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Preface

Austenitic stainless steels are the most popular and well known group of stainless steels.
Global production of austenitic stainless steel in the last 15 years is still increasing, which
indicates that this group of steel has a very bright future and specific research and develop-
ment in this field are still required. This group of austenitic stainless steel has many advantag-
es, especially corrosion resistance. However, even this group of steel is not 100% safe from
corrosion. That is why the right chosen steel needs to be used in proper conditions and appro-
priate connection must be employed.

This book intends to provide the reader, not only for students but also for professional engi-
neers who are working in the industry as well as to specialists, a comprehensive overview of
the state-of-the-art in new trends, research results and development of austenitic stainless
steel. Chapters for this book have been written by respected and well-known researchers
and specialists from different countries. We hope that after studying this book, you will
have objective knowledge about new aspects in the topic concerning austenitic stainless
steels.

Wojciech Borek, Tomasz Tanski and Zbigniew Brytan
Institute of Engineering Materials and Biomaterials
Silesian University of Technology

Gliwice, Poland






Chapter 1

Introductory Chapter: Why Austenitic Stainless Steels
are Continuously Interesting for Science?

Zbigniew Brytan, Wojciech Borek and
Tomasz Tanski

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72062

1. About Austenitic Stainless Steels

The history of stainless steels begun in the twentieth century with first works of Monnartz
(Germany) in 1908 that discovered passivity in Fe-Cr alloys when Cr content reach 12% and
introduced the property of “stainlessness” for metallic alloys. Thanks for studies on Cr-Ni-Fe
alloys made by Mauer and Strauss (Germany), the first patents were issued in 1912 for two
nickel-containing stainless steels. In this way, the history of austenitic stainless steel began.
Today the austenitic stainless steel of classic composition 18%Cr, 8%Ni (grade 304 L) is still
the most widely used by far in the world. The first commercial melt of austenitic stainless
steels was emerged in 1913 due to works of Hary Brearley (G.B.). In 2013, Stainless Steel
celebrated its 100 years and was one of the significant materials’ developments in the last cen-
tury. The stainless steel is still one of the fastest growing materials. The unique characteristic
of stainless steel arises from three main factors. The versatility is resulting from high corrosion
resistance, excellent low- and high-temperature properties, high toughness, formability, and
weldability. The long life of stainless steels has been proven in service in a wide range of envi-
ronments, together with low maintenance costs compared to other highly alloyed metallic
materials. The retained value of stainless steel results from the high intrinsic value (contains
expansive alloying elements—nickel) and easy recycling. Stainless steel, especially of austen-
itic microstructure, plays a crucial role in achieving sustainable development, nowadays so
important for further generations [1-3].

The growing consumption of austenitic stainless steels is driven by scientific developments
in this field, regarding new grades of improved or optimized properties, studies on corro-
sion resistance in various environments or microstructural phase transformations ongoing
during service or fabrication. The purpose of the book is to present most exciting field of
scientific research related to austenitic stainless steels and creep-resistant austenitic alloys.
Present chapters deal with different aspects of alloy design. First of all, are associated with
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2 Austenitic Stainless Steels - New Aspects

the effect of work hardening on microstructure and mechanical properties. One of the most
exciting field in austenitic stainless steel development concern studies on work hardening
mechanism of Fe-Cr-Mn-Ni-based austenitic stainless steels. Understanding the influence of
deformation-induced processes on the strain hardening behavior and tensile elongation is
essential to the economical design of highly formable austenitic stainless steels. The occur-
rence of various deformation-induced processes such as deformation-induced e/a’-martensite
formation mechanisms in austenitic steels is governed by the stacking fault energy (SFE). The
influence of alloying elements on the SFE of austenitic stainless steels can be deduced from
their influence on the M Y — @ temperature. Therefore, relationships giving the compositional
dependence of MdY — « temperature can be used as guidelines for the design of austenitic
stainless steels with improved properties [4, 5].

Austenitic stainless steels during austenite to martensite transformation may develop the
magnetic response, as martensite is ferromagnetic. Therefore, the martensitic transportation
induced by plastic deformation in austenitic stainless steels can also be studied using selected
cross effects. The application of the magnetomechanical effect (the Villari effect) and the ther-
momechanical effect (the Kelvin/Thomson effect) turned out to be particularly useful in this
case because, they change significantly with martensite initiation and then accumulation in
austenite. This approach gives the opportunity to develop non-destructive methods of inves-
tigating the martensite transformation and allows follow and visualizes transformations on-
line during the fatigue process, without the necessity to use, for example, roentgenographic or
microscopic methods. This method can also be introduced in both laboratory conditions and
on real constructions made of metastable austenitic steels [6, 7].

