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Preface

Advanced Engineering Testing is the technology and engineering achievement that includes
services to all users in determining the structural integrity of a product. Most companies that
provide world class technical innovation, engineering, testing and manufacturing services to
deliver energy-efficient performance to customers require knowledge in fundamental testing.
The capabilities of Advanced Engineering Testing provides ideas in new materials, electrifica‐
tion and battery technology, aerodynamics and thermodynamics, business performance and
specialist low volume manufacturing, which is applicable across all sectors, from automotive
and motorsport to aerospace and defence or energy and sports science to healthcare.

Engineers and scientists must work in close collaboration with their prospective users or cus‐
tomers to help them meet the engineering challenges of the 21st century, which are mobility,
sustainability and efficiency. Engineering testing has gradually become the crucial method in
determining whether or not the engineering components or machine are safe and reliable. The
cost to redesign and retest the engineering products give designers, engineers and manufac‐
tures an alarming sign whether or not to keep the existing testing method, redesign the test
method, or to use a different or advanced apparatus with advanced formulations.

This book covers recent advances in the method used in testing especially in the case of
structural integrity that includes fatigue and fracture testing, vibrations testing and surface
engineering testing that are crucial and widely used by engineers and industries.

The book will take the reader on a tour of how to apply the advanced formulation, ad‐
vanced theory and advanced method of testing that are relevant to all engineering fields:
mechanical, electrical, civil, materials and surface engineering. The topics are explained
comprehensively with the reliable test being performed in order to effectively investigate
the strength and validation of the development theory or model. The first part of the book
focuses on how to perform fatigue and fracture tests. The second part of the book focuses on
how the vibration tests are carried out. The last part of the book focuses on how to perform
the surface analysis test.

I hope the material is not too theoretical and that the reader finds the case study, the formu‐
lation, the testing method, and the analysis helpful in tackling their own engineering and
science-based studies. Last but not least, I would like to thank all of the authors who contrib‐
uted to and supported the production of this book.

Prof. Dr. Aidy Ali
Department of Mechanical Engineering

Faculty of Engineering
National Defence University of Malaysia (NDUM)
Universiti Pertahanan Nasional Malaysia (UPNM)



Preface

Advanced Engineering Testing is the technology and engineering achievement that includes
services to all users in determining the structural integrity of a product. Most companies that
provide world class technical innovation, engineering, testing and manufacturing services to
deliver energy-efficient performance to customers require knowledge in fundamental testing.
The capabilities of Advanced Engineering Testing provides ideas in new materials, electrifica‐
tion and battery technology, aerodynamics and thermodynamics, business performance and
specialist low volume manufacturing, which is applicable across all sectors, from automotive
and motorsport to aerospace and defence or energy and sports science to healthcare.

Engineers and scientists must work in close collaboration with their prospective users or cus‐
tomers to help them meet the engineering challenges of the 21st century, which are mobility,
sustainability and efficiency. Engineering testing has gradually become the crucial method in
determining whether or not the engineering components or machine are safe and reliable. The
cost to redesign and retest the engineering products give designers, engineers and manufac‐
tures an alarming sign whether or not to keep the existing testing method, redesign the test
method, or to use a different or advanced apparatus with advanced formulations.

This book covers recent advances in the method used in testing especially in the case of
structural integrity that includes fatigue and fracture testing, vibrations testing and surface
engineering testing that are crucial and widely used by engineers and industries.

The book will take the reader on a tour of how to apply the advanced formulation, ad‐
vanced theory and advanced method of testing that are relevant to all engineering fields:
mechanical, electrical, civil, materials and surface engineering. The topics are explained
comprehensively with the reliable test being performed in order to effectively investigate
the strength and validation of the development theory or model. The first part of the book
focuses on how to perform fatigue and fracture tests. The second part of the book focuses on
how the vibration tests are carried out. The last part of the book focuses on how to perform
the surface analysis test.

I hope the material is not too theoretical and that the reader finds the case study, the formu‐
lation, the testing method, and the analysis helpful in tackling their own engineering and
science-based studies. Last but not least, I would like to thank all of the authors who contrib‐
uted to and supported the production of this book.

Prof. Dr. Aidy Ali
Department of Mechanical Engineering

Faculty of Engineering
National Defence University of Malaysia (NDUM)
Universiti Pertahanan Nasional Malaysia (UPNM)



Section 1

Fatigue and Fracture Advanced Testing



Section 1

Fatigue and Fracture Advanced Testing



Chapter 1

Experimental Fatigue Test for Pre-Qualification of
Repair Mortars Applied to Historical Masonry

Alessandro Grazzini

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79543

Provisional chapter

DOI: 10.5772/intechopen.79543

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 
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Abstract

Restoration work on historical masonry buildings requires new repair materials capable 
of providing adequate durability over time. The interface between strengthening mortar 
and historical masonry can be the site of various stresses due to mechanical and thermo-
hygrometric actions, also causing delamination actions. At the Non-Destructive Testing 
Laboratory of the Politecnico di Torino, an experimental methodology has been developed 
through static, freezing-thawing and cyclic tests on mixed mortar-bricks specimens. The 
aim of the laboratory tests was to select a durable and compatible repair mortar before the 
application. Fatigue tests simulated all main stresses that can be generated at the interface 
between repair mortar and original masonry, both mechanical and thermo-hygrometric 
aspects. The experimental results were interpreted by evaluating the variation of defor-
mation parameters over time during the tests. From a range of four strengthening mor-
tars, the experimental procedure was able to select the one with the greatest guarantees of 
durability and compatibility. A similar experimental procedure has also been developed 
to test the durability of dehumidified mortars suitable for the recovery of historical plas-
ters subjected by rising dump effects. The same selected mortars have been used success-
fully at prestigious restoration sites, demonstrating their validity over time.

Keywords: strengthening mortars, historical masonry, durability, fatigue test, plaster 
detachment

1. Introduction

The architectural heritage requires significant recovery and strengthening work due to the 
high degradation to which it was abandoned. In particular, historical buildings present a lot 
of damage caused by mechanical stresses (seismic actions, structural failures, overloads) and 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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thermo-hygrometric stresses (freezing-thawing cycles, rising dump effects) that have reduced 
the masonry strength. Often the refurbishment projects require historical buildings to change 
their intended use with necessary structural retrofit. This study aims to focus on the use of struc-
tural mortars, useful both in the field of strengthening work (reinforced plasters, reinforcement 
of vaults, grout injections in the masonry textures) and in the restoration work (dehumidified 
plasters). The choice of new strengthening products must pay attention to their compatibility 
of the mechanical characteristics compared to those of the original masonry structures, often 
very heterogeneous [1]. The market offers many types of structural mortars, some with high 
mechanical performance, of which only short-term resistance values are declared, but nothing 
is known about their durability when applied to very heterogeneous masonry structures.

The historical masonries have very different mechanical characteristics due to the variegated 
building textures and the specific degradation’s level. Therefore, a single structural mortar can-
not have the mechanical and thermo-hygrometric characteristics compatible with all diverse 
historical masonries. Unfortunately, some restoration works, carried out by high-performance 
cement mortars, have failed registering detachments of the strengthening products from the 
masonry supports.

Recent earthquakes have shown the clear failure of restoration work performed with the use 
of concrete materials, the excessive stiffness of which has completely distorted the original 
characteristics of historical masonry buildings. Figure 1 shows the ineffectiveness of the 
cementitious insertion materials inside historical walls of the St. Agostino church, collapsed 
during the last great Italian earthquake of Amatrice, just in correspondence with the previous 
stitching made by cement injections.

In many instances, the strengthening work, performed with the parameters of modern 
technologies, has modeled the buildings through static schemes that are not suitable for old 
structures. They can produce a notable difference in mechanical performances compared to 
historical masonry, which can generate dangerous stresses to the interfaces among the mate-
rials. On the contrary, it is necessary to prefer the use of mortars based on hydraulic lime 
with mechanical characteristics similar to those of historical masonries. In addition, each wall 
texture deserves an ad hoc experimentation in order to evaluate, among a range of products 
offered by the market, which structural mortar has the most compatible mechanical and 
thermo-hygrometric characteristics, and therefore ensure greater durability of the interven-
tion. Therefore, only the coupling between two materials with the same characteristics and 
similar elastic modulus will guarantee the mutual collaboration between the two materials, 
avoiding detachments.

At the Non-Destructive Testing Laboratory of the Politecnico di Torino, an experimental pro-
cedure was set up to select the new structural mortars and test their durability when applied 
to a specific historical masonry texture. The goal of this research is to show the fundamental 
importance of preliminary tests to identify the most compatible product for each specific res-
toration work. The procedure can be useful for the designer who needs to choose the best 
mortar, which guarantees durability over time when applied to a specific masonry structure. 
The tests are intended to simulate stresses under different mechanical and thermo-hygromet-
ric actions that may occur in the useful life of the restored building. The tests are both static 
and cyclical, and start from single specimens to characterize the single material up to mixed 
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mortar-brick specimens that have the function of simulating the real stresses that over time 
can undermine the structural binomial.

A first part of the tests concerns the validation of structural mortars for strengthening work, 
which must be carried out at the restoration site of the Royal Palace of Venaria. The second 
part concerns a similar methodology to test the adhesion of dehumidified plasters applied to 
historical masonry walls of the Sacro Monti di Varallo heritage site. Two important restoration 
sites have demonstrated over time the validity of the use of the repair mortars selected during 
the experimental procedure that will be described.

2. Validation of structural mortar for strengthening work at the 
Royal Palace of Venaria

The Royal Palace of Venaria, a UNESCO site near Turin, is one of the most famous monu-
ments in Italy. His recovery project was among the most important in Europe (Figure 2). The 
restoration site has also been the place of experimentation with new techniques and materi-
als for structural reinforcement methods. Within the restoration site, a research agreement 
was set up in collaboration with the Non-Destructive Testing Laboratory of the Politecnico 
di Torino, with the aim of validating the durability of the repair mortars used in subsequent 
strengthening and restoration work [2].

Figure 1. Collapse of the St. Agostino church in Amatrice after the Central Italy earthquake 2016 (image courtesy of the 
Curia of Rieti).
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2.1. Experimental materials and setup

To determine the main mechanical characteristics of the individual materials, that is, the compres-
sive strength and the elastic modulus, six specimens 40 × 40 × 160 mm were manufactured for 
each single material. Four different types of mortars were tested (codified as “A,” “B,” “C,” “D”), 
suitable for the following restoration techniques: reinforcement by structural plaster (A; C), joint 
closing (A; D), jacketing of masonry walls or reinforcement of vaults (D), consolidation by grout 
injection (B). In addition to these, six more specimens 40 × 40 × 160 mm made from historic bricks 
of the Royal Palace of Venaria were tested (Figure 3). Each mortar test piece was labeled with 
“XM” where “X” stands for the code of the relative mortar (A–D); the brick test piece was labeled 
with “LT.”

The next step of this experimental procedure was the manufacturing of particular mixed 
brick-mortar specimens measuring 223 × 57 × 83 mm (Figure 4). The mixed specimens were 
made from historical cut on which a 30 mm thick layer of strengthening mortar was applied. 
The brick surface was treated by means of a drill to facilitate the mortar’s adhesion. The treat-
ments simulate roughness and irregularity of the masonry surface that in the real executive 

Figure 2. The Royal Palace of Venaria.

Figure 3. Single specimens.
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phases can improve the adhesion of strengthening plaster, or the irregular inside masonry 
texture that can improve the adhesion of a fluid injection mortar.

Each mixed test piece was labeled with “XL” where “X” stands for the code of the relative 
mortar (A–D).

Altogether eight mixed pieces were manufactured for each “XL” series: two for preliminary 
static tests, three for freezing-thawing tests and three for cyclic loading tests. The vertical and 
horizontal displacements were recorded respectively by means of a couple of vertical trans-
ducers and a horizontal transducer (Figure 4). The horizontal transducer served to measure 
the displacements due to bulging. The mixed specimens were instrumented also with a pair 
of electrical strain gauges on the opposing vertical faces measured transverse strains. In this 
manner, it is possible to measure the axial deformations (in vertical, horizontal and transverse 
directions), whose algebraic sum yields the volumetric deformation.

Cyclic and static compressive tests were carried out by means of a 250 kN model 810 
MTS. Freezing-thawing cycles were performed through a laboratory oven and a refrigerator cell.

2.2. Mechanical and thermo-hygrometric characteristics of single materials

The results of static tests on single materials are shown in Table 1. Because of a technical 
hitch in the number of manufactured specimens, only for mortar B and D, the evolution of 

Figure 4. Mixed brick-mortar test pieces.
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mechanical characteristics in the time due to the maturation effects has been analyzed, verify-
ing that the changes in mechanical behavior are remarkable (Tables 2 and 3).

The analysis of the effects of the adverse environmental conditions (seasonal temperature 
ranges) was carried out by freezing-thawing tests on mortars B and D specimens (Table 4). 
None of the test piece B remained intact to reach the minimum threshold of 25 cycles. On the 
contrary, mortar D after 25 cycles showed a significant increase in resistance (+34.27%). After 
50 cycles, there is a decrease in compressive strength again, bringing the average values close 
to the virgin reference (−3.12%). The reason for these substantial changes in mechanical prop-
erties may be due to thermal changes in the chemical base of the product [3]. However, these 
changes are very important and must be taken into account in the durability of the strengthen-
ing materials over time. These experimental results demonstrate the need to perform fatigue 
tests on repair materials before their use. A strong change in the mechanical characteristics of 
the strengthening materials can make it over time incompatible with the mechanical perfor-
mance of the historical masonries on which it has been applied, favoring its detachment.

2.3. Experimental results of mixed test pieces

Table 5 shows the main mechanical characteristics of mixed test specimens. The mechani-
cal performances after 28 freezing-thawing cycles are shown in Table 6, observing a great 
increase of strength.

The main phase of this validation procedure was the cyclic tests. The high value selected for 
cyclic load (70% of static load) was designed to make the test severe enough despite the short 
duration in the time (1,00,000 cycles—1.3 Hz), and to highlight the potential of several indica-
tors monitored over time. The evolution of the volumetric deformation of mixed pieces was 
analyzed. Its propensity to negative values (increase in volume) can reflect a lesser degree of 
collaboration between the two materials, or even their detachment at the interface.

The test setup was performed through four steps:

• initial 70% loading-unloading test (3 cycles);

• 70% cyclic test (1,00,000 cycles);

• final 70% loading-unloading test (1 cycle);

• postcyclic compression test to failure.

Materials E (N/mm2) ν σ (N/mm2) Δ% σ

Mortar A 6208 0.12 8.27 −7.50

Mortar B 7534 0.19 10.91 +111.55

Mortar C 12,678 0.23 10.34 +146.39

Mortar D 12,274 0.32 24.95 +57.47

Historical brick (LT) 4099 0.08 8.09 —

E = elastic modulus, ν = Poisson’s coefficient, σ = failure stress, Δσ = variation of σ.

Table 1. Elastic modulus and compression results of individual materials (40 × 40 × 160 mm).

Advanced Engineering Testing8

In the curve of a cyclic fatigue test (Figure 5), it is possible to identify three distinct stages:

• Stage I: Deformations are seen to increase rapidly (accounting for approximately 10% of the 
service life of test piece);

• Stage II: Deformations increase gradually at a virtually constant stress (10–80% of test piece 
life);

• Stage III: Deformations increase rapidly until failure [2].

Fatigue life of a material subjected to cyclic loading tests is linked to the evolution of the 
deformations during stage II [4–7]. By analogy with the method suggested for concrete [8], 
the evolution of vertical deformations over time was recorded for evaluating fatigue strength 
of material. The goal is to ascertain whether fatigue life of the mixed brick-mortar system also 
depends on the rate of increase of vertical deformations during stage II (termed secondary 
creep rate). Figures 6–9 shows that the broken test pieces (before 1,00,000 cycles, as shown in 
Table 7) displayed a steeper slant in the stage II section of the curve, followed, at ca 80–90% 
of test piece life, by a sudden increase at stage III (failure). Conversely, the diagrams of the 
mixed specimens that passed 1,00,000 cycles mark displayed a lesser slant, reflecting an effec-
tive behavior still far from failure. From these results of cyclic tests, through linear interpola-
tion between 20 and 80% of secondary creep values (Figure 10), derivatives ∂εv/∂n (i.e., the 

Test piece Days σ (N/mm2) Δ% σ (28 days) E (N/mm2) Δ% E (28 days)

BM 4.1 28 12.38 7262

BM 7.3 28 12.54 6960

BM 9.3 28 11.32 7944

Average 28 12.08 — 7389 —

BM 3.3 90 19.74 10,676

BM 1.3 90 19.59 10,089

BM 10.2 90 20.37 11,290

Average 90 19.90 +64.71 10,685 +44.62

BM 2.2 150 17.24 8347

BM 6.1 150 20.02 7923

BM 6.2 150 20.22 9046

Average 150 19.16 +58.61 8439 +14.21

BM 2.3 210 17.47 12,000

BM 8.1 210 17.94 10,223

BM 3.1 210 19.02 9680

Average 210 18.14 +50.16 10,634 +43.92

σ = failure stress, E = elastic modulus, Ασ = variation of σ, ΔE = variation of E.

Table 2. Mechanical characteristics during maturation of strengthening mortar B.

Experimental Fatigue Test for Pre-Qualification of Repair Mortars Applied to Historical Masonry
http://dx.doi.org/10.5772/intechopen.79543

9



mechanical characteristics in the time due to the maturation effects has been analyzed, verify-
ing that the changes in mechanical behavior are remarkable (Tables 2 and 3).

The analysis of the effects of the adverse environmental conditions (seasonal temperature 
ranges) was carried out by freezing-thawing tests on mortars B and D specimens (Table 4). 
None of the test piece B remained intact to reach the minimum threshold of 25 cycles. On the 
contrary, mortar D after 25 cycles showed a significant increase in resistance (+34.27%). After 
50 cycles, there is a decrease in compressive strength again, bringing the average values close 
to the virgin reference (−3.12%). The reason for these substantial changes in mechanical prop-
erties may be due to thermal changes in the chemical base of the product [3]. However, these 
changes are very important and must be taken into account in the durability of the strengthen-
ing materials over time. These experimental results demonstrate the need to perform fatigue 
tests on repair materials before their use. A strong change in the mechanical characteristics of 
the strengthening materials can make it over time incompatible with the mechanical perfor-
mance of the historical masonries on which it has been applied, favoring its detachment.

2.3. Experimental results of mixed test pieces

Table 5 shows the main mechanical characteristics of mixed test specimens. The mechani-
cal performances after 28 freezing-thawing cycles are shown in Table 6, observing a great 
increase of strength.

The main phase of this validation procedure was the cyclic tests. The high value selected for 
cyclic load (70% of static load) was designed to make the test severe enough despite the short 
duration in the time (1,00,000 cycles—1.3 Hz), and to highlight the potential of several indica-
tors monitored over time. The evolution of the volumetric deformation of mixed pieces was 
analyzed. Its propensity to negative values (increase in volume) can reflect a lesser degree of 
collaboration between the two materials, or even their detachment at the interface.

The test setup was performed through four steps:

• initial 70% loading-unloading test (3 cycles);

• 70% cyclic test (1,00,000 cycles);

• final 70% loading-unloading test (1 cycle);

• postcyclic compression test to failure.

Materials E (N/mm2) ν σ (N/mm2) Δ% σ

Mortar A 6208 0.12 8.27 −7.50

Mortar B 7534 0.19 10.91 +111.55

Mortar C 12,678 0.23 10.34 +146.39

Mortar D 12,274 0.32 24.95 +57.47

Historical brick (LT) 4099 0.08 8.09 —

E = elastic modulus, ν = Poisson’s coefficient, σ = failure stress, Δσ = variation of σ.

Table 1. Elastic modulus and compression results of individual materials (40 × 40 × 160 mm).

Advanced Engineering Testing8

In the curve of a cyclic fatigue test (Figure 5), it is possible to identify three distinct stages:

• Stage I: Deformations are seen to increase rapidly (accounting for approximately 10% of the 
service life of test piece);

• Stage II: Deformations increase gradually at a virtually constant stress (10–80% of test piece 
life);

• Stage III: Deformations increase rapidly until failure [2].

Fatigue life of a material subjected to cyclic loading tests is linked to the evolution of the 
deformations during stage II [4–7]. By analogy with the method suggested for concrete [8], 
the evolution of vertical deformations over time was recorded for evaluating fatigue strength 
of material. The goal is to ascertain whether fatigue life of the mixed brick-mortar system also 
depends on the rate of increase of vertical deformations during stage II (termed secondary 
creep rate). Figures 6–9 shows that the broken test pieces (before 1,00,000 cycles, as shown in 
Table 7) displayed a steeper slant in the stage II section of the curve, followed, at ca 80–90% 
of test piece life, by a sudden increase at stage III (failure). Conversely, the diagrams of the 
mixed specimens that passed 1,00,000 cycles mark displayed a lesser slant, reflecting an effec-
tive behavior still far from failure. From these results of cyclic tests, through linear interpola-
tion between 20 and 80% of secondary creep values (Figure 10), derivatives ∂εv/∂n (i.e., the 

Test piece Days σ (N/mm2) Δ% σ (28 days) E (N/mm2) Δ% E (28 days)

BM 4.1 28 12.38 7262

BM 7.3 28 12.54 6960

BM 9.3 28 11.32 7944

Average 28 12.08 — 7389 —

BM 3.3 90 19.74 10,676

BM 1.3 90 19.59 10,089

BM 10.2 90 20.37 11,290

Average 90 19.90 +64.71 10,685 +44.62

BM 2.2 150 17.24 8347

BM 6.1 150 20.02 7923

BM 6.2 150 20.22 9046

Average 150 19.16 +58.61 8439 +14.21

BM 2.3 210 17.47 12,000

BM 8.1 210 17.94 10,223

BM 3.1 210 19.02 9680

Average 210 18.14 +50.16 10,634 +43.92

σ = failure stress, E = elastic modulus, Ασ = variation of σ, ΔE = variation of E.

Table 2. Mechanical characteristics during maturation of strengthening mortar B.

