, the materials that would absorb electromagnetic energy in RF,
microwave, and potentially mm-wave bands, are of special interest. The necessity of using
absorbing materials becomes more and more important, since operating frequencies of
electronic devices increase, package density grows dramatically, and the number of
electronic equipment and devices of mass production continues to increase. Thin absorbing
noise-suppressing composite sheets and coats are of special interest for such applications,
especially because of microminiaturization trends and of convenience to apply directly on
the surfaces to be protected, as well as their broadband performance. Some examples of
applying thin sheet absorbing materials are shown in Fig. 1. Thin sheet absorbers can wrap
cables, or be applied directly on the sources of noise, or at some optimal distance from the
source. They can be put directly on the electronic module enclosure, around or over vents,
holes, sharp edges, and wedges, or may be placed as patches inside cavities to damp
unwanted resonances.

"Apply directly to casing

d0

]
[ Clw 10
Apply between boards

' suppress noise from cables

” _Apply directly to top of IC
A =

Fig. 1. Some examples of applying thin sheet absorbing materials

Also, electronic composites, whose properties can be controlled by thermal or
electromagnetic means, play an important part in modern micro- and nano-
electromechanical systems such as sensors, filters, switches, and actuators (Taya, 2005).
However, they will not be considered herein, since the specific topic of the present work is
absorbing composites for electromagnetic waves and fields.

An absorbing, non-conducting composite material may contain conducting non-magnetic
inclusions (e.g., carbon or non-magnetic metal particles) at concentrations below the
percolation threshold as fillers in a dielectric host (matrix, base) material (Lagarkov &
Sarychev, 1996; Sihvola, 1999; Tretyakov, 2003). Electromagnetic wideband radar absorbing
materials may include conducting magnetic (e.g., iron or permalloy) powders (Birks, 1948;
Merrill et al., 1999; Absinova et al., 2007) or combinations of granular ferrite and conducting
particles, e.g., carbonyl-iron powders (Park, et al., 2000). Electromagnetic wave absorbers
also widely use non-conducting soft ferrites with spinel structure, e.g., Ni-Zn, Ni-Zn-Co, or
Mn-Zn ferrites (Naito & Suetake, 1971; Shin & Oh, 1993; Kazantseva et al., 2004; Lisjak et al.,
2006), or hexagonal ferrites (Mikhailovsky et al., 1965; Ota et al., 1999; lijima et al., 2000).
Combining inclusions of different types (dielectric, conducting, and magnetic) in a multi-
phase composite material may yield substantial increase in the absorption level in the
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desired frequency range. The absorbers can form either thick or thin films (paint) placed on
the surfaces to be protected from unwanted radiation or coupling paths, or foam, as in
anechoic chambers. The absorbing materials may form multilayered resonant structures,
such as a Jaumann absorber or a Salisbury screen (Knott et al., 2004).

A current objective is to develop a methodology to efficiently design and evaluate novel
products based on absorbing magneto-dielectric composite materials primarily for
EMC/EMI purposes. Fig. 2 shows a flowchart for engineering design of noise-suppressing
materials and electromagnetic filtering structures.

Analysis of unwanted sources of EMI

¥

Analysis of EMI coupling mechanisms
and paths

')
Y

Analysis of possible technical solutions for noise

reduction
Appropriate GEOMETRIES: places of material
application and structures
v
Appropriate measurement technique —»| Numerical modeling
and equipment
1 Optimization and correction of
Measurements of parameters of requirements to m.aterlals and e = =
available materials: p(f) and g(f) geometries

|

Parameter extraction method for p(f)
and g(f)
1 | Experimental testing |— ---

u(® and &(f) curve-fitting for '
numerical modeling Practical realization in

engineering design

| Experimental realization |

e o o = =

Fig. 2. Flowchart for engineering design of EMI noise-suppressing materials and structures