The book chapters discuses also an essential field of studies concerning microstructural phase
transformations ongoing during service at high- and low-temperature conditions. The stain-
less steels are susceptible to secondary precipitates under service. Precipitation of sigma
phase represents one of the most potentially dangerous degradation mechanisms in austenitic
stainless steels. Understanding the microstructural changes ongoing during long time expo-
sure at elevated temperature lays in the basis of the creep resistance properties of stainless
steels. The understanding relation between cold work plastic deformation, mechanical prop-
erties including creep and the structural changes with the particular attention to precipitated
intermetallic phases during long-term high-temperature exposure is essentials to predict the
lifetime of engineering applications. The changes of the structure and mechanical properties
is extensively studied both for the base austenitic steels grades in annealed conditional, and
after cold bending or welding, that can further accelerate precipitation of sigma phase, sup-
plying more deeper view on observed degradation processes [8-10].

The high-temperature service conditions require creep-resistant alloys of the austenitic or
ferritic microstructure. The creep-resistant alloys during service undergo progressive deg-
radation of their microstructure, which results in the changes of functional properties. The
main microstructural mechanisms of degradation include the processes of matrix softening,
the processes of precipitation and matrix depletion of the interstitial and substitution ele-
ments. The precipitation processes ongoing during service plays a significant indicator of
microstructure degradation processes. Therefore, such processes are essential in diagnostic of
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components and equipment in service and make possible to forecast the time of safe opera-
tion. The characteristics of secondary phase precipitate occurring in creep-resistant steels,
especially most frequently used austenitic creep-resistant grades is essential to the under-
standing of ongoing degradation processes [11, 12].

Apart from high-temperature applications of creep-resistant austenitic alloys, the austenitic
stainless steels are frequently applied in low-temperature service conditions. High toughness
at the low-temperature of austenitic stainless grades, in contrast to ferritic or duplex alloys,
makes them particularly suitable cryogenic applications. The effect of intergranular precipi-
tation on the low-temperature toughness of nitrogen alloyed austenitic stainless steels plays
an essential role in cryogenic applications. The presence of intergranular nitride precipitates
causes a severe decrease in toughness for stainless steels subjected to sort high-temperature
cycle. Nitrogen alloyed stainless steels exhibit the presence of intergranular brittle fracture as
a result of the grain boundary nitride precipitation. This behavior may be especially crucial
during the welding, because of the short aging time for precipitation. The more profound
understanding of precipitation processes involves thermodynamic stability and growth kinet-
ics analysis of the precipitated phases, during a high-temperature cycle. For such a purpose,
computational thermodynamics and the so-called CALPHAD method wave been frequently
applied [13, 14].

The austenitic stainless steels are not free from corrosion problems. The book also deals with
most frequently local corrosion phenomena encountered in these alloys. The local corrosion
processes like intergranular corrosion (IGC) occurring in stainless steels remains in the inter-
est of science. Therefore, alloy design strategies also focused on alloying of austenitic stainless
steels by single or combined addition of nitrogen, molybdenum, and silicon. Based on such
alloying principles, many austenitic stainless steels grades can be defined, dedicated to resist-
ing local corrosion in chloride-containing media and nitric acid [15].

Studies on corrosion resistance also include modification of working conditions, thus the intro-
duction of corrosion inhibitors to an acidic environment. The research on corrosion inhibitors
is even going in the direction of organic compounds, for example, rosemary oil and aniline
that can significantly reduce the corrosion rate of stainless steels in sulfuric acid [16, 17].

Austenitic stainless steels are well weldable, even though different problems have often been
reported during the welding operation. These issues are also addressed in the book. Welding
of stainless steel using friction welding becomes more interesting nowadays. The problems
encountered in friction welding during joining of austenitic stainless steel are very limited
when compared to fusion welding process. Therefore such technic can be useful for joining
dissimilar metals, for example, joining of austenitic stainless steel and copper base alloys.
Evaluation of friction welding parameter and understanding of ongoing metallurgical phe-
nomenon plays a key role in finding the good bond strength between dissimilar metals [18].