Experimental Fatigue Test for Pre-Qualification of Repair Mortars Applied to Historical Masonry
http://dx.doi.org/10.5772/intechopen.79543

9



Test Piece Cycles σi (N/mm2) σf (N/mm2) Δσ% 
(0-cycles)

Ei (N/mm2) Ef (N/mm2) ΔE % (0-cycles)

DM 1.2 25 20.64 29.66 +43.70 13,557 11,119 −17.98

DM 8.2 25 20.64 25.59 +23.98 13,201 10,376 −21.40

DM 5.2 25 20.64 27.88 +35.08 11,066 11,257 +1.73

DM 3.2 25 20.64 — — 11,841 13,386 +13.05

DM 4.2 25 20.64 — — 8826 12,167 +37.85

DM 7.1 25 20.64 — — 9003 7869 −12.59

Average 25 20.64 27.71 +34.27 11,249 11,029 −1.95

DM 3.2 50 20.64 24.08 +16.67 11,841 12,930 +9.20

DM 4.2 50 20.64 17.37 −15.84 8826 10,453 +18.43

DM 7.1 50 20.64 18.53 −10.22 9003 8418 −6.50

Average 50 20.64 19.99 −3.12 11,249 10,600 −5.77

σi = failure stress, σf = freezing-thawing cycles, Δσ% = variation of σ after freezing-thawing test, ΔE% = variation of E 
after freezing-thawing test.

Table 4. Static tests after freezing-thawing cycles on strengthening mortar D.

Test piece Days σ (N/mm2) Δ% σ (28 days) E (N/mm2) Δ% E (28 days)

DM 4.3 28 20.08 9886

DM 6.2 28 20.97 10,957

DM 7.3 28 20.87 11,231

Average 28 20.64 — 10,691 —

DM 9.3 90 28.33 12,455

DM 5.3 90 28.32 12,907

DM 9.1 90 28.09 11,947

Average 90 28.25 +36.87 12,436 +16.32

DM 1.1 150 28.99 12,849

DM 10.2 150 28.46 13,152

DM 6.2 150 28.10 10,448

Average 150 28.52 +38.18 12,150 +13.64

DM 10.1 210 28.91 12,406

DM 6.3 210 29.16 14,821

DM 2.2 210 29.66 16,177

Average 210 29.24 +41.70 14,468 +35.32

σ = failure stress, E = elastic modulus, Ασ = variation of σ, ΔE = variation of E.

Table 3. Mechanical characteristics during maturation of strengthening mortar D.
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variations in the deformation versus time curve during stage II) were calculated. Through 
a linear regression on logarithmic scale, it is possible to plot the data in a diagram in order 
to obtain an analytical relationship (1) between secondary creep variations, ∂εv/∂n, and the 
number of cycles (N) to fatigue failure:

  N = 1839.92 ⋅   (  
∂  ε  v   ___ ∂n  )    

−0.7284

   (1)

A valid correlation was established between secondary creep rate (∂εv/∂n) during stage II and 
fatigue life (number of cycles to failure, N). By performing a certain number of cycles on the 
material until deformations increase at a constant rate, it is possible to predict fatigue life with 
a good degree of approximation [9–11].

Series Test piece Pmax (kN) σmax (N/mm2) σaverage (N/mm2) E (N/mm2)

AL AL02 102.75 19.30 15.40 11,988

AL04 59.76 11.49 14,157

BL BL01 108.51 22.17 16.89 16,940

BL02 52.30 11.60 4400

CL CL01 40.78 9.71 12.58 6597

CL02 76.98 15.46 12,478

DL DL01 58.50 12.10 12.04 6191

DL02 60.45 11.98 8106

Pmax = failure load, σmax = failure stress, E = elastic modulus.

Table 5. Results of preliminary static tests on mixed test pieces.

Series Test piece Condition Pmax (kN) σmax (N/mm2) σaverage (N/mm2) Δσ% E (N/mm2)

AL AL03 Cracked 95.54 19.78 15.88 +3.15 10,050

AL06 Detached 81.00 15.83 8151

AL08 Detached 59.30 12.03 6701

BL BL07 Cracked 76.30 14.23 13.88 −17.81 6250

BL10 Cracked 66.50 13.52 6582

CL CL06 Whole 104.50 19.92 15.52 +18.25 10,604

CL08 Whole 54.62 11.13 7191

DL DL08 Whole 107.40 21.52 22.87 +89.93 35,358

DL07 Whole 129.30 24.22 16,249

Pmax = failure load, σmax = failure stress, Δσ% = variation of σ after freezing-thawing tests, E = elastic modulus.

Table 6. Results of static tests after freezing-thawing cycles.
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In some samples, the theoretical value of cycles to failure Nthe was found to be lower than that 
obtained from laboratory tests (Table 7). After the final value of cyclic test, the relationship 
(Eq. (1)) was useful to predict the failure on the detachment surface between brick and repair 
mortar. The measure of the volumetric deformations is in agreement with the theoretical value 
obtained from Eq. (1): the time when the volumetric deformations shifted to negative sign 
(propensity to bulge due to poor vertical collaboration or detachment at the interface between 
the two materials) was the failure time of the mixed brick-mortar specimen. The methodology 
and the numerical analysis proved very sensitive to the initial signs of weakening in the brick-
mortar system, indicating clearly the onset of a crisis due to fatigue. Figures 11–14 illustrate 
the static tests performed on mixed test pieces.

Figure 5. Monoaxial cycles compression test σ-ε curve.

Figure 6. AL series cyclic tests: max vertical deformation.

Advanced Engineering Testing12

The values obtained for a majority of the series remained within the average of the two pre-
liminary tests, save for the series DL (Figure 14), which displayed a considerable increase in 
strength. In most cases, static curves after freezing-thawing revealed a more brittle behavior. 
Test pieces of BL and DL series that passed 1,00,000 cycles mark were tested to failure: the DL 
series displayed a noticeable increase of their mechanical properties. Some CL and DL test 
pieces were subjected both to freezing-thawing test and to cycling loading: CL maintained 
a static behavior similar to the weakest preliminary test result; instead in the DL series, an 
appreciable increase of strength was mated to a lesser degree of brittleness compared to the 
test pieces subjected to cyclic loading only.

Figure 8. CL series cyclic tests: max vertical deformation.

Figure 7. BL series cyclic tests: max vertical deformation.
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Test piece n ∂εv/∂n LogN Log(∂εv/∂n) Nthe

AL01 22,380 0.0270 4.350 −1.569 25,583

AL05 53,465 0.0198 4.728 −1.703 32,029

BL03 1,00,000 0.0047 5.000 −2.323 90,605

BL05 1,00,000 0.0040 5.000 −2.398 102,716

BL06 1,00,000 0.0024 5.000 −2.612 147,056

CL05 461 5.1818 2.664 0.714 555

CL09 1223 2.5110 3.087 0.400 941

CL10 15,835 0.0501 4.200 −1.300 16,294

DL03 1149 0.4704 3.060 −0.328 3187

DL05 1,00,000 0.0015 5.000 −2.813 206,028

DL06 1,00,000 0.0070 5.000 −2.155 68,328

BL04 40,993 0.0340 4.613 −1.469 21,612

BL09 360 9.4729 2.556 0.976 358

CL04 1,00,000 0.0035 5.000 −2.454 112,832

CL07 46,622 0.0192 4.669 −1.717 32,795

DL09 1,00,000 0.0025 5.000 −2.594 142,671

DL10 1,00,000 0.0113 5.000 −1.947 48,171

Table 7. Analysis of the data.

Figure 9. DL series cyclic tests: max vertical deformation.
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Figure 10. Fatigue life of mixed test pieces ∂εv/∂n chart.

Figure 11. AL series static tests.

Figure 12. BL series static tests.
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Figure 12. BL series static tests.
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2.4. Selection of optimal mortar

From the results of this experimental procedure, mortar D was chosen for the best compat-
ible characteristics because, compared with the other mortars, during fatigue and freezing-
thawing tests, these strengthening materials showed the greatest number of cycles without 
excessive variations of mechanical characteristics.

The choice of mortar D also was confirmed by the good results of preliminary tests, performed 
in situ. From six double flat jack tests, a value of failure tension σ average was found equal to 
1.91 N/mm2 in accord with that (1.61 N/mm2) obtained by laboratory tests on the big masonry 
walls, manufactured by original bricks and stones extracted in situ. The positive confirmation 

Figure 14. DL series static tests.

Figure 13. CL series static tests.
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came from the real application of mortar D as reinforced plaster retrofitting of some walls 
of the Royal Palace of Venaria (Figure 15). After 10 years, this plaster does not present any 
pathology of incompatibility.

3. Experimental procedure for selecting a durable dehumidified 
mortar

Often masonry walls of historical buildings are subject to rising damp effects due to capillary 
or rain infiltrations. In the time, their cyclic action produces decay and delamination of his-
torical plasters. The restoration market offers a great number of dehumidified repair mortars 
to use as new transpiring plasters. Nevertheless, their mechanical and thermo-hygrometric 
characteristics have not been compared carefully with those of the historical masonry sup-
ports, often producing the failure of restoration work. Preventing this phenomenon is the 
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Figure 14. DL series static tests.

Figure 13. CL series static tests.
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came from the real application of mortar D as reinforced plaster retrofitting of some walls 
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Figure 16. Decay of historical plasters because of the rain infiltrations (Sacro Monte of Varallo).

Figure 17. Geometry of composite specimen and test setup.
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compatibility between the repair mortars and historical masonries stone, as a guarantee also 
for durability over time against atmospheric agents.

3.1. Preparation of the laboratory test

For carrying out tests, a particular geometry of the composite specimen has been proposed. 
Four mixed specimens were made, applying a 40 mm mortar layer to both shorter faces of 
the stone brick suitably cut with the dimensions shown in Figure 17. The mechanical char-
acteristics of the repair mortar and the stone brick were chosen equivalent to those of the 
stone masonry at the Sacro Monte di Varallo. The experimental test can carry out also by 
masonry brick, if the historical walls were made by bricks. The hydraulic lime mortar was 
a pre-blended transpiring product, for dehumidifying repair work on historical masonry 

Figure 18. The wedges’ geometry and test setup.

Figure 19. Load-horizontal displacement curves of static tests.
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damaged by dampness. For this mortar, the Young’s modulus was 4379 MPa, and the com-
pressive strength was 33.8 MPa.

The surface of the stone block has been treated specifically by means of a drill to facilitate 
the mortar’s adhesion. This treatment aimed to simulate the real discontinuities on the wall 
surface that favor the adhesion of the plaster. The application of the dehumidified mortar 
took place leaving specific and surface symmetrical discontinuities at the top and bottom of 
the specimen, as shown in Figure 17. These notches favored the trigger and propagation of 
multiple cracks, in order to test the adhesion of two linked materials. An inductive horizontal 
displacement transducer was applied at the bottom of the specimen for the bulging displace-
ments. The vertical displacements were recorded by the piston’s translation of the 250 kN 
servo controlled test machine. The composite specimens were tested by monotonous compres-
sion load by horizontal controlled opening (0.0001 mm/s). Static tests have been performed 
after 28 days of maturation. The composite specimen rested, through the side layers mortar, 
on a double system of steel wedges (Figure 18). The wedges were coupled by a 1 mm thick 
Teflon layer for reducing the horizontal friction during the plaster’s expansion. The “SM” 
(Stone brick-Mortar) label has been associated with each specimen with its sequence number.

3.2. Composite stone-repair mortar specimens

The results of compressive static tests are shown in Figure 19. A numerical simulation based 
on the cohesive crack model was us```ed to follow the experimental data, in order to describe 
the evolutionary phenomenon of de-bonding as a function of a small number of parameters 
[13–15]. The composite specimen stone-mortar displayed four stress singularity points: two 
notch tips at the specimen’s top, and two at the specimen’s bottom. These points were the 
weakest planes involved in the singular stress fields. Because of the wedges, the cracks that 
start from the bottom of the specimen showed greater velocity than the cracks that start from 
the top of the specimen. To exception of SM 04, the other composite specimens were dis-
played a ductile behavior keeping a residual load and displacement after the peak load. That 
is a fundamental requirement for a durable service life of repair plasters subjected to thermo-
hygrometric cycles stress as rising damp effects. The specific geometry of the composite speci-
mens has allowed to test the adherence between dehumidified repair plaster and masonry 
structures, in order to prequalify the durability of the repair product. The notch tips have 
put to the test the adherence of the repair plaster applied to the stone support, simulating the 
fatigue loads that can compromise the restoration work.

The Teflon sheet, inserted at the contact surface between the upper and lower wedge, was able 
to reduce the friction and to stabilize the load curves. The static compressive tests represent 
a rather fast laboratory procedure useful for analyze the delamination of the dehumidified 
repair plasters applied to the historical masonry of the Sacro Monti di Varallo. The next step 
of this experimental research, at the moment in progress, is to carry out the cyclic compressive 
tests in order to simulate the fatigue stress between the masonry stone and the repair mortar.

The experimental tests can be carried out by several and different dehumidified mortars in 
order to compare their mechanical behavior.
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4. Conclusions

Experimental procedures have been described to validate the choice of a durable repair 
mortar against different stress stresses (including thermal stresses) and compatible with the 
mechanical characteristics of the historical masonry. The experimental methodology is useful 
to identify a number of key parameters for interpreting the long-term behavior of historic 
brick-strengthening mortar system. The results showed a considerable change of mechanical 
characteristics in strengthening materials due to maturation, thermo-hygrometric and various 
fatigue loading condition that can affect masonry structure after restoration process, accord-
ing to the experimental results of previous researches [3, 5]. In this way it is possible avoid 
errors associated with materials that are not mechanically compatible. The experimental pro-
cedure described above studied in depth previous researches on the creep of single materials 
[6–8] and historical walls [4, 5, 9, 10], shifting the focus on the analysis of the long-term behav-
ior of the new strengthening materials applied to historical masonry structures. The tests 
have allowed to select the most compatible and durable restoration product and technique for 
strengthening work in the Royal Palace of Venaria Reale.

In parallel an innovative laboratory procedure for pre-qualification of dehumidified repair 
mortars applied to historical masonry buildings has been described. The specific geometry of 
mixed stone-mortar specimens can test the de-bonding process of mortar in adherence with 
the historical masonry structures. This method supplies useful indication to select, from a 
range of alternatives, the repair product that is best in keeping with the mechanical charac-
teristics of historical material. The experimental procedure is currently being used at Sacro 
Monte di Varallo Special Natural Reserve, where the historical stone masonry of the Chapels 
are subjected to rising damp effects due to capillary action or rain infiltrations. The study of 
the phenomena involved in the de-bonding process between the masonries stone and the 
dehumidified repair plasters is basic to plan a durable restoration work of the historical plas-
ters of the Chapels.
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Abstract

Identification of defect(s) where crack initiation is possible and prediction of crack propa
gation are of great importance in materials engineering. The current chapter analyzes the 
application of the acoustic emission (AE) technique for fracture monitoring in the line 
pipe steel during single-edge-notched tension (SENT) test and Charpy V-notch (CVN) 
impact test. It was found that the AE activity starts before the yield point, due to the stress 
concentration at the crack tip, and increases suddenly before the peak load is reached, 
due to the fracture initiation. Toward the end of the test, the AE hit density increases 
again, following intensive crack propagation. The AE analysis conducted in the present 
chapter showed a strong evidence of AE hit density increasing before the peak load is 
reached, the moment corresponding to fracture initiation.

Keywords: acoustic emission, fracture, signal analysis, tests

1. Introduction

1.1. Acoustic emission

Acoustic emission is a phenomenon whereby transient stress waves or displacement waves 
are generated following the rapid release of energy from localized sources such as crack ini
tiation sites, fracture propagation, and dislocation motion in metals [1–3]. Elastic energy is 
transmitted through the material in the form of transient elastic waves and can be detected by 
sensors on the surface of a specimen (Figure 1).

The sensor used in AE measurements converts elastic waves into electrical signals which are 
then processed and analyzed by special hardware and software. Useful AE signals need to be 
distinguished from the background noise generated from the surroundings [4, 5]. Figure 2 
shows typical acoustic emission signal types. There are two main types of useful AE signal: 
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“burst” and “continuous” [7]. Burst AE signals correspond to individual events such as stages 
of crack growth, brittle fracture, and impact. Continuous AE signals correspond to sustained 
signals generated by time-overlapping events such as plastic deformation, friction, and liquid 
leaks [3, 8]. It has been demonstrated that continuous low-amplitude AE signals are gener
ated from low-energy sources. Discrete high-amplitude AE signals are generated from high-
energy sources [9].

Currently, the AE technique is used in many industries for nondestructive testing of various 
materials and structures. A major advantage of AE measurement is that it can monitor in real time 
the development of defects occurring inside a material without further damaging of the material 
[10, 11]. However, for some applications, the operating environments are often very noisy, while 
the AE signals are usually very weak. This makes the detection of AE signal a challenging task.

1.2. AE source and AE signal analysis

There are two approaches to analyze AE signals: “Parameter-based” and “Waveform-based” 
[2]. Several AE parameters, such as oscillation count, amplitude, energy, event duration, and 

Figure 1. Schematic presentation of AE monitoring technique.

Figure 2. Parameters of an AE hit [6].
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rise time, can be derived from the AE signal. The major parameters used in the parameter-
based analysis of the AE signal are shown in Figure 2.

The AE waveform and frequency analysis are usually carried out using fast Fourier transform 
and wavelet transform [4, 12, 13]. Identification of the AE signal can be based on the type of AE 
waveform and its frequency range: burst-type signal for individual events and continuous signal 
for prolonged events [3]. For example, the AE analysis during the fatigue cracking [13] showed 
three types of waveforms (Figure 3): from fatigue cracking (a) and (b); fretting (c) and (d); and 
noise (e) and (f). The microcrack (a) and (b) had strong high-frequency components above 
0.5 MHz in comparison with fretting and noise, although peak amplitude was generally low.

Generally, an AE signal in metals is generated upon the initiation and growth of cracks, due 
to slip and dislocation movements, twinning, or phase transformation. In these cases, stress 
plays an important role in giving rise to AE. Plastic deformation is induced by permanent 
changes in the positions of atoms. These changes are related to and based on the movement of 
the dislocations [14]. In addition, fracture occurs when the material breaks and new surfaces 
are produced.

Figure 4 presents the AE sources in steel. The major macroscopic AE sources in steel are crack 
jumps, development of plastic deformation, fracturing and debonding of hard inclusions. The 
main microscopic AE sources include dislocation movement, interaction, annihilation, slip 

Figure 3. Waveforms and corresponding frequency spectra [13].
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formation, void nucleation, void growth, and void interaction [15–17]. The most detectable AE 
signals are generated when a loaded material undergoes plastic deformation or when a mate
rial is loaded at or near its yield stress [18]. AE activity can also be observed when the material 
ahead of the crack tip undergoes plastic deformation (microyielding). In primary emissions 
arising from crack growth, there are two sources of cracks that affect the AE [19]. In the first case, 
there may be emissive particles (e.g., nonmetallic inclusions) in the stress concentration region 
near the crack tip. Since these particles are less ductile than the surrounding material, they tend 
to break more easily when strained. The second AE source is the propagation of crack tip occur
ring as a result of dislocation motion and small-scale cleavage produced by tri-axial stresses.

1.3. AE monitoring of fracture

A number of AE studies performed during tensile testing detected a burst AE signal near 
yielding [13], AE activity originating from movement of dislocations [20], and AE wave 
parameters arising from macroyielding [21]. Researchers have also studied the relationship 
between AE features (signal amplitude, frequency, energy, duration, and count) and test 
parameters (load, stress, and crack growth) during tensile testing of notched and plain metal 
specimens [22–27].

As can be seen from Figure 5, the tensile process could be divided into four stages: (1) microplas
tic deformation, (2) yielding, (3) strain hardening, and (4) necking and fracture. Significant AE 
energy release is expended in the first and second stages. AE energy decreased in stage 3, and 
the density of AE hits increased at stage 4 due to the occurrence of specimen fracture [20, 29].

Fracture tests were carried out to detect AE signals associated with crack initiations [27, 28, 30] 
and crack growth in metals [29, 31–33].

Figure 4. AE sources in steel micro and macrostructure [10].
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In other studies by Richter et al. [34] and [35], modified CVN specimens of 10CrMo9 steel with 
20% side grooves were used to detect the onset of tearing. They did a dynamic three-point 
bending test using AE sensor located inside the hammer of tester (Figure 6).

This study investigated dynamic fracture behavior and determination of fracture initiation 
using the AE method. The main purpose of the investigation was to use the dynamic J inte
gral (Jid) at crack initiation and dynamic yield stress (Gyd) for the characterization of elastic-
plastic material behavior under rapid loading (impact).

Tronskar et al. [35] applied a different approach to determine the onset ductile tearing in 
instrumented Charpy testing of NVE 36 steel. A linear correlation was found between the 
time of ductile fracture initiation determined by the AE monitoring and direct displacement 
interferometric strip method.

Figure 5. Stress-strain curve coupled with AE energy for tensile testing of Q345 steel [28].

Figure 6. Load and AE signal from instrumented three point impact loading [34].
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The possibility of detection of split formation during low-blow Charpy impact (40–100 J) test
ing was also shown for high-strength steel by Kostryzhev et al. [12]. AE waveform analysis 
was carried out to separate signals generated from the hammer, plastic deformation, and split 
initiation. Figure 7 shows acoustic waves and power spectra for testing of strip steel at 60 and 
80 J impact energies. The AE waves generated from crack initiation and growth were in two 
peak frequencies between 200 and 500 kHz and 500 and 1000 kHz. It is indicated by a shorter 
duration of the fracture process than that of deformation by dislocation slip.

2. Materials, equipment, and method

2.1. Materials and equipment

Two grades of pipeline steels, API-X70 and API-X80, were used in this study. Their chemical 
compositions are shown in Tables 1 and 2. All X70 specimens used in SENT and CVN tests 
were cut from a pipe with 14.1 mm wall thickness and 1067 mm diameter. All X80 specimens 
were prepared from a pipe with 25 mm wall thickness and 1067 mm diameter.

The SENT tests were carried out using an Instron 8801 servo hydraulic dynamic testing 
machine. The machine has console software which provides full system control from a com
puter including waveform generation, calibration, limit setup, and status monitoring. The 
testing system includes up to a 100 kN axial force capacity, a Dynacell load cell, standard 
height frame options, and a wide range of grips, fixtures, and accessories [36].