The analysis starts from diagnozing and caracterizing sources of unwanted radiation and/or
undesirable electromagnetic interference coupling paths and mechanisms. Then possible
technical solutions to eliminate or minimize those noise effects are proposed and analyzed.
Any technical solution is based on a combination of proper material (or materials) and
geometry. This means deciding, where the chosen materials should be placed, and what
their configuration should be to achieve the required noise reduction in the intended
frequency and dynamic (power or field amplitude) ranges. If choosing an appropriate
material among already existing - either available commercially, or specially synthesized in
laboratory conditions, it is important to measure their electromagnetic properties. These are
the complex frequency-dependent dielectric susceptibility yx.(w) or permittivity e(w) =
€0 T Xe(w), and complex magnetic susceptibility x,,(w) or permeability p(w) =1 + x,, (w)
in the frequency range of interest. Alternatively, a material is characterized by its dielectric
and magnetic susceptibility kernels &, (t) and &, (t), which are the impulse responses
corresponding to y.(w) and yp,(w). There are different measurement techniques for
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evaluating electromagnetic properties of materials (Chen, 2004;). The choice of a specific
measurement technique depends on the frequency range of interest, material type
(dielectric, magneto-dielectric, or conductive; isotropic or anisotropic; linear or nonlinear;
exhibiting narrowband resonances, or having comparatively flat frequency dependence in
the frequency range of interest); instrument availability; required accuracy and repeatability.
There are some other factors, for example, how time-consuming and resource-consuming
those measurements are. Different methods of characterization of dielectric materials are
summarized in (Von Hippel, 1995; Chen, 2004), and various approaches to extract
parameters of ferrite materials over different frequency ranges are described in (Polder,
1950; Rado, 1953; Mullen & Carlson, 1956; Lax & Button, 1963; Korolev et al., 2008).
Currently there are numerous automated methods for wideband characterization of
dielectric and magnetic bulk materials (Nicholson & Ross, 1970; Weir, 1974; Barry, 1986), as
well as of thin films (Bekker et al, 2004; Booth et al., 1994). The existing techniques are
typically based on various transmission/reflection measurements, either in the frequency
domain, or in time domain, in transmission lines, cavities, open space, or using special
probes terminated with material samples under test. The literature is replete with various
measurement techniques (Nicholson & Ross, 1970; Fellner-Feldegg, 1972; Weir, 1974; Baker-
Jarvis, et al., 1993, 2001; Musil & Zacek, 1986; Ghodgaonkar et al., 1990; Zheng & Smith,
1991; Ganchev et al., 1995; Jargon & Janezic, 1996; Wang et al., 1998; Roussy et al. 2004;
Ledieu & Acher, 2003; Bekker et al., 2004).

For practical EMC purposes, it is convenient to have systematic methodology to help EMC
engineers to design and evaluate effectiveness of EMI noise-suppressing materials and
structures based on their measured dielectric and magnetic responses. An overview of this
methodology is presented in Fig. 3, corresponding to the flowchart in Fig. 2.

The dielectric and magnetic properties of the samples, depending on the measurement
technique, are extracted either discrete frequency points, or over selected continuous
frequency bands. Then the continuous frequency characteristics over the entire frequency
range of interest can be restored. This is done using an appropriate curve-fitting technique.
For further analytical and/or numerical modeling of structures containing dipersive
materials, it is important that the resultant continuous material frequency dependencies
would satisfy passivity and causality requirements over the entire frequency range of
interest. Passivity means that the initially measured transmission and reflection coefficients
in a passive system is in a physically meaningful range between 0 and 1 in unitless system,
or fall below 0 in logarithmic units. Causality means that real and imaginary parts of
complex permittivity &(w) = &'(w) —je"'(w) and complex permeability u (w) = p'(w) —
ju'" (w) related through the Kramers-Kronig relations (Landau & Lifshitz, 1960; Lucarini et
al., 2005), and, hence, no response could be obtained before a passive linear system has been
excited by an external source. After the continuous causal complex functions e(w) and u (w)
are obtained, they can be used in building either an analytical, or numerical electromagnetic
model to predict effects of the absorbing material upon characteristics of the particular noise
radiation and coupling scenario under study.

Validation of theoretically predicted or numerically simulated results is an important stage
of the methodology. Creating an experimental test vehicle, which is suitable and
comparatively simple for modeling, and at the same time captures the main features of noise
generation, coupling physics, and attenuation by an absor