Figure 7. Acoustic emission during CVN at 60 and 80 J impact energies [12].
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The CVN impact tests were carried out using a 450MPX instrumented Instron Impact tes
ter. The capacity of this machine is 750 J. The specimen temperature was controlled by a 
cooler containing methanol (for above −80°C) and a mixture of liquid nitrogen and methanol 
(for below −80°C). Figure 8 shows the AE signal processor, manufactured by the Physical 
Acoustics Corporation (USA). The system consisted of a wideband sensor with an operating 
frequency range of 50–1000 kHz and temperature range of −65°C … + 175°C, a single-channel 
AE digital signal processor with an internal low noise preamplifier and a computer. The AE 
signal was recorded and analyzed using the AEwin software. This software has the ability to 
analyze waveforms and conduct fast Fourier transform (FFT). All data are saved in standard 
Physical Acoustics Corporation (PAC) defined DTA files.

2.2. SENT test

The geometry of a SENT specimen is conforming to DNV RP F108 specifications [37]: 12 mm 
in width, 6 mm in thickness, and 60 mm in gauge length. A notch representing an initial 
“crack” of 2 mm length and 0.3 mm width was cut using wire cutting. The crack (notch) depth 

Figure 8. A single-channel AE digital signal processor.

C Mn Si Nb Ti V Ni Cr

0.0499 1.56 0.238 0.0576 0.0088 0.0256 0.214 0.028

Cu Mo Al Ca N S P B

0.163 0.148 0.035 0.0015 0.0036 0.0014 0.0059 0.0001

Table 1. Composition of X70 pipeline steel (wt%).

C Si Mn P S Cu Alt Nb Ni Cr Ti Ceq Pcm

0.064 0.22 1.72 0.006 0.002 0.23 0.027 0.068 0.206 0.22 0.0158 0.42 0.18

Table 2. Composition of X80 pipeline steel (wt%).
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was a third of the specimen thickness. The tests adopted a slower strain rate of 2.7 × 10−4 and 
a higher strain rate of 5.5 × 10−3. Table 3 shows testing conditions.

Additional test was conducted at a lower temperature of −20°C, while other tests were per
formed at room temperature (~20°C). The materials used in SENT tests were X70 and X80 
line pipe steels. X70 specimens were cut using wire cutting from a 14 mm wall thickness and 
1067 mm diameter pipe. X80 specimens were cut from a 25 mm wall thickness and 1067 mm 
diameter pipe.

A scheme of the SENT test setup is illustrated in Figure 9. During testing, the AE sensor was 
attached to the specimen using a sticky band with ultrasound treatment gel applied between 
the specimen and sensor surfaces as a coupling material to increase the signal quality. All 
the recorded waveforms were analyzed in time and frequency domain (frequency spectrum) 
using FFT. The crack propagation during SENT testing was observed using a MotionPro 
X3 high-speed camera with excellent resolution, up to 8500 μs exposure time and up to 300 
of frame/sec recording rate. After testing, the fracture surface was observed by JEOL JSM-
6490LA scanning electron microscope (SEM) operating at 20kV.

2.3. CVN test

The CVN test involves striking the specimen with a striker (hammer), mounted at the end 
of a pendulum. The CVN test procedures and specimen dimensions can be taken from the 

Test number Material grade Temperature Strain rate

1 X70 RT (20°C) 2.7 × 10−4

2 X70 RT (20°C) 5.5 × 10−3

3 X80 RT (20°C) 2.7 × 10−4

Table 3. SENT test conditions.

Figure 9. A schematic of AE measurement setup of SENT testing.
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Australian standard-1544.2 [38]. A scheme of the CVN test setup is illustrated in Figure 10. 
The specimen that fits in the Charpy impact tester is rectangular with a notch cut on one side. 
The notch represents a predetermined crack initiation location. Charpy specimens, in particu
lar the notches, are carefully designed and prepared, since variations in notch dimensions 
will seriously affect the results of the tests. In this work, CVN tests using full size specimens 
with 10 mm thickness were performed at various temperatures: RT (20°C), −20, −40, −60, 
−80, −100, and − 120°C, using an instrumented Charpy impact machine. In addition, sub-size 
specimens with B = 5 mm and 7.5 mm were used for testing at ambient temperature. Each 
test has been repeated three times. During the test, the absorbed impact energy and the load-
deflection curve were recorded. Before testing, specimens were kept in the cooler for at least 
40 minutes to achieve a uniform temperature. The AE sensor was nonpermanently attached 
to one of the anvils of Charpy machine with a sticky band, and ultrasound treatment gel was 
applied as a coupling material to increase the signal quality. The choice for the sensor location 
was determined by minimizing the saturation condition.

3. Results and discussion

3.1. AE monitoring of SENT

Pipelines can be subjected to severe deformations. Local defects may result from bending, 
generated by ground/soil movement or washout during installation and operation, and biax
ial loading, originating from longitudinal straining and internal pressure [39, 40].

To fully explain pipeline failure, research is needed to develop a better understanding of the 
mechanical properties and fracture behavior (initiation and propagation) in both traditional 

Figure 10. A scheme of experimental setup for AE monitoring of Charpy testing.
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Figure 11. (a) Schematic loading condition for a pressured pipe; (b) SENT test specimen [38].

and newly developed pipeline steels. One of the representative specimens used to evaluate 
the fracture characteristics of the pipeline steel was designed to be compatible with a SENT 
test. The fracture toughness data obtained from a SENT test can be more suitable for fracture 
predictions of pressurized pipelines and cylindrical vessels than data obtained from notched 
fracture specimens under bending or impact loading [40] (Figure 11).

Based on the AE activity, the load-displacement curve for slow strain rate can be divided into 
three regions (Figure 12):

• Region I. There were few hits in this region with a maximum amplitude of 45 dB and aver
age frequency varying from 80 to 100 kHz;

• Region II. The AE activity increased compared to Region I. There are seven hits in this 
region. The maximum amplitude is 70 dB and the average frequency ranges from 100 to 
350 kHz;

• Region III. The AE activity is stable in accordance with the monotonous crack propagation. 
At the end of this region, the AE hit density increased significantly following the occur
rence of multiple fracture events prior to separation of the specimen in two parts. The 
main AE signals observed in this region were of 75 dB amplitude and 200–400 kHz average 
frequency.

The load-displacement curve coupled with AE activity for SENT of X80 steel (Figure 13) has 
shown a higher hit density compared to X70 steel tested at the same conditions (Figure 12):

• Region I. There were six hits observed. The maximum amplitude was 60 dB and the aver
age frequency varied from 50 to 150 kHz;
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• Region II. The AE activity decreased compared to Region I. There were two hits in this 
region. The maximum amplitude was 65 dB, and the average frequency ranged from 100 
to 300 kHz.

• Region III. The AE activity was relatively stable due to the monotonous crack propagation. 
The main AE signals observed in this region were of 80 dB amplitude and 100–300 kHz 
average frequency.

3.2. AE monitoring of CVN

3.2.1. Effect of specimen thickness

Figure 14 shows the load-deflection curves obtained during the CVN testing of three speci
mens with different thicknesses (B = 10, 7.5, and 5 mm) at ambient temperature. Three curves 
have similar shape, although the load increases with the specimen thickness.

All the specimens exhibited ductile fracture behavior. Table 4 lists the CVN energy, the load 
at yield, and the maximum load for three specimens with different thicknesses. As the speci
men thickness decreases from 10 to 5.0 mm, the CVN energy decreased from 303.3 to 108.0 J.

In this study, the AE monitoring technique was used to investigate the effect of Charpy 
specimen thicknesses for the first time. The AE waveforms for 5 mm specimen is shown in 
Figure 15, and the signal parameters for 5 and 7.5 mm thickness are listed in Table 5.

It can be found that as the specimen thickness decreases from 7.5 to 5 mm, in Region I, AE sig
nal amplitude decreases from 10 to 8 V, and the average frequency is quite low in the range of 
50–100 kHz due to the hammer impact and general yielding. In Region II, a burst AE signal is 
generated due to the ductile fracture initiation. Amplitude value is in the range of 4–6 V, and 

Figure 12. The load-displacement curve and AE activity for X70 steel tested at 2.7 × 10−4 s−1.
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generated due to the ductile fracture initiation. Amplitude value is in the range of 4–6 V, and 

Figure 12. The load-displacement curve and AE activity for X70 steel tested at 2.7 × 10−4 s−1.
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the average frequency decreased from 200 to 100 kHz. In Region III, continuous AE signals 
were observed due to the slightly (slowly) dropped load. The AE amplitude decreased from 8 
to 4 V, and the average frequency decreased from 150 to 50 kHz.

Specimen thickness, mm Average CVN energy, J Load at yield, N Maximum load, N

10 330.3 14,895 17,990

7.5 197.3 11,150 12,800

5.0 108.0 4810 6105

Table 4. Experimental results for testing at ambient temperature.

Figure 13. The load-displacement curve and AE activity for X80 steel tested at 2.7 × 10−4 s−1.

Figure 14. Load-deflection curves obtained during instrumented CVN impact testing at ambient temperature of 
specimens with various thicknesses.
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3.2.2. Effect of temperature

Full-size CVN tests have been conducted at seven temperatures. Three representative load-
deflection curves are shown in Figure 16.

As can be seen in Figure 16 for 20°C, at the beginning, the load increases with the deflection. 
At a deflection of 5 mm, the load reaches its maximum and then gradually decreases with 
deflection. At the final stage of test at a deflection of around 25 mm, the load still remains at 
quite high value, followed by a quick drop. This behavior is due to the fact that the material is 
too tough to be fully broken at this temperature.

For the test at −60°C, the maximum load is higher than for 20°C. However, beyond the peak 
point, the drop of the load at −60°C is much faster than that for 20°C. This indicates a more 
brittle fracture at −60°C than at 20°C. At the final stage of −60°C test, the load gradually 

Figure 15. Load and acoustic emission waves versus time for CVN impact test at ambient temperature of 5-mm specimen.

Sample 
thickness

Region Amplitude, V FFT power spectrum 
frequency peak, kHz

Suggested cause of AE

5.0 mm I <6 50–80 The hammer impact and general 
yielding (A)

II 4–6 ~100 Plastic deformation and ductile fracture 
(A–B)

III 2–4 80–100 Ductile fracture propagation (B–C)

7.5 mm I <6 75–100 The hammer impact and general 
yielding (A)

II 4–6 ~150 Plastic deformation and ductile fracture 
(A–B)

III 2–4 100–150 Ductile fracture propagation (B–C)

Table 5. The AE waveform parameters during CVN impact test in the studied X70 steel at various thicknesses.
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approaches zero. The load for −120°C test temperature reaches its maximum value at a very 
low defection (around 1 mm) and then rapidly drops to near zero. This clearly indicates brittle 
fracture mode at this temperature.

It can be seen in Figure 17, the fracture surface of the CVN specimen fractured at 20°C is fully 
ductile with 100% fibrosity. Apparent necking and shear lip areas can be seen. The region 
close to the notch shows a typical ductile fracture with elongated shearing dimples and micro
voids. The region far from notch also shows ductile fracture, but the dimples are much larger 

Figure 16. Load-deflection curves of instrumented Charpy impact tests at +20, −60, and − 120°C.

Figure 17. Fracture surface for 10-mm thick CVN specimen tested at +20°C.
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in size and much shallower compared to the region close to the notch. The mechanism of 
ductile crack growth can be characterized by microvoid nucleation, growth, and coalescence. 
As a specimen is loaded, local strains and stresses at the crack tip support void nucleation. 
These voids grow as the crack tip blunts and link with the main crack.

The specimen fractured at −60°C shows a half ductile and half brittle type of fracture surface, 
as can be seen in Figure 18. The half close to the notch shows a similar appearance to that of 
Figure 18, with necking, shear lips, elongated dimples, and microvoids. The half close to the 
final fracture area shows a typical brittle fracture appearance without necking and cleavage 
facets are observed at high magnification.

AE waves along with the load-time curve for CVN test at −60°C are shown in Figure 19. For the 
AE signal analysis, the load-time curve was divided into three regions: I—before the yield point, 
II—between the yield point and the peak point, and III—after the peak point till the final fracture.

The general trends are as follows:

• Region I. A high amplitude AE signal is generated from the hammer impact and sample 
yielding due to a sudden increase in load under elastic condition;

• Region II. A characteristic high-frequency burst in the AE signal is observed. This corre
sponds to ductile fracture initiation. The phenomenon is observed for a short time between 
the yield point and the point of maximum load.

• Region III. AE signals generated from fracture propagation are observed. They are of a 
burst type at high frequency and a continuous type at frequency lower than in Region II; 
before the end of test, a distinct drop in load was observed that generated a high-frequency 
burst signal due to the occurrence of brittle fracture.

Figure 18. Fracture surface for 10-mm thick CVN specimen tested at −60°C.
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Table 6 lists the amplitude and average frequency ranges for each of three regions of the two 
tests conducted. With a decrease in temperature from ambient to −60°C, the AE average fre
quency in Region I increased from 50 to 100 kHz. In Region II, strong AE bursts were generated 
from crack initiation. The AE average frequency increased from 100–200 to 200–250 kHz with 
a decrease in test temperature. In Region III, the continuous AE signal was related to crack 
propagation. Although the burst signals dominated due to brittle fracture mode, amplitude 
increased from 4–6 to 6–8 V and the average frequency increased from 50–100 to 250–350 kHz 
with a decrease in temperature.

3.2.3. Investigation of fracture initiation

It has been observed by the high-speed camera and AE monitoring of the SENT tests that the 
fracture does not initiate at the peak load, and it always occurs between the yield point and 
the peak point, with higher AE amplitude and frequency associated with fracture initiation. 

Testing 
temperature

Region Amplitude, V Frequency peak, 
kHz

Suggested cause of AE

+20°C I <8 50–75 The hammer impact and general yielding (A 
point)

II <4–6 100–200 Plastic deformation and ductile fracture (A–B 
point)

III >4 50–150 Ductile fracture propagation (B–C point)

−60°C I <8 100–150 The hammer impact and general yielding (A)

II 4–6 200–250 Ductile fracture and crack propagation (A–B)

III 6–8 250–350 Brittle fracture (B–C)

Table 6. AE waveform parameters during CVN testing.

Figure 19. Load-time curve and acoustic emission wave for CVN test at −60°C temperature (B = 10 mm).
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In order to further validate the location of fracture initiation, quasi-static three point bending 
tests (TPBTs) were performed using a tensile test machine.

Figure 20(a) shows the load-deflection curve of the X70 line pipe steel obtained during the 
TPBT and corresponding AE hit amplitude distribution. It has been found that before the peak 
load was reached, a strong AE burst with larger amplitude, marked by a circle in the figure, was 
generated. High-speed video indicated that the fracture initiation was responsible for this AE 
burst event. Figure 20(b) shows this hit waveform and power spectrum. This strong AE signal 
corresponding to fracture initiation was of 70 dB amplitude and 350 kHz average frequency.

In the CVN test, fracture initiation occurred within a very short time period, and the 
high-speed camera cannot be installed to observe the fracture behavior of the specimen. 
Therefore, it is impossible to determine directly the location of fracture initiation in the CVN 

Figure 20. (a) AE activity corresponding to the load-deflection curve obtained during TPBT; (b) selected AE signal 
waveform and power spectrum corresponding to the fracture initiation for 5-mm thick CVN sample.

Figure 21. Load-time curve and AE wave for CVN specimen tested at RT, B = 7.5 mm.
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Table 6 lists the amplitude and average frequency ranges for each of three regions of the two 
tests conducted. With a decrease in temperature from ambient to −60°C, the AE average fre
quency in Region I increased from 50 to 100 kHz. In Region II, strong AE bursts were generated 
from crack initiation. The AE average frequency increased from 100–200 to 200–250 kHz with 
a decrease in test temperature. In Region III, the continuous AE signal was related to crack 
propagation. Although the burst signals dominated due to brittle fracture mode, amplitude 
increased from 4–6 to 6–8 V and the average frequency increased from 50–100 to 250–350 kHz 
with a decrease in temperature.

3.2.3. Investigation of fracture initiation

It has been observed by the high-speed camera and AE monitoring of the SENT tests that the 
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the peak point, with higher AE amplitude and frequency associated with fracture initiation. 
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III 6–8 250–350 Brittle fracture (B–C)

Table 6. AE waveform parameters during CVN testing.

Figure 19. Load-time curve and acoustic emission wave for CVN test at −60°C temperature (B = 10 mm).
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In order to further validate the location of fracture initiation, quasi-static three point bending 
tests (TPBTs) were performed using a tensile test machine.

Figure 20(a) shows the load-deflection curve of the X70 line pipe steel obtained during the 
TPBT and corresponding AE hit amplitude distribution. It has been found that before the peak 
load was reached, a strong AE burst with larger amplitude, marked by a circle in the figure, was 
generated. High-speed video indicated that the fracture initiation was responsible for this AE 
burst event. Figure 20(b) shows this hit waveform and power spectrum. This strong AE signal 
corresponding to fracture initiation was of 70 dB amplitude and 350 kHz average frequency.

In the CVN test, fracture initiation occurred within a very short time period, and the 
high-speed camera cannot be installed to observe the fracture behavior of the specimen. 
Therefore, it is impossible to determine directly the location of fracture initiation in the CVN 

Figure 20. (a) AE activity corresponding to the load-deflection curve obtained during TPBT; (b) selected AE signal 
waveform and power spectrum corresponding to the fracture initiation for 5-mm thick CVN sample.

Figure 21. Load-time curve and AE wave for CVN specimen tested at RT, B = 7.5 mm.
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load-displacement curve. Figure 20 shows the results of the CVN tests at room temperature. It 
can be seen that there are some strong signals before the peak load, marked in red in Figure 21. 
It is evident that these signals related with crack initiation with approximately 10% error.

4. Conclusions

In this chapter, the acoustic emission (AE) monitoring has been shown to accurately reflect the 
start of plastic deformation, initiation of fracture, and fracture mode (ductile or brittle) during 
tensile, three-point bend impact, and testing of steels. The AE signal density, amplitude, and 
frequency could vary by 2–3 times with occurrence of those phenomena. The dependences of 
absolute values of AE signal parameters on test temperature, loading rate, sample geometry, 
and fracture mode have been obtained and analyzed. The effect of material chemistry and 
microstructure on AE activity during testing requires more detailed investigation.

For single edge-notched tension test:

• The AE monitoring technique was used for the first time during the SENT test of X70 and 
X80 line pipe steels. AE activity started before the yield point, due to the stress concentration 
at the crack tip and increased before the maximum load was reached, due to the fracture ini
tiation. Toward the end of the test, the AE hit density increased, due to the multiple fracture;

• With an increase in strain rate, the AE activity increased.

• The fracture initiation point can be detected by a sudden change in the AE activity. The 
fracture initiation in the studied steel was marked by the AE signal with 65–75 dB ampli
tude and a 300–350 kHz average frequency prior to the maximum load point.

For Charpy V-notch test:

• With test temperature decreasing the average frequency of the burst-type AE signals 
increased. The ductile-to-brittle transition temperature (DBTT) was found to be in the range 
of −60 to −80°C for the tested steel. A sudden drop in the load observed at −60°C occurred 
due to the brittle fracture and generated a 350 kHz average frequency burst-type AE signal;

• Charpy specimens with various thicknesses were tested for the first time using the AE 
monitoring technique. With a decrease in specimen thickness from 10 to 5 mm, the AE 
average frequency decreased from 150 to 50 kHz;

• It was impossible to observe directly the fracture initiation in the CVN test. The quasi-static 
three-point bending tests using the same specimens were carried out. The fracture initiated 
before the peak load was reached. In the CVN tests, strong AE signals were observed before 
the peak load, and these are believed to correspond to fracture initiation;

• The fracture mode during impact testing can be predicted using AE waveform and power 
spectra methodologies. In this work, 50–200 kHz frequency signals corresponded to ductile 
fracture and 250–350 kHz frequency signals corresponded to brittle fracture.
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Abstract

In this chapter, vibrations of isotropic rectangular plates have been analyzed by applying the
wave propagation approach. The plate problem has been expressed in integral form by
considering the strain and kinetic energies. The Hamilton’s principle has been applied to
transform the integral form into the partial differential equation of second order. The classi-
cal method namely product method has been used to separate independent variables. The
partial differential equation has converted into the ordinary differential equations. The axial
wave numbers are associated with particular boundary conditions. This is an approximate
technique, which is based on eigenvalues of characteristic beam functions. The natural
frequencies of plates are investigated versus modal numbers by varying the length and
width of the plates with simply supported-simply supported (SS-SS), clamped-clamped
(CC-CC), and simply supported-clamped (SS-CC) boundary conditions. The frequencies of
the plates increase by increasing the modal number, and CC-CC frequencies are greater than
the frequencies of other boundary conditions. Computational computer software MATLAB
is engaged to characterize the frequencies. The results are compared with the earlier simula-
tion work in order to test the accuracy and efficiency of the present method.

Keywords: rectangular plates, wave propagation approach, edge conditions, vibration

1. Introduction

Beams, plates, and shells are three main structural elements. Plates are widely used in various
areas of engineering science like aerodynamics, civil and hydraulic instruments, vessels,
mechanical structures, etc. Dynamical loading is applied on plates when they are involved in
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a physical system. Their dynamical behavior is studied theoretically. Vibration is an important
feature of plates, having a critical role in applied field of engineering, which is investigated by
researchers. A classical study of flexural vibrations of rectangular plates was performed by
Mindlin et al. [1]. Leissa [2] compiled a book on vibration and buckling problems of the
rectangular plates. He derived their natural frequencies. In the present study, vibrations of
rectangular plates are analyzed by applying the wave propagation approach. This is an
approximate technique which is based on eigenvalues of characteristic beam functions. Plates
are structural elements that are frequently subjected to vibration, and controlling the frequency
at which a plate vibrates is very important to structural designers. Free-vibration analyses of
thin rectangular plates that are clamped on all edges have been studied by many researchers in
the past with the aim of calculating its natural frequencies, and they have done using numer-
ical approaches. Plates are important elements in various fields of engineering science and
technology. Their extensive uses are found in aerodynamics, civil structures, hydraulic struc-
tures, containers, ships, instruments, and machine parts. Dynamical loadings are exerted on
plates when they are involved in a physical system.

The theoretical vibration analysis is performed to approximate experimental values to evade
any future complications. Many researchers [3–10] have worked on vibration characteristics of
plates. For several decades, numerous measurements of vibrational properties and the vibra-
tional behavior issues of plates have been studied in addition to different theories [10–12].

Natural frequencies for vibrating rectangular plates are obtained for various boundary condi-
tions. Sakiyama and Huang [13] presented the vibration study of rectangular plates. The
thickness of plates was variable. They based their analysis on the Green function method and
obtained frequency spectra. They obtained some preliminary results for vibrations of plates. A
best theoretical review on plates and shells has been presented by Ventsel and Krauthammer
[14] using Galerkin method to carry out free-vibration analysis of SS-SS plate. Zhang et al. [15]
presented a coupled structural-acoustic analysis for cylindrical shells having fluid inside them.
They applied the wave propagation method for solving shell motion equations.

Werfalli and Karoud [16] conducted a vibration analysis of thin isotropic rectangular plates for
number of end conditions. This study involved determination of their natural frequencies by
applying the Galerkin method. Frequencies were obtained for a number of aspect ratios. They
have discussed the formation of differential equations for plates and their analytical solutions.
Hsu [17] applied a new version of differential quadrature technique to analyze vibrations of
rectangular plates which rested on material foundations of elastic nature and carried any
number of sprung masses. It was inferred that vibration characteristics of these types of plates
can be studied for carrying any number of sprung masses and resting on the elastic founda-
tions. Zhou and Ji [12] studied vibrations of rectangular plates associated with distributions of
springs in uniform and continuous manner in a domain of rectangular nature. The Chebyshev
polynomials in a series were taken to represent trial functions. Comparisons of natural fre-
quencies verified accuracy and extensive applicability of the applied approach. From the
results, it was noted that the natural frequencies and modes were exited in couples.

Mansour et al. [18] gave a theoretical wave propagation method to study vibrations of rectan-
gular Kirchhoff plates. The direct exact solutions were obtained by Xing and Liu [11]. They
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applied method of separation of variables to solutions of the plate eigenvalue equation in exact
shape. This solution procedure met the motion equation in the eigenvalues form and could be
used for any kind of end conditions. Lal et al. [19] presented an analysis and numerical results
for vibration characteristics of hetero-homogeneous rectangular plates with uniform thickness.
The Rayleigh-Ritz technique method was used to solve the plate equation. Characteristic
orthogonal polynomials were used for four conditions of clamped, simply supported, and free
ends with mixed forms. The Gram-Schmidt procedure was used to produce orthogonal poly-
nomials meeting end conditions. Sun et al. [20] used wave propagation approach to analyze
vibrations of thin rotating circular cylinders. Njoku et al. [21] used Taylor series peculiar shape
functions for clamped-clamped isotropic thin rectangular plates and applied Galerkin func-
tional to determine the fundamental frequencies of the vibrating plate.

Recently, the vibrational behaviors of plates have been reported in Refs. [22–26]. However, up
to now, little is known about the vibrational properties of plates and moreover the effects of the
geometrical/material parameters by using extensive wave propagation approach (WPA).

In this chapter, the WPA proposed by Zhang et al. [15] for computing the vibrations is
extended to plates, which is our particular motivation. Increasingly, numerical calculations
have been used to investigate vibrational properties of plates through different models [5, 9,
12, 13, 21]. The method of choice is based on WPA that allows for the study of fundamental
frequencies of plates over various combinations of geometric parameters, and this approach
has become increasingly popular in the numerical solution of engineering applications.
There are many theoretical and numerical techniques that have been used for vibration
problems of plates such as Rayleigh-Ritz [19], differential quadrature method [17],
Galerkin’s technique [16, 21, 27], WPA [15, 28], finite element method [23], and structural
element method (SEM) [29]. Despite of its conceptual simplicity, the continuum models and
Galerkin’s technique are subject to several computational problems which have to be
addressed. The WPA was found to be a very popular tool to compute the vibrational prope-
rties of plates. Recently, the strong formulation of WPA has been applied for investigations
fundamental frequencies of single-walled carbon nanotubes and detailed discussion is given
in our earlier published work [30–32]. The present model based on WPA is, therefore,
another choice of powerful numerical technique, whose results are appropriate in the limit
of acceptable statistical errors than the earlier used Raleigh-Ritz [19] and Galerkin’s tech-
niques [16, 21].

The main objective of the present work is to generalize a modified model based on WPA first
time and is determine how to calculate the frequencies of plates under various boundary
conditions. In our case, the WPA is applied to solve the presented dynamical equations. The
natural frequencies of plates are investigated versus modal numbers by varying the length and
width of the plates with simply supported-simply supported (SS-SS), clamped-clamped
(CC-CC), and simply supported-clamped (SS-CC) boundary conditions. The frequencies of
the plates increase by increasing the modal number and CC-CC frequencies are greater than
the frequencies of other boundary conditions. Computational computer software MATLAB is
engaged to characterize the frequencies. The results are compared with the earlier simulation/
method in order to test the accuracy and efficiency of the present method.
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2. Formulation

Consider Figures 1 and 2 representing a rectangular plate made with length ‘a,’ width ‘b’ and
thickness ‘h’ as geometrical parameters and Young’s modulus E, Poisson’s ratio υ and mass
density r as material parameters. A coordinate system has set at middle reference of the
rectangular plate with ‘x’ and ‘y’ as coordinates along x- and y-axis, respectively, in xy-plane
for the cases of simply supported-simply supported (SS-SS), clamped-clamped: clamped-
clamped boundary conditions as shown in Figures 1 and 2.

Figure 1. SS-SS plate.

Figure 2. CC-CC plate.
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2.1. Governing equation of thin plate model

Consider a rectangular plate whose geometrical dimensions are ‘a’ and ‘b.’ Its thickness is
denoted by h. Then, a, b, and h are called its geometrical parameters. Its material parameters
are E, modulus of elasticity; h, plate thickness; ν, Poisson’s ratio; r, density; Young’s modulus,
E; v, Poisson’s ratio; and r, mass density. Suppose that w (x,y,t) designates the deformation
displacement out of the plane of motion in the transverse direction. The strain energy,U, of this
rectangular plate when it is vibrating, is expressed as:

U ¼ 1
2

ðb

0

ða

o

D
∂2w x; y; tð Þ

∂x2
þ ∂2w x; y; tð Þ

∂y2

� �2

dxdy (1)

The expression for kinetic energy, T for the rectangular plate is written as:

T ¼ 1
2
rh

ðb

0

ða

0

∂2w x; y; tð Þ
∂t

� �2

dxdy (2)

Here t denotes the time variable, D ¼ Eh3
12 1�ν2ð Þ designates the flexural rigidity, E is Young’s

modulus, r is the density of the plate material, and h is the rectangular plate thickness. The
Lagrangian energy variational functional is formulated by considering the expressions for the
strain and kinetic energies of the vibrating rectangular pate and is written as:

Y
¼ T �U (3)

For deriving, pate governing equation is obtained by applying the Hamiltonian variational
principle [33]. This principle states that during very short interval of time, the change in the
Lagrange functional is minimized. So using this principle to the expression (3), we get the
following:

ðt2

t1

δ
Y� �

dt ¼ 0 (4)

Further, it can be written as:

ðt2

t1

δ T �Uð Þdt ¼ 0 (5)

This process furnishes the governing equation that states the flexural vibration for the rectangular
plates as:
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∂4w x; y; tð Þ
∂x4

þ 2
∂4w x; y; tð Þ
∂x2∂y2

þ ∂4w x; y; tð Þ
∂y4

þ rh
D

∂2w x; y; tð Þ
∂t2

¼ 0 (6)

Usually, energy variational methods are applied to investigate the vibration characteristics of
structural elements namely: beams, plates, and shells. These methods consist of the Rayleigh-
Ritz method [19] and the Galerkin method [16, 21]. When a vibrating problem is written in the
integral form, the Rayleigh-Ritz technique is applied. When this problem is in the form of
differential equations, the Galerkin procedure is applied. In both these techniques, axial modal
dependence is assumed by different of mathematical functions which meet the boundary
conditions described on the ends of structural elements. Frequently, beam functions are
exploited for this purpose. These functions are obtained from the solutions of the beam
differential equation for various end conditions.

The differential equation for a vibrating beam is written as:

∂4w
∂x4

þ α4 ∂
2w
∂t2

¼ 0 (7)

The general solution of the equation for the wave deformation displacement ω of the beam
vibration can be written as:

w ¼ A1ekmx þ A2e�kmx þ A3eikmx þ A4e�ikmx
�
eiωt

�
(8)

where km is the axial wave number whose value depends upon boundary conditions applied at
the beam ends. ω is the natural angular frequency of the beam. In the solution (8), there are four
terms which are functions of the axial variable, x. They represent the negatively decaying evanes-
cent wave, the positively wave, the negatively propagating wave, and the positively propagating

wave. Determination of values of Ai
0
s and the axial wave mode km are associated with edge

conditions. Moreover, they are related to the eigenvalues of characteristic beam functions.

Expression (8) may further be written in the following:

w ¼ B1 cos kmxð Þ þ B2 sin kmxð Þ þ B3coh kmxð Þ þ B4sinh kmxð Þf geiωt (9)

For wave propagation approach, this expression is truncated and is taken as:

w ¼ e�ikmxeiωt (10)

This is illustrated by the example of boundary conditions viz., simple supported—simply
supported. Application of these boundary conditions generates the trigonometric equation:
sin kmdð Þ ¼ 0. Infinite solution of this equation gives kmd ¼ mπ, where m is the number of the
axial standing waves and d is the dimension of the rectangular plate. Hence for a complete
simply supported rectangular plate on four ends, km ¼ mπ

a and kn ¼ nπ
b are used to evaluate

natural frequency of the plate for the vibration parameters, m and n: Here, a and b are the
dimensions, that is, length and width of the rectangular plate.
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2.2. Application of wave propagation approach

Area of determination of solutions of plate equation describing vibration phenomenon has
been remained an attractive interests of mathematicians and engineers for their applied
aspects. A comprehensive material on plate solutions has been compiled by Leissa [2]. The
present era has been said to be the era of computer and its applications. The invention of
computer has made the mathematical computational process very simple, and complicated
expressions are simplified by applying computer software packages like Mathematica, Matlab,
Maple, etc. Various numerical techniques are available to solve the differential equations found
in engineering fields. With new developments in the world of computer science, complicated
problems encountered in the areas of engineering and technology have been solved very easily
and in efficient way. Linear and nonlinear differential equations have solved by the finite
difference method, Rayleigh-Ritz method, the Galerkin method, finite element method, Fou-
rier series method, and boundary element method. Ultimately, there are numerous commer-
cially developed software packages. It is the basic interest of a researcher to apply a method
which implicate less time and labor. This concept leads to develop a new technique which is
more efficient and simple and provides accurate results. It has been seen that in the recent
years, the wave propagation approach has been employed successfully to solve a number of
shell and tube problems [28, 30–32]. Application of this approach reduces the differential
equations in simple algebraic equations. For the present plate problem, this procedure is used
to get the plate eigenvalue equation.

Modal displacement functions. For classical solutions of partial differential equations, method
of separation of variables is employed to split the independent variables. In the governing
differential equation of motion for rectangular plates, three independent variables are involved
viz., two space variables x, y and one time variable, t. For splitting variables, the following
modal displacement function forms are adopted:

w x; y; tð Þ ¼ X xð ÞY yð Þ sinωt (11)

or

w x; y; tð Þ ¼ X xð ÞY yð Þ cosωt (12)

or

w x; y; tð Þ ¼ X xð ÞY yð Þe�iωt (13)

where X xð Þ and Y yð Þ are unknown functions. They are taken from algebraic functions and
assumed to meet boundary conditions. A trigonometric function or an exponential complex
function represents harmonic response. When modal form (7) or (8) or (9) is substituted in the
equation of motion of plates,

∂4X
∂x4

þ 2
∂2X
∂x2

∂2Y
∂y2

þ ∂4Y
∂y4

¼ rhω2

D
(14)
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∂4w x; y; tð Þ
∂x4

þ 2
∂4w x; y; tð Þ
∂x2∂y2

þ ∂4w x; y; tð Þ
∂y4

þ rh
D

∂2w x; y; tð Þ
∂t2

¼ 0 (6)
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differential equations, the Galerkin procedure is applied. In both these techniques, axial modal
dependence is assumed by different of mathematical functions which meet the boundary
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vibration can be written as:
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�
eiωt
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where km is the axial wave number whose value depends upon boundary conditions applied at
the beam ends. ω is the natural angular frequency of the beam. In the solution (8), there are four
terms which are functions of the axial variable, x. They represent the negatively decaying evanes-
cent wave, the positively wave, the negatively propagating wave, and the positively propagating

wave. Determination of values of Ai
0
s and the axial wave mode km are associated with edge

conditions. Moreover, they are related to the eigenvalues of characteristic beam functions.

Expression (8) may further be written in the following:

w ¼ B1 cos kmxð Þ þ B2 sin kmxð Þ þ B3coh kmxð Þ þ B4sinh kmxð Þf geiωt (9)

For wave propagation approach, this expression is truncated and is taken as:

w ¼ e�ikmxeiωt (10)

This is illustrated by the example of boundary conditions viz., simple supported—simply
supported. Application of these boundary conditions generates the trigonometric equation:
sin kmdð Þ ¼ 0. Infinite solution of this equation gives kmd ¼ mπ, where m is the number of the
axial standing waves and d is the dimension of the rectangular plate. Hence for a complete
simply supported rectangular plate on four ends, km ¼ mπ

a and kn ¼ nπ
b are used to evaluate

natural frequency of the plate for the vibration parameters, m and n: Here, a and b are the
dimensions, that is, length and width of the rectangular plate.
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2.2. Application of wave propagation approach

Area of determination of solutions of plate equation describing vibration phenomenon has
been remained an attractive interests of mathematicians and engineers for their applied
aspects. A comprehensive material on plate solutions has been compiled by Leissa [2]. The
present era has been said to be the era of computer and its applications. The invention of
computer has made the mathematical computational process very simple, and complicated
expressions are simplified by applying computer software packages like Mathematica, Matlab,
Maple, etc. Various numerical techniques are available to solve the differential equations found
in engineering fields. With new developments in the world of computer science, complicated
problems encountered in the areas of engineering and technology have been solved very easily
and in efficient way. Linear and nonlinear differential equations have solved by the finite
difference method, Rayleigh-Ritz method, the Galerkin method, finite element method, Fou-
rier series method, and boundary element method. Ultimately, there are numerous commer-
cially developed software packages. It is the basic interest of a researcher to apply a method
which implicate less time and labor. This concept leads to develop a new technique which is
more efficient and simple and provides accurate results. It has been seen that in the recent
years, the wave propagation approach has been employed successfully to solve a number of
shell and tube problems [28, 30–32]. Application of this approach reduces the differential
equations in simple algebraic equations. For the present plate problem, this procedure is used
to get the plate eigenvalue equation.

Modal displacement functions. For classical solutions of partial differential equations, method
of separation of variables is employed to split the independent variables. In the governing
differential equation of motion for rectangular plates, three independent variables are involved
viz., two space variables x, y and one time variable, t. For splitting variables, the following
modal displacement function forms are adopted:

w x; y; tð Þ ¼ X xð ÞY yð Þ sinωt (11)

or

w x; y; tð Þ ¼ X xð ÞY yð Þ cosωt (12)

or

w x; y; tð Þ ¼ X xð ÞY yð Þe�iωt (13)

where X xð Þ and Y yð Þ are unknown functions. They are taken from algebraic functions and
assumed to meet boundary conditions. A trigonometric function or an exponential complex
function represents harmonic response. When modal form (7) or (8) or (9) is substituted in the
equation of motion of plates,

∂4X
∂x4

þ 2
∂2X
∂x2

∂2Y
∂y2

þ ∂4Y
∂y4

¼ rhω2

D
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For wave propagation approach, the space modal functions X xð Þ and Y yð Þ are supposed to be
the following forms:

X xð Þ ¼ e�ikmx (15)

and

Y yð Þ ¼ e�ikny (16)

where km and kn are axial mode wave numbers, and their values depend on the nature of
boundary conditions specified at the plate four ends.

Making substitutions of expressions (14) and (15) in Eq. (13), we get

∂4 e�ikmx
� �
∂x4

þ 2
∂2 e�ikmx
� �
∂x2

∂2 e�ikny
� �
∂y2

þ ∂4 e�ikn
� �
∂y4

¼ rhω2

D
(17)

or

k4m þ 2k2mk
2
n þ k4n ¼ rhω2

D
(18)

or

rhω2

D
¼ k4m þ 2k2mk

2
n þ k4n

� �
(19)

or

rhω2

D
¼ k2m þ k2n

� �2
(20)

So the frequency equation for rectangular plates is obtained as:

ω ¼
ffiffiffiffiffi
D
rh

s
k2m þ k2n
� �

(21)

2.3. Boundary conditions

By applying the Hamilton’s principle [33] to the Lagrangian energy variational functional, the
simply supported conditions are described as:

Φm xð Þ ¼ d2Φm xð Þ
dx2

¼ 0

at x = 0, or x = L
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and clamped condition is defined as:

Φm xð Þ ¼ dΦm xð Þ
dx

¼ 0

at x = 0 or x = L

and free condition is stated as:

Φ2
m xð Þ
dx2

¼ d3Φm xð Þ
dx3

¼ 0

at x = 0 or x = L.

Most of the vibration analysis of rotating functionally graded cylindrical shell with ring
supports has been performed using the simply supported boundary conditions. In this
case, the axial deformation displacement is estimated by the trigonometric functions, that
is:

U xð Þ ¼ dΦm xð Þ
dx

¼ cos mπx=Lð Þ

V xð Þ ¼ W xð Þ ¼ Φm xð Þ ¼ sin mπx=Lð Þ

Differential equations represent a physical problem and involve unknown functions. These
functions are determined by applying some constraints on the boundary of solutions. These
conditions are called boundary conditions. Plate vibration is an initial-boundary value prob-
lem and is transformed into the boundary value problem and four boundary conditions are
described at four ends of a rectangular plate. For a rectangular plate with edges a and b, there
are eight physical boundary conditions:

i. Fully simply supported end conditions

w 0; y; tð Þ ¼ 0,
∂2w 0; y; tð Þ

∂x2
¼ 0, w a; y; tð Þ ¼ 0,

∂2w a; y; tð Þ
∂x2

¼ 0 (22)

w x; 0; tð Þ ¼ 0,
∂2w x; 0; tð Þ

∂y2
¼ 0, w x; b; tð Þ ¼ 0,

∂2w x; b; tð Þ
∂y2

¼ 0 (23)

ii. Clamped-clamped end condition

w 0; y; tð Þ ¼ 0,
∂w 0; y; tð Þ

∂x
¼ 0, w a; y; tð Þ ¼ 0,

∂w a; y; tð Þ
∂x

¼ 0 (24)

w x; 0; tð Þ ¼ 0,
∂w x; 0; tð Þ

∂y
¼ 0, w x; b; tð Þ ¼ 0,

∂w x; b; tð Þ
∂y

¼ 0 (25)

iii. Two opposite ends simply supported and other two ends clamped
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For wave propagation approach, the space modal functions X xð Þ and Y yð Þ are supposed to be
the following forms:

X xð Þ ¼ e�ikmx (15)

and

Y yð Þ ¼ e�ikny (16)

where km and kn are axial mode wave numbers, and their values depend on the nature of
boundary conditions specified at the plate four ends.

Making substitutions of expressions (14) and (15) in Eq. (13), we get

∂4 e�ikmx
� �
∂x4

þ 2
∂2 e�ikmx
� �
∂x2

∂2 e�ikny
� �
∂y2

þ ∂4 e�ikn
� �
∂y4

¼ rhω2

D
(17)

or

k4m þ 2k2mk
2
n þ k4n ¼ rhω2

D
(18)

or

rhω2

D
¼ k4m þ 2k2mk

2
n þ k4n

� �
(19)

or

rhω2

D
¼ k2m þ k2n

� �2
(20)

So the frequency equation for rectangular plates is obtained as:

ω ¼
ffiffiffiffiffi
D
rh

s
k2m þ k2n
� �

(21)

2.3. Boundary conditions

By applying the Hamilton’s principle [33] to the Lagrangian energy variational functional, the
simply supported conditions are described as:

Φm xð Þ ¼ d2Φm xð Þ
dx2

¼ 0

at x = 0, or x = L
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and clamped condition is defined as:

Φm xð Þ ¼ dΦm xð Þ
dx

¼ 0

at x = 0 or x = L

and free condition is stated as:

Φ2
m xð Þ
dx2

¼ d3Φm xð Þ
dx3

¼ 0

at x = 0 or x = L.

Most of the vibration analysis of rotating functionally graded cylindrical shell with ring
supports has been performed using the simply supported boundary conditions. In this
case, the axial deformation displacement is estimated by the trigonometric functions, that
is:

U xð Þ ¼ dΦm xð Þ
dx

¼ cos mπx=Lð Þ

V xð Þ ¼ W xð Þ ¼ Φm xð Þ ¼ sin mπx=Lð Þ

Differential equations represent a physical problem and involve unknown functions. These
functions are determined by applying some constraints on the boundary of solutions. These
conditions are called boundary conditions. Plate vibration is an initial-boundary value prob-
lem and is transformed into the boundary value problem and four boundary conditions are
described at four ends of a rectangular plate. For a rectangular plate with edges a and b, there
are eight physical boundary conditions:

i. Fully simply supported end conditions

w 0; y; tð Þ ¼ 0,
∂2w 0; y; tð Þ

∂x2
¼ 0, w a; y; tð Þ ¼ 0,

∂2w a; y; tð Þ
∂x2

¼ 0 (22)

w x; 0; tð Þ ¼ 0,
∂2w x; 0; tð Þ

∂y2
¼ 0, w x; b; tð Þ ¼ 0,

∂2w x; b; tð Þ
∂y2

¼ 0 (23)

ii. Clamped-clamped end condition

w 0; y; tð Þ ¼ 0,
∂w 0; y; tð Þ

∂x
¼ 0, w a; y; tð Þ ¼ 0,

∂w a; y; tð Þ
∂x

¼ 0 (24)

w x; 0; tð Þ ¼ 0,
∂w x; 0; tð Þ

∂y
¼ 0, w x; b; tð Þ ¼ 0,

∂w x; b; tð Þ
∂y

¼ 0 (25)

iii. Two opposite ends simply supported and other two ends clamped

Effect of Various Edge Conditions on Free-Vibration Characteristics of Isotropic Square and Rectangular Plates
http://dx.doi.org/10.5772/intechopen.80672

55



w 0; y; tð Þ ¼ 0,
∂2w 0; y; tð Þ

∂x2
¼ 0, w a; y; tð Þ ¼ 0,

∂2w a; y; tð Þ
∂x2

¼ 0 (26)

w x; 0; tð Þ ¼ 0,
∂w x; 0; tð Þ

∂y
¼ 0, w x; b; tð Þ ¼ 0,

∂w x; b; tð Þ
∂y

¼ 0 (27)

iv. Fully free end conditions

∂2w 0; y; tð Þ
∂x2

¼ 0,
∂3w 0; y; tð Þ

∂x3
¼ 0,

∂2w a; y; tð Þ
∂x2

¼ 0,
∂3w a; y; tð Þ

∂x3
¼ 0 (28)

∂2w x; 0; tð Þ
∂y2

¼ 0,
∂3w x; 0; tð Þ

∂y3
¼ 0,

∂2w x; b; tð Þ
∂y2

¼ 0,
∂3w x; b; tð Þ

∂x3
¼ 0 (29)

v. Clamped at two ends and free other two ends

w 0; y; tð Þ ¼ 0,
∂w 0; y; tð Þ

∂x
¼ 0, w a; y; tð Þ ¼ 0,

∂w a; y; tð Þ
∂x

¼ 0 (30)

∂2w x; 0; tð Þ
∂y2

¼ 0,
∂3w x; 0; tð Þ

∂y3
¼ 0,

∂2w x; b; tð Þ
∂y2

¼ 0,
∂3w x; b; tð Þ

∂y3
¼ 0 (31)

2.4. Frequency equation for various boundary conditions

Using axial wave numbers, various frequency formulas can be formed for a number of bound-
ary conditions.

1. SS-SS

ω ¼ π2

a2

ffiffiffiffiffi
D
rh

s
m2 þ n2a2

b2

� �
(32)

2. SS-SS and CC-CC

ω ¼ π2

a2

ffiffiffiffiffi
D
rh

s
m2 þ 2nþ 1

2

� �2 a2

b2

" #
(33)

3. CC-CC and CC-CC

ω ¼ π2

4a2

ffiffiffiffiffi
D
rh

s
2mþ 1ð Þ2 þ 2nþ 1ð Þ2 a

2

b2

� �
(34)
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4. SS-C and SS-C

ω ¼ π2

16a2

ffiffiffiffiffi
D
rh

s
4mþ 1ð Þ2 þ 4nþ 1ð Þ2 a

2

b2

� �
(35)

3. Results and discussion

According to various support conditions (CC-CC, SS-CC, and SS-SS), the fundamental fre-
quencies (Hz) of the plate have been studied using wave propagation approach. The obtained
results are discussed and compared with earlier theoretical results and simulation methods
using same sets of material and geometrical parameters. In addition to these, as a final case
study, the effect of CC-CC, SS-CC, and SS-SS for two sorts of plates (square and rectangular) is
calculated and investigated. Their material properties, E, ν, and r, for isotropic plate are
2:07788� 1011N=m2, 0.317756, and 8166Kg=m3 [23], and boundary condition is specified in
Ref. [31]. Here, a number of results are presented for vibrating rectangular isotropic plates.
The vibration frequency equation for the plate has been obtained in terms of vibration, geo-
metrical, and material parameters. The wave propagation approach has been applied for
various boundary conditions. For the accuracy and stability of the present method, the find-
ings are in good agreement with the existing results.

Tables 1 and 2 show the comparison of natural frequencies of simply supported square plate
with FEM [23] and SEM [29]. As the number of modes increases, the frequencies also increase.
This comparison shows that present approach is efficient to find the vibration of plates.

In Tables 3–5, the frequencies for a vibrating rectangular plate have been evaluated for modal
parameters (m, n). It is observed that as m is kept fixed, n is allowed to vary, the frequency for
the square plate is increased. Here, behavior of natural frequencies has been shown for a SS-SS,

Frequencies (THz)

Modes Present FEM [23] SEM [30]

(1, 1) 4.845 4.857 4.866

(1, 2) 12.11 12.14 12.16

(2, 2) 19.28 19.43 19.46

(1, 3) 24.19 24.28 24.28

(2, 3) 31.41 31.57 31.6

(4, 1) 41.10 41.26 41.3

(3, 3) 43.61 43.71 43.75

Table 1. Convergence of natural frequencies (Hz) with FEM and SEM of simply supported square plate.
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w 0; y; tð Þ ¼ 0,
∂2w 0; y; tð Þ

∂x2
¼ 0, w a; y; tð Þ ¼ 0,

∂2w a; y; tð Þ
∂x2

¼ 0 (26)

w x; 0; tð Þ ¼ 0,
∂w x; 0; tð Þ

∂y
¼ 0, w x; b; tð Þ ¼ 0,

∂w x; b; tð Þ
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¼ 0,
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∂y3
¼ 0,

∂2w x; b; tð Þ
∂y2
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¼ 0 (29)

v. Clamped at two ends and free other two ends
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∂x
¼ 0, w a; y; tð Þ ¼ 0,
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¼ 0,

∂2w x; b; tð Þ
∂y2
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∂3w x; b; tð Þ
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¼ 0 (31)

2.4. Frequency equation for various boundary conditions

Using axial wave numbers, various frequency formulas can be formed for a number of bound-
ary conditions.

1. SS-SS

ω ¼ π2

a2

ffiffiffiffiffi
D
rh

s
m2 þ n2a2

b2

� �
(32)

2. SS-SS and CC-CC

ω ¼ π2

a2

ffiffiffiffiffi
D
rh

s
m2 þ 2nþ 1

2

� �2 a2

b2

" #
(33)

3. CC-CC and CC-CC

ω ¼ π2

4a2

ffiffiffiffiffi
D
rh

s
2mþ 1ð Þ2 þ 2nþ 1ð Þ2 a

2

b2

� �
(34)
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4. SS-C and SS-C

ω ¼ π2

16a2

ffiffiffiffiffi
D
rh

s
4mþ 1ð Þ2 þ 4nþ 1ð Þ2 a

2

b2

� �
(35)

3. Results and discussion

According to various support conditions (CC-CC, SS-CC, and SS-SS), the fundamental fre-
quencies (Hz) of the plate have been studied using wave propagation approach. The obtained
results are discussed and compared with earlier theoretical results and simulation methods
using same sets of material and geometrical parameters. In addition to these, as a final case
study, the effect of CC-CC, SS-CC, and SS-SS for two sorts of plates (square and rectangular) is
calculated and investigated. Their material properties, E, ν, and r, for isotropic plate are
2:07788� 1011N=m2, 0.317756, and 8166Kg=m3 [23], and boundary condition is specified in
Ref. [31]. Here, a number of results are presented for vibrating rectangular isotropic plates.
The vibration frequency equation for the plate has been obtained in terms of vibration, geo-
metrical, and material parameters. The wave propagation approach has been applied for
various boundary conditions. For the accuracy and stability of the present method, the find-
ings are in good agreement with the existing results.

Tables 1 and 2 show the comparison of natural frequencies of simply supported square plate
with FEM [23] and SEM [29]. As the number of modes increases, the frequencies also increase.
This comparison shows that present approach is efficient to find the vibration of plates.

In Tables 3–5, the frequencies for a vibrating rectangular plate have been evaluated for modal
parameters (m, n). It is observed that as m is kept fixed, n is allowed to vary, the frequency for
the square plate is increased. Here, behavior of natural frequencies has been shown for a SS-SS,
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Modes Present FEM [23] SEM [30]
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(1, 2) 12.11 12.14 12.16
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CC-CC, and SS-CC rectangular plate with regard to geometrical and material parameters. The
frequencies of CC-CC plate are greater than that of SS-CC and SS-SS.

Figures 3 and 4 show the variation of frequencies versus modal wave number. Figure 3 is
drawn for the square plate when we take a = b = 3 m and m = 1, 2, n = 1 � 5 with various
boundary conditions and show the influence of these conditions. As the constraints in the end
conditions are applied more, the frequencies increase. It has been seen that the frequency is

Modal parameter
(m, n)

ɷ f(Hz) Modal parameter
(m, n)

ɷ f(Hz) Modal parameter
(m, n)

ɷ f(Hz)

(1, 1) 152.66 24.2972 (2, 1) 381.66 60.743 (3, 1) 763.32 121.486

(1, 2) 381.65 60.743 (2, 2) 610.656 97.1889 (3, 2) 992.316 157.932

(1, 3) 763.31 121.486 (2, 3) 992.316 157.932 (3, 3) 1374 218.675

(1, 4) 1297.6 206.526 (2, 4) 1526.6 242.972 (3, 4) 1908.3 303.715

(1, 5) 1984.6 315.864 (2, 5) 2213.6 352.31 (3, 5) 2595.3 413.053

Table 3. Variations of natural frequencies (Hz) of simply supported plate with modal parameter (m, n) (a = 1 m, b = 1 m,
E = 2.052 � 1011 N/m2; υ = 0.3, r = 7850 kg/m3).

Modal parameter
(m, n)

ɷ f(Hz) Modal parameter
(m, n)

ɷ f(Hz) Modal parameter
(m, n)

ɷ f(Hz)

(1, 1) 248.079 39.483 (2, 1) 477.075 75.9288 (3, 1) 858.735 136.672

(1, 2) 553.407 88.0774 (2, 2) 782.403 124.523 (3, 2) 1164.1 185.266

(1, 3) 1011.4 160.969 (2, 3) 1240.4 197.415 (3, 3) 1622.1 258.158

(1, 4) 1622.1 258.158 (2, 4) 1851.1 294.604 (3, 4) 2232.7 355.347

(1, 5) 2385.4 379.644 (2, 5) 2614.4 416.089 (3, 5) 2996 476.833

Table 4. Variations of natural frequencies (Hz) of simply supported-clamped plate with modal parameter (m, n) (a = 1 m,
b = 1 m, E = 2.052 � 1011 N/m2; υ = 0.3, r = 7850 kg/m3).

Frequencies (THz)

Modes Present FEM [31] SEM [32]

(1, 1) 55.10 55.13 55.15

(1, 2) 55.52 55.73 55.75

(2, 2) 56.42 56.62 56.67

(1, 3) 65.50 65.52 65.59

(2, 3) 69.68 69.60 69.68

(4, 1) 77.12 77.19 77.30

(3, 3) 83.04 83.18 83.33

Table 2. Convergence of natural frequencies (Hz) with FEM and SEM of clamped square plate.
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almost two times for m = 1 and m = 2 for CC-CC, SS-CC, and SS-SS boundary condition.
Figure 4 is drawn for the square plate when we take a = b = 4 m and m = 3, 4, n = 1 � 5 with
various boundary conditions and show the influence of these conditions. As the constraints in
the end conditions are applied more, the frequencies increase. The frequency gapes for these
boundary conditions at m, n = (1, 2), (2, 1) at a = b = 3, 4 are very close to each other, and as we
proceed the modal number, then the frequency gape is higher.

Figures 5 and 6 show the variation of natural frequencies (Hz) of rectangular plates versus the
vibration modal wave number (m, n) for the boundary conditions on four edges viz., SS-SS, CC-
CC, and SS-CC square plate. Figure 5 is drawn for the rectangular plate when we take a = 3,
b = 2 m. As the constraints in the end conditions are applied more, the frequencies increase. Here,
we fix the value of m = 1 but vary the value of n from 1 � 5. It is observed that frequency
increases by increasing the value of n. It has been seen that the frequency is almost two times
for m = 1 and m = 2 for SS-SS, SS-CC, and CC-CC boundary condition. The frequency curves
are observed closed to each other for modal wave number, (m, n) = (1, 1), (1, 2), (2, 1), (2, 2).

Modal parameter
(m, n)

ɷ f(Hz) Modal parameter
(m, n)

ɷ f(Hz) Modal parameter
(m, n)

ɷ f(Hz)

(1, 1) 343.494 54.6687 (2, 1) 648.822 103.263 (3, 1) 1106.8 176.155

(1, 2) 648.822 103.263 (2, 2) 954.15 151.858 (3, 2) 1412.1 224.749

(1, 3) 1106.8 176.155 (2, 3) 1412.1 224.749 (3, 3) 1870.1 297.641

(1, 4) 1717.5 273.344 (2, 4) 2022.8 321.938 (3, 4) 2480.8 394.83

(1, 5) 2480.8 394.83 (2, 5) 2786.1 443.424 (3, 5) 3244.1 516.316

Table 5. Variations of natural frequencies (Hz) of clamped-clamped plate with modal parameter (m, n) (a = 1 m, b = 1 m,
E = 2.052 � 1011 N/m2; υ = 0.3, r = 7850 kg/m3).

Figure 3. The influence of natural frequencies of a square plate for SS-SS, SS-CC, and CC-CC boundary conditions
(a = 3 m, b = 3 m, E = 2.052 � 1011 N/m2; υ = 0.3, r = 7850 kg/m3).
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CC-CC, and SS-CC rectangular plate with regard to geometrical and material parameters. The
frequencies of CC-CC plate are greater than that of SS-CC and SS-SS.

Figures 3 and 4 show the variation of frequencies versus modal wave number. Figure 3 is
drawn for the square plate when we take a = b = 3 m and m = 1, 2, n = 1 � 5 with various
boundary conditions and show the influence of these conditions. As the constraints in the end
conditions are applied more, the frequencies increase. It has been seen that the frequency is
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Figure 3. The influence of natural frequencies of a square plate for SS-SS, SS-CC, and CC-CC boundary conditions
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Figure 6 is drawn for the rectangular plate when we take a = 4, b = 3 m. It can be perceived from
above discussion that the CC-CC boundary conditions have the height frequency curves of
rectangular plates and other boundary condition followed as SS-CC and SS-SS. It is also con-
cluded that the frequency curves with SS-SS boundary condition are the lowest for varying the
modal wave number. For these boundary conditions, on increasing the length a and width b, the
frequencies also increase (m, n). In these figures, it can be seen that the gap between the CC-CC
and SS-CC is greater than that of SS-SS boundary condition. Figures 5 and 6 also show that the
trend of frequency is same for the symmetry of (m, n).

Figure 5. The influence of natural frequencies of a rectangular plate for SS-SS, SS-CC, and CC-CC boundary conditions
(a = 3 m, b = 2 m, E = 2.052 � 1011 N/m2; υ = 0.3, r = 7850 kg/m3).

Figure 4. The influence of natural frequencies of a square plate for SS-SS, SS-CC, and CC-CC boundary conditions
(a = 4 m, b = 4 m, E = 2.052 � 1011 N/m2; υ = 0.3, r = 7850 kg/m3).
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4. Concluding remarks

In this study, vibrations of isotropic square and rectangular plates have been investigated for
modal parameters. Wave propagation approach has been engaged to solve this problem. The
axial deformations along axial variables are approximated by the complex exponential func-
tions. The axial wave numbers are associated with particular boundary conditions. As the
modal wave numbers are enhanced, the frequencies for the plates indefinitely. Moreover, the
influence of the boundary conditions has been studied for by changing the axial wave modes.
Dynamical loadings are exerted on plates when they are involved in a physical system. Their
dynamical behavior is studied theoretically. In the present study, vibrations of square and
rectangular plates are analyzed by applying the wave propagation approach. This is an
approximate technique related to the axial wave modes obtained characteristic beam func-
tions. These axial wave modes represent boundary conditions specified at four ends of a
rectangular plate. Natural frequencies for vibrating square and rectangular plates are obtained
for various boundary conditions. The natural frequencies of plates are investigated versus
modal numbers by varying the length and width of the plates with simply supported- simply
supported (SS-SS), clamped-clamped (CC-CC), and simply supported-clamped (SS-CC)
boundary conditions. The frequencies of the plates increase by increasing the modal number,
and CC-CC frequencies are greater than the frequencies of other boundary conditions. If we
change the nature of material of plate or other physical parameters applied to maintain motion
in radial direction, then a new problem can be formed. These problems can be solved for
different set of boundary conditions. This analysis can be applied to examine the vibrations of
functionally graded material plates.

Figure 6. The influence of natural frequencies of a rectangular plate for SS-SS, SS-CC, and CC-CC boundary conditions
(a = 4 m, b = 3 m, E = 2.052 � 1011 N/m2; υ = 0.3, r = 7850 kg/m3).
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spacecraft. However, this is normal because these structures are commonly made of metallic
materials such as aluminum alloys [4], because they need to resist very demanding environ-
mental conditions in space and very demanding mechanical conditions during the launch, and
because they have to guarantee the integrity of the satellite itself and of the other satellites
placed in the launcher.

However, additive manufacturing is enabling the use of new materials for space such as
polyetherimide (PEI) [5]. Polyetherimide (PEI) is an amorphous thermoplastic very resistant
to high and low temperatures, with a high glass transition temperature, and very resistant to
mechanical loads [6] and has half the density of the aluminum. The incorporation of this type
of materials in the structure of satellites can highly reduce the mass of the overall system and
the cost of putting it into space.

Nevertheless, the incorporation of new materials and methods in a spacecraft requires a
profound analysis and passing of very demanding tests to prove that it is qualified to be
launched and to be performed with enough margin in the space environment [7]. During the
launch, the structure will suffer extreme mechanical stress. The conditions are a combination of
static and dynamic loads or mechanical aggressions [8] constituted by the static loads and
acceleration, the pressure produced by the mechanical waves generated by the noise inside the
launcher, and the vibrations produced by its motor and its structure, by all the other satellites
onboard, and by the shocks when every stage of the launcher is separated or when the satellite
is separated from the launcher. These effects are combined as a random vibration in which
shocks can be superimposed.

In order to verify that a satellite can resist the launch, the launcher authorities provide a set of
requirements that have to be fulfilled and verified through mechanical testing. These are
modal survey vibration tests to identify the modes of vibration of the satellite to demonstrate
that the main modes have higher frequencies than the launcher and that it will not enter in
resonance, quasi-static vibration tests to demonstrate that the satellite resists the accelerations
of the launcher, sine vibration tests to demonstrate that the satellite resists all the vibrations
induced by the launcher, random vibration test to demonstrate that the satellite resists an
emulated launch in which all the loads are combined, and shock vibration test to demonstrate
that the satellite resists the shocks during the launch.

In this work, a small satellite structure 8 U CubeSat type 3D-printed in PEI ULTEM™ 9085 is
presented. The structure wasmechanically tested at qualification levels to fly in the Polar Satellite
Launch Vehicle (PSLV) [9], and the results are presented compared with the results of the same
structure manufactured in aluminum alloy AA-6082 T651 through a conventional CNC method.
Once the structure in ULTEM™was qualified, a robustness test was done to identify its mechan-
ical limits. All the results are included in Section 3 and discussed in Section 4.

2. Materials and methods

The qualification of a new structural design for a spacecraft requires a very methodic proce-
dure in which all the boundary conditions shall be considered and controlled with care:
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manufacturing environment and methodology, transport of the parts and their inspection,
assembly, testing, and analysis. The whole process shall be completely controlled and moni-
tored. In this section, the experiment is described, the methodology applied in the whole
process is introduced, the test specimens are detailed, and the instrumentation and equipment
used during the testing are specified.

2.1. Experiment description

The objective of this experiment is to validate the use of additive manufacturing technology
with PEI to be implemented in functional structures of satellites. For this purpose, a novel
structure with 3D-printed PEI ULTEM™ 9085 was manufactured and tested, and it was
compared with the same structure manufactured in aluminum alloy AA-6082 T651 with
classical CNC milling methodology. The two test specimens are described in Section 2.1.1.

To qualify the structure of the spacecraft, a structural model was assembled as part of the
model philosophy established [10]. The structural model was constituted by the structural
subsystem of the satellite (functional structure) and by mass dummies, which were mechani-
cally equivalent to the real components of the satellite.

2.1.1. Test specimen description

The test specimens used in the test campaign were two CubeSat structures manufactured by
using different materials and technologies:

• Aluminum alloy AA-6082 T651, density 2.70 g/cm3, manufactured by CNC milling

• PEI ULTEM™ 9085, density 1.34 g/cm3, manufactured by fused deposition modeling
(FDM)

The structural subsystem of the 8 U CubeSat consisted of six panels (cube faces), a T bracket,
and a central avionics tray providing mechanical interface for all the equipment onboard the
satellite. To validate the 3D-printed structure in ULTEM™, no particular design optimization
was performed with regard to the structure in aluminum; in other words, the same set of
manufacturing drawings and CAD models was used to manufacture the model in the machin-
ing workshop and in the additive manufacturing facility.

The design baseline was a medium-resolution Earth observation (EO) mission with the following
commercial components constituting the satellite: an Astro Digital Data and Power Module
(DPM), three Sinclair reaction wheels (RWs), a Sensonor gyrometer (GYR), two BST Star Trackers
(STs), a Syrlinks X-Band Transmitter Unit (XTU), a VACCO Propulsion System (PS), an
ANTCOM GPS antenna (GPS), an SCS Space Gecko imager payload (IMG), an EnduroSat X-
Band antenna, and an Astro Digital UHF antenna.

The internal distribution of the components in the internal volume of the 8 U structure was
done by considering the center of gravity (CoG) requirements imposed by the launcher [11].

For the design of the structural models, the complete avionics suite was substituted by mass
dummies or mock-up representative of their functional counterparts not only in terms of enve-
lope and mounting interfaces (bolts) but also in mass and center of gravity (CoG). All replicas
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were manufactured in aluminum and anodized to be preserved from corrosion. The total mass
of mock-ups was 5.2 kg, considering a realistic configuration for an 8 U CubeSat. The structure in
aluminum had a mass of 3.1 kg (37.35% of the total mass, which was 8.3 kg), and the structure in
ULTEM™ had a mass of 1.45 kg (46.77% less mass than the aluminum structure and 21.80% of
the total mass of the structural model, which was 6.65 kg). Table 1 shows the list of mock-ups
with the most relevant mechanical properties: dimensions, mass, and coordinates of the center of
gravity with respect to the geometric center of the satellite structure.

The overall structure design adheres to the CubeSat standard [12], and it could be fitted in any
commercial P-POD designed to host an 8 U satellite. Figure 1 shows the parts of the structure
made with additive manufacturing in PEI ULTEM™. Figure 2 depicts the mock-ups assem-
bled in the structure.

Figure 3 shows the two test specimens populated with the mock-up avionics. The single
circular window (front pictures) provided field of view for the payload camera. The two
orthogonal circular windows (back pictures) provided fields of view for the star trackers. The
purpose of the overtures in the structure was to reduce the mass of the structure while
providing access to manipulate inside the spacecraft during assembly activities.

2.1.2. Testing platform description

The testing platform was represented by an electrodynamic shaker model LDS B&K V850–440
with an LDS B&K LPT 600 slip table with a mechanical interface adapter mounted on it (see
Figure 4). The electrodynamic shaker stood over a concrete block by means of four silent
blocks. The shaker was controlled by an LDS-Dactron control system, and the signal was
amplified with an LDS B&K SPA 32Kv3 Kk4a-CE amplifier of 22 kN. Three accelerometers

Tag Equipment name Mock-up dimensions
(mm)

Mock-up mass
(gr)

X CoG
(mm)

Y CoG
(mm)

Z CoG
(mm)

DPM Data and Power Module 100(W) � 199(L) � 87(H) 1796 64.9 �3.6 �55.0

IMG Imager payload 97(W) � 96(W) � 60(H) 473 2.1 58.5 �53.9

GPS GPS antenna 40(W) � 40(L) � 26(H) 41 �64.1 �7.3 �23.8

ST1 Star tracker No. 1 30(W) � 30(L) � 38(H) 233 0.9 �74.5 �23.8

ST2 Star tracker No. 2 30(W) � 30(L) � 38(H) 233 �57.0 �71.0 �17.6

RW1 Reaction wheel No. 1 50(W) � 50(L) � 40(H) 171 108.5 105.5 �113.1

RW2 Reaction wheel No. 2 50(W) � 50(L) � 40(H) 171 84.7 35.2 41.7

RW3 Reaction wheel No. 3 50(W) � 50(L) � 40(H) 171 �64.5 61.1 �43.6

GYR Gyroscope 39(W) � 45(L) � 22(H) 51 40.9 41.6 �53.9

PRO Propulsion 39(W) � 45(L) � 80(H) 1181 0.0 0.0 101.7

XTU X-Band transmitter 90 (W) � 96(L) � 24 (H) 433 0.0 0.0 �101.7

Table 1. List of mock-ups with mechanical properties.
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were used to record the measurements, one monoaxial 4513-B type used as control and two
triaxial 4520-001 type for recording the response of the structural models.

2.1.3. Test specifications

The structural model was tested at qualification levels established by PSLV [11]. The applied
loads to qualify the structure were the following:

• Modal survey: to identify the modes of the structural model, a modal survey was done.
The parameters were the following: maximum test frequency (2 kHz) and sweep-type
logarithmic and sweep rate (2.0 oct/min). This was done in every axis: X, Y, and Z.

• Quasi-static load (QSL): it was characterized by a ramp up which increases amplitude
levels from 0.1 to 8.75 g of acceleration between 5 and 20 Hz, acceleration amplitude of
8.75 g at 20 Hz, and a ramp down from the maximum amplitude of 8.75 to 0.1 g at
frequencies from 20 to 5 Hz. The load profile is shown in Figure 5. This test was done in
every axis: X, Y, and Z.

• Sine load: with maximum acceleration amplitude of 2.5 g at frequencies from 10 to 100 Hz.
The load profile is shown in Figure 6. This test was done in every axis: X, Y, and Z.

Figure 1. Structure of the 3D-printed satellite in PEI.

Figure 2. Mock-ups assembled in the 3D-printed structure. (a) Top view and (b) bottom view.
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• Random load: it was defined by a specific power spectral density (PSD) profile in function
of the frequency. The profile is defined in Figure 7. This test was done in every axis: X, Y,
and Z.

• Shock load: it was modeled as a variable acceleration profile with levels between 8 and
220 g for frequencies between 20 and 2000 Hz, as shown in Figure 8. This test was done in
axis Z. The profile from 30 to 300 Hz was representative of the qualification level; for
higher frequencies, the test could not be done for limitations of the testing platform used.
However, this test specification was representative enough.

The tests were done by following the standards [7, 10].

Figure 3. ReDSHIFT structural models.
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As the purpose of the test was to qualify the 3D-printed structure and to analyze the differ-
ences between the 3D-printed ULTEM™ structure and the CNC-milled aluminum structure,
the tests were performed on the bare structural models, i.e., not preserving the models inside a
P-POD. For such a purpose, the bottom panels of the structures incorporated, near the corners,
four M12 holes that were used to secure the test specimen on top of the mechanical interface
with the slip table. In a real launch scenario, this would imply the adoption of pyro-bolts to
assemble the spacecraft to the launcher interface. This was the worst case scenario for qualifi-
cation purposes of the structure.

Figure 4. Interface adapter mounted on the shaker slip table.

Figure 5. QSL profile.
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the tests were performed on the bare structural models, i.e., not preserving the models inside a
P-POD. For such a purpose, the bottom panels of the structures incorporated, near the corners,
four M12 holes that were used to secure the test specimen on top of the mechanical interface
with the slip table. In a real launch scenario, this would imply the adoption of pyro-bolts to
assemble the spacecraft to the launcher interface. This was the worst case scenario for qualifi-
cation purposes of the structure.

Figure 4. Interface adapter mounted on the shaker slip table.

Figure 5. QSL profile.
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2.1.4. Experimentation methodology

To guarantee a representative experimentation for the qualification of the structural model in
ULTEM™, a specific and very controlled process was carried out. It started with the selection
of competitive providers to manufacture the parts. Once they were received, a careful incom-
ing goods reception was done in order to validate that all the parts fulfilled the specifications
defined. This process consisted of inspecting from the parcel to its content, taking into account
physical status and functionality. A report (incoming inspection report) was done in order to
register every detail related to packaging, labeling, wrapping, isolation, external damages, and
internal damages. Serial and part numbers were checked. Photos were also taken so that every
aspect could be graphically supported. After the approval of the incoming inspection, the
structural model was assembled to validate the design and manufacturing processes. Once
the assembly was successful, the structures were dismounted and protected, side panel by side

Figure 6. Sine load profile.

Figure 7. Random load profile.
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panel, with bubble wrap, and they were packaged using shock-absorbing material. The same
process was carried out to package the mock-ups.

Then, the packaged parts and required tools were prepared to be sent to the test facilities.
Transport documents (packing list and annexes) were prepared. These documents contained
information such as shipper, addressee, item description, references, gross weight, net weight,
dimensions, and Incoterms. Incoterm is reflected the International Commercial Terms, i.e., it
specified who took what risk and where.

When the goods arrived at the test facilities, the incoming goods reception process started
again, and a new incoming inspection report was carried out. Transport documents were also
checked.

Once the incoming inspection report was favorable, the structural model was assembled and
mounted on the interface adapter with the slip table of the shaker.

To carry the experiment out, the Z panel of the specimen was fixed on the interface adapter by
means of four M12 screws; subsequently, the rest of the assembled structure was fit on the Z
panel and fixed by means of 24 M2.5 screws. For X and Y axes, the test was performed on the
slip table (horizontal configuration) just rotating the test specimen 90�. For the Z-axis experi-
mentation, the electrodynamic shaker was rotated 90� to the vertical configuration (Figure 9).

The following testing procedures were followed:

1. Survey vibration test in the direction of the selected axis of the test specimen to detect the
vibration modes

2. Sine vibration test in the selected axis of the test specimen at qualification level

3. Survey vibration test in the selected axis of the test specimen to detect if there were
significant changes in the modes

Figure 8. Shock load profile.
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specified who took what risk and where.

When the goods arrived at the test facilities, the incoming goods reception process started
again, and a new incoming inspection report was carried out. Transport documents were also
checked.

Once the incoming inspection report was favorable, the structural model was assembled and
mounted on the interface adapter with the slip table of the shaker.

To carry the experiment out, the Z panel of the specimen was fixed on the interface adapter by
means of four M12 screws; subsequently, the rest of the assembled structure was fit on the Z
panel and fixed by means of 24 M2.5 screws. For X and Y axes, the test was performed on the
slip table (horizontal configuration) just rotating the test specimen 90�. For the Z-axis experi-
mentation, the electrodynamic shaker was rotated 90� to the vertical configuration (Figure 9).
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4. QSL vibration test in the selected axis of the test specimen at qualification level

5. Survey vibration test in the selected axis of the test specimen to detect if there were
significant changes in the modes

6. Random vibration test in the selected axis of the test specimen at qualification level

7. Survey vibration test in the selected axis of the test specimen to detect if there were
significant changes in the modes

8. Shock vibration test only in the selected axis of the test specimen

9. Survey vibration test after the shock vibration test in the Z-axis of the test specimen to
detect if there were significant changes in the modes

A significant change was defined as a change in frequency of the modes of at least 10%. Firstly,
the CNC aluminum model was tested on the X-axis and then on the Y-axis. Secondly, the 3D-
printed ULTEM™ model was tested on the X-axis and then on the Y-axis. Thirdly, the electro-
dynamic shaker was turned 90� to test on the Z-axis of the CNC aluminum model first, and
then on the ULTEM™ model.

When the experiment was finished, the structures were dismounted and protected, side panel
by side panel, with bubble wrap, and they were packaged using shock-absorbing material. The
same process was carried out to package the mock-ups. The same logistics and inspection
processes explained before were followed to transport the parts back.

3. Results

3.1. X-axis test results of the 3D-printed ULTEM™ structure

Figure 10 shows the results for the test carried out in the X-axis of the 3D-printed ULTEM™

structural model: modal survey (Figure 10(a)), QSL (Figure 10(b)), sine (Figure 10(c)), and
random vibration (Figure 10(d)) tests. All the unities were expressed in g (9.81 m/s2) except in
the random test, which was expressed in PSD (power spectral density (g2/Hz)). The red color

Figure 9. 3D-printed structural model mounted in the testing platform. (a) X-axis test and (b) Z-axis test.
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line represents the signal of the accelerometer 1 in the longitudinal axis, the blue color line
represents the accelerometer 2 in the longitudinal axis, and the magenta line represents the
control signal. Table 2 summarizes the results obtained with the modal survey tests before and
after the QSL, sine, and random tests were done. All the values are provided with the mea-
surements of accelerometer 1 since the values provided by accelerometer 2 did not differ
significantly.

With the modal survey, all the modes were characterized. The first mode was the most
representative. This was located at 43.19 Hz. The amplitude of the first mode was 3.22 g. For
comparison, the main mode of the structure manufactured by CNC in aluminum had a
frequency of 190.77 Hz and had an amplitude of 8.2 g. This shows that the 3D-printed
structure has less rigidity, but it still fulfills the requirement provided by the PSLV launcher
authority, which established that the first mode of the spacecraft shall be higher than 20 Hz.

Figure 10. Results of the tests in the X-axis. (a) Modal survey, (b) QSL, (c) sine vibration, and (d) random vibration.

3D-printed ULTEM™ structural model—modal survey results before and after the quasi-static load, sine, and random
vibration tests in the X-axis

Pre-QSL Post-QSL Pre-sine Post-sine Pre-random Post-random

First modal freq. [Hz] 43.19 43.19 43.19 40.55 40.55 40.55

Observed deviation <0.1% �6.10% <0.1%

Accel. peak [g] 3.22 3.33 3.33 2.74 2.74 2.71

Observed deviation 3.40% �6.10% �1.8%

Table 2. Results of the modal survey tests before and after the QSL, sine, and random vibration tests in the X-axis.
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line represents the signal of the accelerometer 1 in the longitudinal axis, the blue color line
represents the accelerometer 2 in the longitudinal axis, and the magenta line represents the
control signal. Table 2 summarizes the results obtained with the modal survey tests before and
after the QSL, sine, and random tests were done. All the values are provided with the mea-
surements of accelerometer 1 since the values provided by accelerometer 2 did not differ
significantly.

With the modal survey, all the modes were characterized. The first mode was the most
representative. This was located at 43.19 Hz. The amplitude of the first mode was 3.22 g. For
comparison, the main mode of the structure manufactured by CNC in aluminum had a
frequency of 190.77 Hz and had an amplitude of 8.2 g. This shows that the 3D-printed
structure has less rigidity, but it still fulfills the requirement provided by the PSLV launcher
authority, which established that the first mode of the spacecraft shall be higher than 20 Hz.

Figure 10. Results of the tests in the X-axis. (a) Modal survey, (b) QSL, (c) sine vibration, and (d) random vibration.

3D-printed ULTEM™ structural model—modal survey results before and after the quasi-static load, sine, and random
vibration tests in the X-axis

Pre-QSL Post-QSL Pre-sine Post-sine Pre-random Post-random

First modal freq. [Hz] 43.19 43.19 43.19 40.55 40.55 40.55

Observed deviation <0.1% �6.10% <0.1%

Accel. peak [g] 3.22 3.33 3.33 2.74 2.74 2.71

Observed deviation 3.40% �6.10% �1.8%

Table 2. Results of the modal survey tests before and after the QSL, sine, and random vibration tests in the X-axis.
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The QSL test indicated that the structure behaved perfectly. There was neither representative
excitation nor attenuation in the structure. It perfectly followed the control signal without
passing the limit values established by the control. After this test was finished, the modal
survey showed that there was no significant deviation of the modes. The amplitude of the first
mode was increased to 3.33 g (3.40% more).

The sine vibration test showed that the structural model entered in resonance at the frequen-
cies of the first and the second modes. After this test, the first mode slightly changed the
frequency to 40.55 Hz and reduced the amplitude to 2.74 g (6.10% less). This represented no
major changes in the structure.

In the random vibration test, all the modes were excited. After the test, the frequency of the
first mode did not change (40.55 Hz). Its amplitude was slightly reduced to 2.71 g (1.8% less).

There were no shifts over 10% in the frequency of the first mode before and after all the specific
tests. In addition, after all the tests, the structure was analyzed, and no visible changes were
identified (plastic deformation, broken screws, lost screws, and unassembled parts, among
others), which means that all the tests were successfully passed.

3.2. Y-axis test results of the 3D-printed ULTEM™ structure

Figure 11 shows the results for the test carried out in the Y-axis of the 3D-printed ULTEM™

structural model: modal survey (Figure 11(a)), QSL (Figure 11(b)), sine (Figure 11(c)), and
random vibration (Figure 11(d)) tests. The red color line represents the signal of the acceler-
ometer 1 in the longitudinal axis, the blue color line represents the accelerometer 2 in the
longitudinal axis, and the magenta line represents the control signal. Table 3 summarizes the

Figure 11. Results of the tests in the Y-axis. (a) Modal survey, (b) QSL, (c) sine vibration, and (d) random vibration.
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results obtained with the modal survey tests before and after the QSL, sine, and random tests
were done. As in the tests done in the X-axis, all the values are provided with the measure-
ments of accelerometer 1 since the values provided by accelerometer 2 did not differ signifi-
cantly.

With the modal survey, all the modes were characterized. The first mode was located at
43.19 Hz. The amplitude of the first mode was 3.44 g. For comparison, the main mode of the
structure manufactured by CNC in aluminum had a frequency of 190.63 Hz and had an
amplitude of 5.88 g.

Again, in the QSL test, the structure behaved perfectly between the margins defined by the
control. The modal survey after this test showed that there was no significant deviation of the
modes. The amplitude of the first mode was slightly increased to 3.54 g.

The sine vibration test showed that the structural model entered in resonance at the frequen-
cies of the first and the second modes. After this test, the first mode slightly changed the
frequency to 41.66 Hz and reduced the amplitude to 3.18 g (at 10.20% less, which indicates
that the components of the structure would be less accelerated because the structure gained
damping). This represented no major changes in the structure but an increase in the damping.

In the random vibration test, all the modes were excited. However, the first mode did not
change in frequency, and the amplitude was reduced at 3.10% to 3.08 g.

There were no shifts over 10% in the frequency of the first mode before and after all the specific
tests. In addition, after all the tests in the Y-axis, the structure was analyzed, and no visible
changes were identified, which means that all the tests were successfully passed.

3.3. Z-axis test results of the 3D-printed ULTEM™ structure

Figure 12 shows the results for the test carried out in the Z-axis of the 3D-printed ULTEM™

structural model: modal survey (Figure 12(a)), QSL (Figure 12(b)), sine (Figure 12(c)), random
vibration (Figure 12(d)), and shock (Figure 12(e)) tests. The red color line represents the signal
of the accelerometer 1 in the longitudinal axis, the blue color line represents the accelerometer 2
in the longitudinal axis, and the magenta line represents the control signal. Table 4 summa-
rizes the results obtained with the modal survey tests before and after the QSL, sine, random,

3D-printed ULTEM™ structural model—modal survey results before and after the quasi-static load, sine, and random
vibration tests in the Y-axis

Pre-QSL Post-QSL Pre-sine Post-sine Pre-random Post-random

First modal freq. [Hz] 43.19 43.19 43.19 41.66 41.66 41.66

Observed deviation <0.1% �3.70% <0.1%

Accel. peak [g] 3.44 3.54 3.54 3.18 3.18 3.08

Observed deviation 2.90% �10.20% �3.10%

Table 3. Results of the modal surveys tests before and after the QSL, sine, and random vibration tests in the Y-axis.
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The QSL test indicated that the structure behaved perfectly. There was neither representative
excitation nor attenuation in the structure. It perfectly followed the control signal without
passing the limit values established by the control. After this test was finished, the modal
survey showed that there was no significant deviation of the modes. The amplitude of the first
mode was increased to 3.33 g (3.40% more).

The sine vibration test showed that the structural model entered in resonance at the frequen-
cies of the first and the second modes. After this test, the first mode slightly changed the
frequency to 40.55 Hz and reduced the amplitude to 2.74 g (6.10% less). This represented no
major changes in the structure.

In the random vibration test, all the modes were excited. After the test, the frequency of the
first mode did not change (40.55 Hz). Its amplitude was slightly reduced to 2.71 g (1.8% less).

There were no shifts over 10% in the frequency of the first mode before and after all the specific
tests. In addition, after all the tests, the structure was analyzed, and no visible changes were
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others), which means that all the tests were successfully passed.
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Figure 11 shows the results for the test carried out in the Y-axis of the 3D-printed ULTEM™

structural model: modal survey (Figure 11(a)), QSL (Figure 11(b)), sine (Figure 11(c)), and
random vibration (Figure 11(d)) tests. The red color line represents the signal of the acceler-
ometer 1 in the longitudinal axis, the blue color line represents the accelerometer 2 in the
longitudinal axis, and the magenta line represents the control signal. Table 3 summarizes the

Figure 11. Results of the tests in the Y-axis. (a) Modal survey, (b) QSL, (c) sine vibration, and (d) random vibration.
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results obtained with the modal survey tests before and after the QSL, sine, and random tests
were done. As in the tests done in the X-axis, all the values are provided with the measure-
ments of accelerometer 1 since the values provided by accelerometer 2 did not differ signifi-
cantly.

With the modal survey, all the modes were characterized. The first mode was located at
43.19 Hz. The amplitude of the first mode was 3.44 g. For comparison, the main mode of the
structure manufactured by CNC in aluminum had a frequency of 190.63 Hz and had an
amplitude of 5.88 g.

Again, in the QSL test, the structure behaved perfectly between the margins defined by the
control. The modal survey after this test showed that there was no significant deviation of the
modes. The amplitude of the first mode was slightly increased to 3.54 g.

The sine vibration test showed that the structural model entered in resonance at the frequen-
cies of the first and the second modes. After this test, the first mode slightly changed the
frequency to 41.66 Hz and reduced the amplitude to 3.18 g (at 10.20% less, which indicates
that the components of the structure would be less accelerated because the structure gained
damping). This represented no major changes in the structure but an increase in the damping.

In the random vibration test, all the modes were excited. However, the first mode did not
change in frequency, and the amplitude was reduced at 3.10% to 3.08 g.

There were no shifts over 10% in the frequency of the first mode before and after all the specific
tests. In addition, after all the tests in the Y-axis, the structure was analyzed, and no visible
changes were identified, which means that all the tests were successfully passed.

3.3. Z-axis test results of the 3D-printed ULTEM™ structure

Figure 12 shows the results for the test carried out in the Z-axis of the 3D-printed ULTEM™

structural model: modal survey (Figure 12(a)), QSL (Figure 12(b)), sine (Figure 12(c)), random
vibration (Figure 12(d)), and shock (Figure 12(e)) tests. The red color line represents the signal
of the accelerometer 1 in the longitudinal axis, the blue color line represents the accelerometer 2
in the longitudinal axis, and the magenta line represents the control signal. Table 4 summa-
rizes the results obtained with the modal survey tests before and after the QSL, sine, random,

3D-printed ULTEM™ structural model—modal survey results before and after the quasi-static load, sine, and random
vibration tests in the Y-axis

Pre-QSL Post-QSL Pre-sine Post-sine Pre-random Post-random

First modal freq. [Hz] 43.19 43.19 43.19 41.66 41.66 41.66

Observed deviation <0.1% �3.70% <0.1%

Accel. peak [g] 3.44 3.54 3.54 3.18 3.18 3.08

Observed deviation 2.90% �10.20% �3.10%

Table 3. Results of the modal surveys tests before and after the QSL, sine, and random vibration tests in the Y-axis.
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and shock tests were done. As in the tests done in the X and Y axes, all the values are provided
with the measurements of accelerometer 1 since the values provided by accelerometer 2 did
not differ significantly.

Figure 12. Results of the tests in the Y-axis. (a) Modal survey, (b) QSL, (c) sine vibration, (d) random vibration, and (e) shock.

3D-printed ULTEM™ structural model—modal survey results before and after the quasi-static load, sine, and random
vibration tests in the Y-axis

Pre-QSL Post-QSL Pre-sine Post-sine Pre-random Post-random Pre-shock Post-shock

First modal freq. [Hz] 77.19 77.3 77.3 74.46 74.46 74.46 74.46 73.79

Observed deviation 0.14% �3.70% <0.1% �0.90%

Accel. peak [g] 1.79 2.12 2.12 1.7 1.7 1.67 1.67 1.64

Observed deviation 18.40% �19.80% �1.80% �1.80%

Table 4. Results of the modal survey tests before and after the QSL, sine, random vibration, and shock tests in the Z-axis.
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With the modal survey, all the modes were characterized. The first mode was located at
77.19 Hz. The amplitude of the first mode was 1.79 g. For comparison, the main mode of the
structure manufactured by CNC in aluminum had a frequency of 354.45 Hz and had an
amplitude of 4.00 g.

In the QSL test, the structure behaved perfectly between the margins defined by the control.
The modal survey after this test showed that the first mode changed the frequency to 77.3 Hz
(0.14%). The amplitude was increased to 2.12 g (18.40%). This represented no major changes in
the structure but an increase in the stiffness.

The sine vibration test showed that the structural model entered in resonance at the frequency
of the first mode. After this test, the first mode slightly changed the frequency to 74.46 Hz
(3.70% lower) and reduced the amplitude to 1.70 g (at �19.80% less). This represented no
major changes in the structure but an increase in the damping.

In the random vibration test, all the modes were excited. After the test, the first mode did not
change (74.46 Hz). Its amplitude was reduced to 1.67 g (1.80% less).

In the shock vibration test, the structure behaved well. After the test, the first mode had a
frequency of 73.79 Hz (0.90% less), and its amplitude was reduced to 1.64 g (1.80% less).

There were no significant changes in the structure, defined by shifts over 10% in the frequency
of the first mode, before and after the tests. The visual analysis of the structure did not provide
any change, which means that all the tests in this axis were successfully passed. Since the
structure passed all the tests in all three axes, the structure was considered to be qualified to fly
in the PSLV launcher.

3.3.1. Robustness test results

The robustness test was done with the random vibration test as the baseline due to its wider
frequency range. First of all, the test level was raised up to the test specification provided by
the GSFC General Environmental Verification Standard (GEVS) [13]. Following the same
philosophy as for the regular test, a modal survey was carried out before and after the random
test. An interactive process was started by increasing the load up step-by-step, with their
corresponding modal surveys until a failure occurred. The levels of the robustness test can be
seen in Figure 13(a). The original profile of the PSLV random vibration test is represented in
blue, the GEVS profile is represented in red, the extended profile of the second iteration is
represented in magenta, and the profile at which the structure fails is represented in cyan.

Contrary to the expected failure by breaking a bolt by excessive shear stress, the failure was a
combination of HeliCoil extractions by excessive traction stress and two cracks in one of the
corners near the fixing point in contact with the shaker. Obviously, some bolts were bended
after the failure as a side effect of the part cracks, but any of them was broken.

Figure 13(b) shows a comparison of the modal survey done before executing the test which
modified the 3D-printed ULTEM™ structural model (blue signal) and after the execution of
that random vibration test (red signal). The control signal is represented in magenta.
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and shock tests were done. As in the tests done in the X and Y axes, all the values are provided
with the measurements of accelerometer 1 since the values provided by accelerometer 2 did
not differ significantly.

Figure 12. Results of the tests in the Y-axis. (a) Modal survey, (b) QSL, (c) sine vibration, (d) random vibration, and (e) shock.
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Table 4. Results of the modal survey tests before and after the QSL, sine, random vibration, and shock tests in the Z-axis.
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With the modal survey, all the modes were characterized. The first mode was located at
77.19 Hz. The amplitude of the first mode was 1.79 g. For comparison, the main mode of the
structure manufactured by CNC in aluminum had a frequency of 354.45 Hz and had an
amplitude of 4.00 g.

In the QSL test, the structure behaved perfectly between the margins defined by the control.
The modal survey after this test showed that the first mode changed the frequency to 77.3 Hz
(0.14%). The amplitude was increased to 2.12 g (18.40%). This represented no major changes in
the structure but an increase in the stiffness.

The sine vibration test showed that the structural model entered in resonance at the frequency
of the first mode. After this test, the first mode slightly changed the frequency to 74.46 Hz
(3.70% lower) and reduced the amplitude to 1.70 g (at �19.80% less). This represented no
major changes in the structure but an increase in the damping.

In the random vibration test, all the modes were excited. After the test, the first mode did not
change (74.46 Hz). Its amplitude was reduced to 1.67 g (1.80% less).

In the shock vibration test, the structure behaved well. After the test, the first mode had a
frequency of 73.79 Hz (0.90% less), and its amplitude was reduced to 1.64 g (1.80% less).

There were no significant changes in the structure, defined by shifts over 10% in the frequency
of the first mode, before and after the tests. The visual analysis of the structure did not provide
any change, which means that all the tests in this axis were successfully passed. Since the
structure passed all the tests in all three axes, the structure was considered to be qualified to fly
in the PSLV launcher.

3.3.1. Robustness test results
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frequency range. First of all, the test level was raised up to the test specification provided by
the GSFC General Environmental Verification Standard (GEVS) [13]. Following the same
philosophy as for the regular test, a modal survey was carried out before and after the random
test. An interactive process was started by increasing the load up step-by-step, with their
corresponding modal surveys until a failure occurred. The levels of the robustness test can be
seen in Figure 13(a). The original profile of the PSLV random vibration test is represented in
blue, the GEVS profile is represented in red, the extended profile of the second iteration is
represented in magenta, and the profile at which the structure fails is represented in cyan.
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corners near the fixing point in contact with the shaker. Obviously, some bolts were bended
after the failure as a side effect of the part cracks, but any of them was broken.

Figure 13(b) shows a comparison of the modal survey done before executing the test which
modified the 3D-printed ULTEM™ structural model (blue signal) and after the execution of
that random vibration test (red signal). The control signal is represented in magenta.

Advanced Space Flight Mechanical Qualification Test of a 3D-Printed Satellite Structure Produced…
http://dx.doi.org/10.5772/intechopen.79852

79



After the test the modes of the structural model are substantially shifted to the left, i.e., to lower
frequencies: the first mode shifted from 53.10 to 66.19 Hz, which represented a change of
19.78% (clearly over 10%). The amplitude of the signal slightly changed from 1.95 g before the
test to 1.91 after the test (2.05%). Besides, the shape of the signal also changed. After the test,
the first and the second modes are nearer. This represents a significant change in the structure
at the level of the test, and as conclusion, it is not passed. However, the structure was taken to
the limit, which was much higher than the qualification levels.

4. Discussion

The 3D-printed ULTEM™ structural model widely fulfilled the requirements imposed by the
PSLV launcher authority, which enables the technology tested to be used in space and more
specifically in the functional structure of satellites.

By comparing the characteristics of the validated technology with respect to the classical CNC
milling in aluminum alloy, the 3D-printed model presented a clearly different behavior. In
Figure 14, the modal survey obtained in the two structural models was represented to facilitate
comparison. There was a clear difference in the rigidity of the two materials with the same
geometry. The 3D-printed model had natural modes with lower frequencies than the CNC
structure in aluminum. This implies more flexibility and, as a result, larger displacements.
Damages could be found if the structure is displaced, which would cause damages in the
satellite components. Damages could also be found if the structure is impacted by an external
item in the launcher. This result was expected as previous studies in the mechanical properties
suggest a tensile modulus of 2 GPa for ULTEM™ parts made by FDM [14]. When this value is
compared with aluminum typical value for tensile modulus (70 GPa), a simplified mass-spring
model foresees a reduction in the first mode frequency of 80% which is coherent with the test
results. In consequence the manufacturing flaws described in [14] do not have a remarkable
impact in functional parts as the stiffness does not seem to be affected and the catastrophic fail
was due to a stress concentration near the structure corners not to a manufacturing defect. In
conclusion both the material and the manufacturing method have been proven to be valid for
their use in primary structural application despite the local manufacturing flaws.

Figure 13. Robustness test levels and results. (a) Test level of the robustness test and (b) modal survey before and after the
last random vibration test.
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In terms of damping, as can also be seen in Figure 14, the ULTEM™ model had a significant
higher damping leading to a less sharp modal survey profile. This effect could be especially
beneficial for all the electronic components inside the satellite as most of the vibration energy
was dissipated by the structure, thus reducing the effective acceleration that those components
could suffer. Primarily in the response to high frequency, associated with a higher energy, which
can cause a higher damage in the electronic components such as relays or oscillators, this
attenuation is desirable, and it can be considered as a thermoplastic structure advantage [15].

5. Conclusions

In this work, the structure of a satellite which was made in 3D-printed ULTEM™ was vali-
dated. A structural model with realistic mass dummies was tested under qualification levels
established by the PSLV launcher authority. The tests were successfully passed, which indicate
that the proposed structure was apt to be put in orbit.

Besides, the structure was compared with that manufactured with a classical CNC approach in
aluminum alloy. The results indicate that the 3D-printed structure has less rigidity and more
damping than the CNC aluminum structure. This can be beneficial for electromechanical
components of the satellites since the ULTEM™ structure acts as a low-pass filter. However, it
has larger displacements, which has to be considered in order to avoid impacts between
components and external surfaces of the satellite.

In addition, during the experimentation of both the 3D-printed and the CNC-milled models,
some ULTEM™ and aluminum powder were generated because of the stress caused by the
trials. This powder generation and the effect that it could have over optical components in the
satellite are still to be analyzed in depth. In addition, the thermal-vacuum cycling and atomic
oxygen effects have to be studied before flying this structure in the space environment.

Figure 14. 3D-printed ULTEM™ structural model vs. CNC-milled aluminum structural model comparison.
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Abstract

In the current chapter, recent progress has been described in the field of computational
quantum chemistry for the development of corrosion inhibitors. The current chapter is
divided into several sections and subdivisions. Recently, the development of green and
sustainable technologies for corrosion prevention is highly desirable an increase in eco-
logical awareness and strict environmental regulations. In the last decade, the use of
quantum calculation based corrosion inhibitors study has attracted considerable attention.
Quantum calculation based density function theory (DFT) has been widely accepted as
“green corrosion inhibition technique” because of its theoretical based work. DFT can be
used to design corrosion inhibitors to prevent corrosion on mild steel, aluminum, copper,
zinc, and magnesium in aqueous media. DFT is the simplest way to study the molecular
structure and behavior of corrosion inhibitors. Various quantum chemical parameters
such as dipole moment (μ), energy difference (ΔE), softness (σ) and global hardness (η),
highest occupied molecular orbital (EHOMO) and lowest occupied molecular orbital
(ELUMO), etc., of corrosion inhibitors has been calculated using software in order to eluci-
date the adsorption and corrosion inhibition behavior of inhibitor molecules.

Keywords: adsorption, corrosion inhibition, aqueous solution, metals, DFT

1. Introduction

The damage on the material by corrosion produces not only for the high cost inspection, repair,
and replacement, but in addition to these formation of a public risk, thus the need for the
development of the novel Substances that treat acid in particular, like corrosion inhibitors Media
[1]. The use of corrosion inhibitor molecules is one of the most practical ways to protect the
materials against corrosion, and it is becoming increasingly popular in industrial applications.
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The atmosphere is affected by various metals and their alloys strikes due to the use of acid like
H2SO4 and HCl for various industrial processes (acid pickling, oil well-acidification, chemical
clean-up, etc.) [2, 3], for these reasons the inhibitors is employed as one of the most practical ways
to conserve corrosion. Traditionally, corrosion inhibition performance is evaluated experimen-
tally, such as gravimetric analysis, potentiodynamic polarization, and electrochemical imped-
ance spectroscopy (EIS). However, these experimental methods are expensive and laborious, and
often decrease in the illuminating corrosion mechanism. With the improvements in software and
hardware, computer simulation has become a powerful tool to investigate the complex system of
corrosion resistance [4]. By checking the structure, electron distribution, and adsorption of
molecules on the metal and oxide surfaces, the corrosion mechanism is now deeply detected. In
1971, Vosta and Eliasek [5] introduced quantum chemical methods to investigate the prohibition
of corrosion and established the field of quantum corrosion electrochemistry. After this, the main
objective of quantum chemistry methods was primarily on the discovery and establishment of
relations between molecular structure and prohibition, and many valuable results have now
been reported. Quantum chemical study has proven itself very long ago useful in determining
the structure of the molecules, the reaction as well as the obvious electronic structures [6]. Thus, it
has become a common practice to calculate quantum chemical corrosion study concept of
assessment of efficiency a corrosion inhibitors with the help of computational chemistry using
chemicals to find compounds with desired properties intuition and experience in a mathematical
quantitative and a relation between the structure once computerized and activity or property are
found, any number of compounds. Those who have not been synthesized so far can be easily
tested planning of computational method [7] and a set of mathematical equations that are
capable of displaying correctly chemical incident under study [8, 9].

2. Principles of corrosion

Thermodynamic and electrochemical are two basic principles of corrosion mechanism which
describe the transformation of metals and alloys into their stable states like hydroxides, sul-
fates, oxides and chlorides, etc.

2.1. Thermodynamic principles

Thermodynamics directs the spontaneous direction of a chemical reaction and it is used to
determine whether the corrosion on metal surface is theoretically possible or not [10].

2.2. Electrochemical principles

Basically corrosion is the coupled of two half-cell electrochemical reaction, cathodic and anodic
reaction. Anodic reaction involves the leaving of free electron by metal ionization however
cathodic reaction involves the up taking of free electrons by dissolved oxygen and/or water
molecules in the solution. Previous is oxidation type reaction where free electrons are pro-
duced while later is reduction reaction in which electrons can be accepted [11]. Corrosion
behavior of metals and alloys can be easily determine using electrochemical principles.
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Two half-cell reaction can be divided in to following type as given:

2.2.1. Anodic reaction

Anodic reaction is the loss of metal cations as given in examples:

Fe sð Þ ! Fe2þ aq
� �þ 2e� (1)

Zn sð Þ ! Zn2þ aq
� �þ 2e� (2)

Cu sð Þ ! Cu2þ þ 2e� (3)

Each of the above reactions in Eqs. (1)–(3) is an anodic reaction because there is increase in
oxidation number and loss of electrons from metals at the anodic site.

2.2.2. Cathodic reaction

Reduction of cation(s) from free electrons of oxidation reaction is a cathodic reaction. Forma-
tion of hydrogen gas (H2) from the reduction of two hydrogen ions at metal surface is an
example of cathodic reaction (Eq. (4)):

2Hþ aq
� �þ 2e� ! H2 gð Þ (4)

Above reactions are shown schematically in Figure 1.

2.2.3. Coupled electrochemical reactions

Figure 2 represents coupled electrochemical reactions in which anodic and cathodic reactions
exist on the metal surface at different places. There are four different types of conditions causes
to corrosion are: (i) an anodic reaction, (ii) a cathodic reaction, (iii) a metallic path between
these two reactions, and (iv) electrolyte. Electrolyte is an ionic aqueous solution in which

Figure 1. (a) Anodic reaction and (b) cathodic reaction in metal/solution interface.
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Thermodynamic and electrochemical are two basic principles of corrosion mechanism which
describe the transformation of metals and alloys into their stable states like hydroxides, sul-
fates, oxides and chlorides, etc.

2.1. Thermodynamic principles

Thermodynamics directs the spontaneous direction of a chemical reaction and it is used to
determine whether the corrosion on metal surface is theoretically possible or not [10].

2.2. Electrochemical principles

Basically corrosion is the coupled of two half-cell electrochemical reaction, cathodic and anodic
reaction. Anodic reaction involves the leaving of free electron by metal ionization however
cathodic reaction involves the up taking of free electrons by dissolved oxygen and/or water
molecules in the solution. Previous is oxidation type reaction where free electrons are pro-
duced while later is reduction reaction in which electrons can be accepted [11]. Corrosion
behavior of metals and alloys can be easily determine using electrochemical principles.
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Two half-cell reaction can be divided in to following type as given:

2.2.1. Anodic reaction

Anodic reaction is the loss of metal cations as given in examples:

Fe sð Þ ! Fe2þ aq
� �þ 2e� (1)

Zn sð Þ ! Zn2þ aq
� �þ 2e� (2)

Cu sð Þ ! Cu2þ þ 2e� (3)

Each of the above reactions in Eqs. (1)–(3) is an anodic reaction because there is increase in
oxidation number and loss of electrons from metals at the anodic site.

2.2.2. Cathodic reaction

Reduction of cation(s) from free electrons of oxidation reaction is a cathodic reaction. Forma-
tion of hydrogen gas (H2) from the reduction of two hydrogen ions at metal surface is an
example of cathodic reaction (Eq. (4)):

2Hþ aq
� �þ 2e� ! H2 gð Þ (4)

Above reactions are shown schematically in Figure 1.

2.2.3. Coupled electrochemical reactions

Figure 2 represents coupled electrochemical reactions in which anodic and cathodic reactions
exist on the metal surface at different places. There are four different types of conditions causes
to corrosion are: (i) an anodic reaction, (ii) a cathodic reaction, (iii) a metallic path between
these two reactions, and (iv) electrolyte. Electrolyte is an ionic aqueous solution in which

Figure 1. (a) Anodic reaction and (b) cathodic reaction in metal/solution interface.

Density Functional Theory (DFT) as a Powerful Tool for Designing Corrosion Inhibitors in Aqueous Phase
http://dx.doi.org/10.5772/intechopen.78333

89



current can be flow. The coupled reaction for an iron metal dipped in neutral, acidic or basic
medium is illustrated in Figure 2.

Heterogeneous nature of a metal surface is reason for the orientation of coupled reaction on the
same metal surface. Heterogeneity on metal surface can be arise due to defects like screw,
steps, dislocation, point defects and kink sites, etc.

3. Adsorption mechanism of corrosion

Corrosion inhibition properties of metals and alloys can significantly change due to adsorption
of inhibitor molecules at metal/solution interface. Inhibition of metal corrosion is a surface
phenomenon which involves the adsorption of corrosion inhibitors over the metal surface in
electrolytic solution. In corrosive solution inhibitor molecules adsorbed on the metal surface by
replacing the H2O molecules at the metal/solution interface according to the given process
Eq. (5) [12]:

Inh solð Þ þ nH2O adsð Þ ! Inh adsð Þ þ nH2O solð Þ (5)

where Inh (ad) and Inh (sol) are inhibitor molecules in the corrosive medium and adsorbed on the
metal surface, respectively, whereas n is the number of H2Omolecules replaced by the molecules
of inhibitor. The values of surface coverage (θ) have been used to elucidate the different isotherm
to determine the adsorption process at metal/solution interface. The different adsorption iso-
therms can be characterized by the mathematical models as given in Eqs. (6)–(8) [13]:

Figure 2. Coupled reactions occurring on the metal surface at different sites for iron in a neutral or basic medium.
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ð6Þ

ð7Þ

ð8Þ

where θ is the surface coverage, Kads is adsorption constant and C is the equilibrium concen-
tration.

4. Consequences and economics of corrosion

Corrosion is a global problem, which adversely affects the development of both developed and
developed countries. According to a highly cited study conducted by the National Association
of Corrosion Engineers (NACE) in 1998, the total annual cost of corrosion in the U.S. is
estimated at US $ 276 billion, which is approximately 3.1% GDP (GDP; NACE 2002) [14]. In
2011, the total cost of corrosion in the US increased to $ 2.2 trillion. Since the cost of corrosion in
India is a matter of concern, it is about two lakh crores (US $ 45 billion) proposed by the 1st
Global Corrosion Summit held in New Delhi in 2011 [15]. However, these estimates are
outdated and recently the NACE is being closely examined at the cost of the corrosion,
according to which the annual global cost of the corrosion is approximately $ 2.5 trillion, which
is equivalent to 3.4% of the global GDP. In India, the cost of annual corrosion is more than 100
billion US dollars, whereas in South Africa, direct corrosion costs are estimated to be around
130 billion (i.e., 9.6 billion US dollars) [16, 17]. By applying the existing methods of prevention
of corrosion, this cost of the war can be reduced by 35% (US $ 875 billion) to 15% (US $ 375
billion).

Corrosion is a global problem, which adversely affects the development of both developed and
developed countries. According to a highly cited study conducted by the National Association
of Corrosion Engineers (NACE) in 1998, the total annual cost of corrosion in the U.S. is
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2011, the total cost of corrosion in the US increased to $ 2.2 trillion. Since the cost of corrosion in
India is a matter of concern, it is about two lakh crores (US $ 45 billion) proposed by the 1st
Global Corrosion Summit held in New Delhi in 2011 [6]. However, these estimates are out-
dated and recently the NACE is being closely examined at the cost of the corrosion, according
to which the annual global cost of the corrosion is approximately $ 2.5 trillion, which is
equivalent to 3.4% of the global GDP [7, 8].

In India, the cost of annual corrosion is more than 100 billion US dollars, whereas in South
Africa, direct corrosion costs are estimated to be around 130 billion (i.e., 9.6 billion US dollars)
[7, 8]. By applying the existing methods of prevention of corrosion, this cost of the war can be
reduced by 35% (US $ 875 billion) to 15% (US $ 375 billion).
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5. Basics and computational aspects of density function theory (DFT)

5.1. The basics of DFT: Hohenberg-Kohn theorem

In Moscow, at the Frumkin Institute of Electrochemistry of the Russian Academy of Sciences,
the scientific school of Quantum Electrochemistry was to be started in Revaz Dogonadze in the
1960s. Generally, the ideas that are generated in the field include quantum mechanics,
electrodymamics, and electrochemistry; and likewise a very large group of different profes-
sional academics is studied. The fields of expertise include chemicals, physics, mechanical and
electrical engineering. More specifically, quantum electrochemical electrode surfaces [18] for
the study of electrochemical processes, quantum mechanical devices such as DFT are used,
including the transfer of electrons from the molecules to the metal electrode surface.

In some previous studies, the basis and importance of DFT [19, 20] has been described. The
recent impact of DFT in the development of quantum electrochemistry is significant, and can be
linked to achievements in the late 1980s when hybrid functional and gradient-corrected methods
were introduced [21]. Based on the famous Hohenberg-Kohn theorem awarded the Nobel Prize
in physics for his work on DFT in 1964. DFT concentrates on electron density r(r), itself as the
carrier of all information in form and/or molecule ground state, rather than an electron wave
function, one per electron occurs. In summary, the Hohenberg-Kohn theorem establishes that the
base of an electronic system only electronic density is functional. In principle, only need to
calculate the electron density in all the properties of the system. In DFT, the ground state total
energy for an N-electron system is expressed in terms of the external potential v(r) and the three-
dimensional ground-state electronic density r(r) in the form (Eq. (9)) [22]:

ð9Þ

where F[r] is the generalized functional of Hohenberg-Kohn given by the sum of the electronic
kinetic energy functional as given in Eq. (10):

ð10Þ

Eq. (10) pledges the proper normalization of the electron density.

A general DFT formula is given as Eq. (11) [23]:

ð11Þ

where Ene is the electron-nuclear attraction functional, Ts is the kinetic energy functional, Exc
denotes the exchange correlation functional and J is the Coulomb part of the electron-electron
repulsion functional. The dependency of each of these terms on the electron density, r, is
characterized by r in brackets following all term.

5.2. Basis sets

The base set, the mathematical description of the orbital within the system used to do theoret-
ical calculations. By putting a low restriction on the location of electrons in large base space,
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they make a more accurate orbital estimate. When molecular calculation is done, it is common
to use sophisticated finite numbers based on the atomic orbitals cantered on each atomic
nucleus within this molecule. Most molecular quantum mechanical methods begin calculating
with the choice of a set of base functions. The use of a substantial base set for the success of
calculation is a mandatory requirement. Standard basis for electronic computation calculation
uses linear combinations of geosynchronous functions of set orbit. In order to accurately
represent atomic orbitals, we should use a linear combination of several codgers. Gaussian
offers a wide range of predefined base sets, which can be categorized from those numbers and
types of works, in which they are included.

5.3. Basic parameters derived from DFT and their application to corrosion inhibition
design

5.3.1. Frontier molecular orbitals

The frontier orbitals are very important in defining the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) of molecules. Scientist Fukui [24]
recognized the importance of the frontier orbitals of first time because the stereochemistry of
the inhibition system and the chemical reactions were key factors in the governing of ease of
reaction. A good relationship has been found between EHOMO and corrosion resistance, which
is often associated with the electron-sensitivity potential of the molecule. It is well known that
the adsorption of the inhibitor on the surface of the metal may be on the basis of donor-
acceptable interaction between the heteroatom electrons and/or π electrons and the vacant d-
orbitals of the metal surface atoms [25]. A high value of EHOMO is likely to indicate the electron
donating tendency of the molecule to the vacant orbitals of acceptor molecules whereas the
energy of the lower empty orbit shows the electron acceptor ability of the molecule(s). Regard-
ing the value of the interval energy, ΔE = ELUMO � EHOMO, the big values of energy difference
mean less reactivity of a chemical species. Good inhibition efficiency will be provided in low
values of energy difference, because to reduce the energy from the previously occupied orbital,
there is less to donate in the correct orbital of the metal [26].

5.3.2. Dipole moment

The dipole moment is a vector quality which is most extensively used for describing the
polarity of a molecule. It is a measurement of the separation of the two opposite electrical
charges (positive and negative) and represented as given in Eq. (12) [27]:

ð12Þ

Where μ is a dipole moment, R is the distance between two different charges and q is the extent
of the different charge. The dipole moment is applied to the distribution of electrons among the
two bonded atoms. The existence of dipole moment, the difference between non-polar and
polar bonds is different. With pure dipole moment, the molecule is zero or very small, bond
and molecules are considered non-polar and polar molecules with pure bipolar moment.
Atoms with similar electronegative values, they produce chemical bonds with very small
dipole moment. Total dipole moment, however, reflects only the global prohibition of polarity
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of a molecule instead of a single bond notice that the efficiency of inhibitor molecules has
decreased with decreasing efficiency. The dipole moment of inhibitors [28] therefore, positive
signals of coefficient of μ indicate that the inhibitors can be applied to the metal surface by the
physical mechanism [29]. Obot and Obi-Egbedi [30] found a high correlation (0.999) between
corrosion inhibition and dipole moment efficiency of benzimidazole and its derivatives;
namely, 2-mercaptobenzimidazole and 2-methylbenzimidazole using DFT. The obtained result
shows that 2-mercaptobenzimidazole, which has the highest value of dipole moment, exhibits
the higher inhibition efficiency. The adsorption strength increase as high value of the dipole
moment between the inhibitor molecules and the metal surface.

5.3.3. Electronegativity and the electronic chemical potential

DFT has been found to be successful in providing insight into chemical reactivity and selectiv-
ity, in terms of global molecular properties, such as chemical potential (�μ) and electronega-
tivity (χ) [31]. Thus, for an N-electron system with an external potential ν(r) and total electronic
energy (E) the chemical potential, has been defined as the first derivative of the E with respect
to N at constant ν(r) as in Eq. (13) [32]:

ð13Þ

According to Iczkowski and Margrave [33], it should be noted that, when assuming a qua-
dratic relationship between E and N and in a finite difference approximation, than it can be
written as represented in Eqs. (14) and (15):

ð14Þ

ð15Þ

where A and I have the electron affinity and ionization potential, respectively, due to which the
electronegative definition of Mulliken can be corrected [34]. In addition, a theoretical justifica-
tion was provided for the theory of Sanderson’s equation of electronegativity, which states that
when two or more atoms join together to form a molecule, then their electro negativities is the
same intermediate the value is adjusted from [35].

5.3.4. Global hardness and softness

There is total hardness (H) and softness properties, which also facilitate analysis of molecular
selectivity and reaction. Correlation between quantum chemical quantities and corrosion inhi-
bition is based on Pearson’s hard and soft acids and bases, and the Lewis theory of acid and
base [36]. Energy gap, ΔE (i.e., energy difference between ELUMO and EHOMO) also provides
information about the reaction of inhibitor molecules. A hard molecule has a high value of ΔE
denotes the hard nature of molecules, whereas a soft molecule is a small ΔE. Due to small ΔE
value electrons can be easily supplied to acceptor system from soft molecules in comparison to
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hard molecule. Hence, the reactive site of the molecule may be absorbed, where, σ has the
highest value [37]. For the calculations of quantum chemical parameters, global hardness
(Eq. (16)) and softness (Eq. (17)) the following equations can be used [38]:

ð16Þ

The reverse of the global hardness is written as the softness, σ has given in Eq. (17):

ð17Þ

5.3.5. Mulliken population analysis

To identify the adsorption centers of inhibitors, Mulliken population analysis has been widely
reported [39, 40]. All chemical interactions are either covalent or polar (electrostatic). Electric
charge in the molecule is obviously responsible for electrostatic interaction. Local electron
charge or density is important in the properties of many physical-chemical and chemical
reactions of biological molecules. Thus, charge-based parameters have been widely employed
as weak intermolecular interaction measures or as chemical reactive indices. Mulliken popula-
tion analysis [41] is mostly used to calculate the charge distribution in a molecule. These
numerical quantities are easy to obtain and provide at least a qualitative understanding of
structural reactions of blocking molecules [42]. In addition, atomic charge is used to describe
molecular polarization of molecules.

5.3.6. The fraction of electrons transferred (ΔN)

The fraction of electrons transferred (ΔN) has been calculated as given in Eq. (18) [43]:

ð18Þ

where χinh and χM and indicate the absolute electronegativity of the inhibitor molecule and
metal, respectively. However ηinh and ηM denote the absolute hardness of the inhibitor mole-
cule and metal. Usually, ΔN exhibits the inhibition efficiency generated from the electrons
transferred, inhibitor molecule to the iron atom. According to Lukovitt et al. [44] if the value
of ΔN is less than 3.6, then the inhibition efficiency of the inhibitor molecules increasing with
electron releasing ability on metal surface. Improve electron releasing power, was replaced by
electron-donating substance (dOCH3 group) by altering a hydrogen atom of the phenyl ring,
as in the case of MPTS, which was to improve the prohibition, but on the other hand, a
decreasing effect has been observed by electron-attracting group (dCl) in the case of CPTS.

6. Some recent studies of corrosion inhibitor using density function theory

DFT is widely used software designing new corrosion inhibitors of chemical compounds using
energy of the highest occupational molecular orbital (EHOMO) energy, the energy of the lowest
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unoccupied molecular orbital (ELUMO), ΔE (energy difference), dipole moment (μ), Mulliken
population analysis, electronegativity and electronic chemical capacity (χ), global hardness (γ)
and softness (σ), the transfer of electrons (ΔN) and molecular polarization potential are most
important electronic parameters. As mentioned by some previous researchers [45–47], excel-
lent corrosion inhibitors are usually those compounds that accept electrons from the metal as
well as offer electrons in the empty orbital(s) of metal.

During the last two decades, computational methods have been developed as important tools
in the corrosion resistance, because in the calculation, large amounts of compounds can be
provided in large amounts within a reasonable time frame. The results of such studies can be
further used as an appropriate starting point for experimental studies. Computational
methods can also be important tools in the development of more suitable compounds used
for metal protection, starting with the already available compounds and by identifying deriv-
atives with better metal protection efficiencies through structural modifications. Recently, there
are many studies in literature on computational studies of useful organic materials for metal
protection. The goal of these studies is to gain insights at the molecular level on the contact of
these organic matters with metal surfaces. This important approach is particularly important
in the design of new and effective corrosion inhibitors for industrial applications in oil and gas
fields. A recent review of some of the research has been given below. They are not enough
anywhere because excellent reviews are available elsewhere [48].

6.1. Organic corrosion inhibitors studied using DFT

Using the semi-experimental AM1 method, Mahendra et al. [49], studied the inhibition effi-
ciency of benzimidazole derivatives. Quantum chemical parameters such as EHOMO, ELUMO,
ΔE, the fraction of electron transferred (ΔN), dipole moment (μ), and global hardness (γ) and
softness (σ) were calculated, which detected a steric hindrance effect of molecules on inhibition
efficiency, which was discussed. According to the results obtained (Table 1), EHOMO was the
most statistically significant term that influenced the inhibition efficiency. The more EHOMO,
the more prohibited efficiency was seen experimentally. Hyperchm 8.0 software was used for
the use of detailed Quantum Chemical Study program package for the Inh I, Inh II, and Inh III.
The experimental abilities of quantum chemical calculation and inhibitors were subject to
correlation analysis. Based on HOMO and LUMO energy, HOMO and LUMO coefficients,
polarizability, and Mulliken population analysis, it was concluded that considering a parame-
ter is not enough and the synthesis of better corrosion inhibition can be achieved by controlling
all the electronic properties and parameters of a selected group of molecules.

Quantum chemical calculation of commercially available drug namely grieseofulvin was cal-
culated towards the corrosion inhibition potential of mild steel using Gaussian 9.0 software
package [50]. Quantum chemical parameters has confirmed that the presence of heteroatoms
and π electrons increases resistance towards corrosion of the surface of mild steel, which
means that the inhibitor shows better inhibition efficiency against metal surface in aqueous
solution. Various quantum chemical parameters such as energy gap (ΔE), EHOMO, ELUMO,
dipole moment (μ) and hardness (γ) of drug molecule (Figure 3) has been evaluated to
determine its corrosion inhibition efficiency and corresponding values are depicted in Table 2.
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All parameters exhibited that griseofulvin acts as a good corrosion inhibitor towards mild steel
in HCl solution.

Verma et al. [51] describes the effect of ring and ring size of three 3-amino alkylated indoles
(AAIs) namely, N-((1H-indol-3-yl)(phenyl)methyl)-N-ethylethanamine (AAI-1), 3-(phenyl
(piperidin-1-yl)methyl)-1H-indole (AAI-3) and 3-(phenyl(pyrrolidin-1-yl)methyl)-1H-indole
(AAI-2) on mild steel corrosion acidic solution using experimental as well as theoretical
calculations such as quantum chemical calculations and molecular dynamics simulations
methods. Experimental results revealed that the inhibition efficiency increases with increased
concentration of the corrosion inhibitors. Maximum inhibition efficiencies of 94.34% for AAI-1,
96.08% for AAI-2 and 96.95% for AAI-3 were obtained at 0.862 mM concentrations of inhibi-
tors. Both experimental and theoretical calculations show that 3-amino alkylated indole with
cyclic amino groups exhibit high corrosion inhibition efficiency compared with open-chain
amino groups. Experimental results explains that resistance efficiency increases with increased

Inhibitors EHOMO(eV) ELUMO(eV) ΔE (eV) σ (eV) μ (D) ΔN (e) η (eV)

Inh I �8.8459 0.7865 8.0594 0.2462 3.2029 0.2709 4.0297

Inh II �8.7028 0.7392 7.9636 0.2497 3.4714 0.2896 4.1194

Inh III �8.6541 0.7069 7.9472 0.2516 5.0267 0.2918 3.9735

Table 1. Quantum chemical parameters for the benzimidazole derivatives.

Figure 3. Molecular structure of griseofulvin with the (a) the optimized structure, (b) LUMO and (c) HOMO structures.
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concentration of the inhibitors. Maximum inhibition efficiency of 94.34% for AAI-1, 96.08% for
AA-II and 96.95% for AAI-3 was obtained in 0.862 mm concentrations of inhibitor. Quantum
chemical calculations such as dipole moment (μ), EHOMO, ELUMO, ΔE, the fraction of electron
transferred (ΔN), global electronegativity (χ), and global hardness (γ) and softness (σ) were
calculated. Optimized structure, EHOMO and ELUMO of inhibitors are shown in Figure 4 and
calculation values are given in Table 3.

6.2. Plant extracts based corrosion inhibitors studied using DFT

Emeka et al. [52] studied the Inhibition efficiency of green and sustainable biomass extract of
capsicum on mild steel in acidic solution. Capsaicin (Figure 5a) is the major phytoconstituents
of capsicum, whose quantum calculation has been studied extensively. Chemical computations
of Capsaicin were performed using the S-Mulliken Population Analysis through the DFT
electronic structure program DML3 [40–43]. Various quantum chemical parameters like
EHOMO, ELUMO, ΔE, dipole moment (μ), global hardness (γ), softness (σ) and Fukui functions
have been studied extensively. Investigation correlation between experimental and quantum
chemical calculations and inhibition efficiency was discussed at this work.

Anupama et al. [53] examine the Phyllanthus amarus leaf extract (PAE) as the mild steel
corrosion inhibitor in 1 M HCl. Weight loss, EIS and PDP techniques used to investigate
corrosion behavior of PAE under various exposure time and temperature and successfully
correlated with different parameters of quantum chemical analysis. Since extracting compo-
nents are adsorbed on metal surface, inhibitive efficiency increases as concentrations increased
and finally reached up to >90%. Computational calculations corresponding to phyllanthin
(Figure 5b) a major component of PAE was made in order to understand the involvement of
the component in the inhibition efficiency of the plant extract. Quantum chemical parameters;
ΔE, ELUMO, EHOMO, dipole moment (μ), the fraction of electron transferred (ΔN), global hard-
ness (γ) and softness (σ) and global electronegativity (χ) were calculated and stabilized the
effect of structural features on the electron donating ability of major component phyllanthin of
PAE.

Raja et al. [54] investigated Isoreserpiline (Figure 5c) as active molecule against corrosion
protection of mild steel. Isoreserpiline is the major component of leaves and bark extracts of
Ochrosia oppositifolia. Quantum calculation shows that the density (HOMO and LUMO) of ISR
is located within the vicinity of the aromatic indole moiety. This study shows that π electron
cloud of ring and lone pair on nitrogen atom of indole ring have high electron donating ability
to metal surface. This can be well correlated with FTIR analysis that shows the coordination of
ISR with the mild steel surface through electron rich moieties of indole ring. An ideal corrosion
inhibitor can be donated electrons in metal surface through HOMO, as well as obtaining

Inhibitor EHOMO (eV) ELUMO (eV) ΔE (eV) μ (eV) ϒ

Griseofulvin �0.0423 �0.0059 0.0364 3.2396 0.0182

Table 2. Quantum chemical parameters for the griseofulvin.
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Figure 4. The frontier molecular orbital (left-hand side: HOMO; and right-hand side: LUMO) of the studied inhibitor
APQDs derivatives (a) AAI-1, (b) AAI-2, and (c) AAI-3 [reprinted with permission].

Density Functional Theory (DFT) as a Powerful Tool for Designing Corrosion Inhibitors in Aqueous Phase
http://dx.doi.org/10.5772/intechopen.78333

99



concentration of the inhibitors. Maximum inhibition efficiency of 94.34% for AAI-1, 96.08% for
AA-II and 96.95% for AAI-3 was obtained in 0.862 mm concentrations of inhibitor. Quantum
chemical calculations such as dipole moment (μ), EHOMO, ELUMO, ΔE, the fraction of electron
transferred (ΔN), global electronegativity (χ), and global hardness (γ) and softness (σ) were
calculated. Optimized structure, EHOMO and ELUMO of inhibitors are shown in Figure 4 and
calculation values are given in Table 3.

6.2. Plant extracts based corrosion inhibitors studied using DFT

Emeka et al. [52] studied the Inhibition efficiency of green and sustainable biomass extract of
capsicum on mild steel in acidic solution. Capsaicin (Figure 5a) is the major phytoconstituents
of capsicum, whose quantum calculation has been studied extensively. Chemical computations
of Capsaicin were performed using the S-Mulliken Population Analysis through the DFT
electronic structure program DML3 [40–43]. Various quantum chemical parameters like
EHOMO, ELUMO, ΔE, dipole moment (μ), global hardness (γ), softness (σ) and Fukui functions
have been studied extensively. Investigation correlation between experimental and quantum
chemical calculations and inhibition efficiency was discussed at this work.

Anupama et al. [53] examine the Phyllanthus amarus leaf extract (PAE) as the mild steel
corrosion inhibitor in 1 M HCl. Weight loss, EIS and PDP techniques used to investigate
corrosion behavior of PAE under various exposure time and temperature and successfully
correlated with different parameters of quantum chemical analysis. Since extracting compo-
nents are adsorbed on metal surface, inhibitive efficiency increases as concentrations increased
and finally reached up to >90%. Computational calculations corresponding to phyllanthin
(Figure 5b) a major component of PAE was made in order to understand the involvement of
the component in the inhibition efficiency of the plant extract. Quantum chemical parameters;
ΔE, ELUMO, EHOMO, dipole moment (μ), the fraction of electron transferred (ΔN), global hard-
ness (γ) and softness (σ) and global electronegativity (χ) were calculated and stabilized the
effect of structural features on the electron donating ability of major component phyllanthin of
PAE.

Raja et al. [54] investigated Isoreserpiline (Figure 5c) as active molecule against corrosion
protection of mild steel. Isoreserpiline is the major component of leaves and bark extracts of
Ochrosia oppositifolia. Quantum calculation shows that the density (HOMO and LUMO) of ISR
is located within the vicinity of the aromatic indole moiety. This study shows that π electron
cloud of ring and lone pair on nitrogen atom of indole ring have high electron donating ability
to metal surface. This can be well correlated with FTIR analysis that shows the coordination of
ISR with the mild steel surface through electron rich moieties of indole ring. An ideal corrosion
inhibitor can be donated electrons in metal surface through HOMO, as well as obtaining

Inhibitor EHOMO (eV) ELUMO (eV) ΔE (eV) μ (eV) ϒ

Griseofulvin �0.0423 �0.0059 0.0364 3.2396 0.0182

Table 2. Quantum chemical parameters for the griseofulvin.

Advanced Engineering Testing98

Figure 4. The frontier molecular orbital (left-hand side: HOMO; and right-hand side: LUMO) of the studied inhibitor
APQDs derivatives (a) AAI-1, (b) AAI-2, and (c) AAI-3 [reprinted with permission].

Density Functional Theory (DFT) as a Powerful Tool for Designing Corrosion Inhibitors in Aqueous Phase
http://dx.doi.org/10.5772/intechopen.78333

99



electrons via LUMO through metal surfaces (Fe through Fe2+, Fe3+ conversion) or bind mild
steel surface strongly, which states that the ISR can donate and accept electrons through
induction movement. On the other hand quantum calculation represents the energy level
EHOMO, ELUMO and ΔE (EHOMO � ELUMO) for iron and inhibitor molecule. ΔE for ISR �0.3083
EV was found, which was more (less negative) than FE2+ and Fe3+ (�1.2178 and � 2.0712 EV);
While ELUMO values were found in ISR Fe, Fe2+ and Fe3+. This result indicates that ISR can
donate electrons to MS surface but in turn, MS cannot obtain donation electron from the
surface. Quantum chemical analysis well supported the result of FTIR analysis and evidenced
the possibility of electron transfer from inhibitor molecules to mild steel.

7. Future developments

Density functional theory (DFT) has become an attractive theoretical method, because it pro-
vides accurate, basic and important parameters for at least complex and molecules cost. Apart
from this, by implementing the DFT methodology, we can understand reactionary behavior
conditions of hard and soft acid/base (HSAB) principles that provide a systematic way inter-
rupter/analysis of surface interaction and prediction. Survey of theoretical corrosion literature

Inhibitors μ EHOMO ELUMO ΔE η σ χ

AAI-1 1.6927 �8.5748 �5.1214 3.4534 1.7267 0.57913 6.8481

AAI-2 1.9680 �8.5262 �5.2214 3.4504 1.7252 0.57964 6.8376

AAI-3 2.3671 �7.8036 �5.1236 2.6800 1.3350 0.74903 6.4636

Table 3. Quantum chemical parameters of inhibitors resultant from the B3LYP/6-31+G(d,p) method.

Figure 5. Molecular structure of (A) capsicum, (B) phyllanthin, and (C) Isoreserpiline.
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presented in chapter (Sections 6.1 and 6.2) shows that density function theory (DFT) is a
powerful tool to study fundamental, molecular-level processes regarding the corrosion barrier.
However, it should be very careful with these calculations, these studies should be taken in
planning can easily lead with inaccurate or inadequate data-sets for the wrong findings. Role
of quantum chemistry in corrosion focus is likely to increase in future inhibitory studies moves
towards the investigation of complex chemical mechanisms. However, due to high computa-
tional effort restrictions calculations mean that there will be no quantum chemical methods be
able to replace experimental corrosion in the near future less expensive methods of study or
computerized procedures regarding the corrosion inhibition.

8. Conclusion

This chapter focuses on the use of modern quantum chemical methods, primarily to describe
the adsorption of corrosion-resistant molecules on a metal surface in the aqueous solution as
the functional principle of density. It is evident that DFT can be used as powerful technique
with a unique ability to make practical calculations on many complex bodies system, such as
large organic molecules, drugs, ionic liquids those are widely used as inhibitor. Hydrophobic/
hydrophilic nature of corrosion inhibitor has been identified as an important factor in deter-
mining the ability of the resistant to prevent corrosion. Finally, the idea of an important future
in the design of new and effective corrosion inhibitors using DFT will identify organic struc-
tures, which have less toxicity besides having high corrosion protection capacity.
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