Applications of austenitic stainless steels, apart from corrosion environment action, also
involve in mechanical loads. The nature and intensity of such loads can be detrimental for
each engineering equipment, thus must be determined and studied through basic microstruc-
tural mechanisms. The knowledge of their character is crucial in maintaining the required
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mechanical properties of the elements and the entire system made of stainless steels. The
fracture mechanisms, thus reasons of nucleation and propagation of cracks of different size
(from micro- to macro-cracks) under low cycle fatigue conditions is essential to modern high-
risk systems, like nuclear applications. For this reason, different grades of austenitic steels
as prospective materials for structural parts subjected to extreme cyclic loading and severe
environmental conditions have been studied. The nucleation of microcracks in the austenitic,
fine-grained steels was observed in slip bands and the critical factor in the destruction of
the material is assigned to precipitates and grain boundaries. The microcrack propagation
process and its correlation with the steel microstructure are also quite disputable. Despite
numerous experimental results on alteration of microcrack propagation direction, there is no
convincing hypothesis explaining the real reasons for the process [19, 20].
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Abstract

The temperature dependence of tensile elongation in austenitic steels is discussed in view
of the relationship between the stacking fault energy and deformation-induced processes.
It is shown that the maximum tensile elongation is achieved in the vicinity of MY —*
temperature. The influence of alloying elements on the temperature dependence of ten-
sile elongation can therefore be analyzed with regard to their influence on the MY —»*
temperature. In this regard, majority of alloying elements including C and N decrease
the temperature associated with highest tensile elongation. Due to the high efficiency of
C and N in increasing the stability of austenite, approaches toward the development of
high-interstitial austenitic stainless steels containing minimal amounts of substitutional
alloying elements are discussed. Finally, some of the challenges associated with the pro-
cessing of high-interstitial austenitic stainless steels are reviewed.

Keywords: deformation-induced processes, transformation-induced plasticity,
twinning-induced plasticity, stacking fault energy, tensile elongation, high-interstitial
steels

1. Introduction

Although austenitic steels are often inferior to ferritic steels in view of the yield strength
(YS), they have the potential to work harden to a larger extent which in turn leads to very
high ultimate tensile strength (UTS) values. Due to their low YS/UTS ratios, austenitic steels
may be used in applications where a high energy absorption capacity rather than a high
resistance to yielding is required. In contrast to ferritic steels of which the strain-hardening
behavior is not much influenced by varying temperature in the vicinity of room temperature

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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and by the addition of common substitutional alloying elements such as Mn, Si, Ni, and Cr,
the strain-hardening characteristics of austenitic steels are highly sensitive to temperature
and chemical composition. Understanding the underlying mechanisms governing the work
hardening of austenitic steels and the interrelationships among the material parameters is
therefore essential to the effective design of economical austenitic steels. Tremendous aus-
tenitic stainless steel design activities at the TU Bergakademie Freiberg, especially in the
framework of the Collaborative Research Center 799 (TRIP-matrix composites) running
since 2008, have enabled to note the interrelationships summarized in the following sections.

2. Relationship between the stacking fault energy (SFE) and
deformation-induced processes

Deformation-induced processes in austenitic steels are governed by the SFE. In high Mn aus-
tenitic steels, for instance, deformation processes have been proposed to change from the
perfect dislocations glide at high SFEs to twinning and then martensite formation at pro-
gressively lower SFEs [1]. The SFE depends on the chemical composition and temperature.
Numerous empirical relationships have been proposed to describe the influence of alloying
elements in austenitic steels on the SFE [2-6]. Nevertheless, care must be taken when using
such relationships because their applicability depends on the reliability of the SFE determi-
nation method. The inaccuracy of the existing relationships is reflected in the inconsistent
coefficients proposed for alloying elements [2, 6]. Although SFE appears, based on the exist-
ing empirical relationships, to have a complex dependence on the chemical composition, it
is unanimously known to increase at higher temperatures [7]. The associated changes in the
glide mode have important consequences for the deformed microstructures obtained at dif-
ferent temperatures; the wide separation of a/6 <112> Shockley partial dislocations at low
temperatures, where the SFE is low, promotes the planar glide of dislocations, for instance
by restricting the cross-slip of screw dislocations. The abundance of stacking faults in the
microstructure of an Fe-14Cr-5.5Mn-5.5Ni-0.37N (concentrations always in mass-%) austen-
itic stainless steel deformed at —40°C is demonstrated in Figure 1. The occurrence of planar
glide features such as dislocation pile-ups, stacking faults, twins, and e-martensite at defor-
mation temperatures associated with low SFEs highlights the traces of {111} glide planes. In
the example shown in Figure 2, the angular relationships among the traces of glide planes aid
to determine the crystallographic orientation of austenite.

As the deformation temperature increases, the reduced separation of partial dislocations and
the possibility of constriction increase the three-dimensional mobility of dislocations and a
gradual transition to the wavy glide mode follows [8]. Deformed microstructures under wavy
glide conditions are characterized by dislocation cell structures with almost dislocation-free
interiors surrounded by dislocation rotation boundaries [9, 10]. Dislocation cell formation
in an Fe-18Cr-7Mn-9Ni-0.43C stainless steel deformed at 200°C is demonstrated in Figure 3.
Further examples of austenitic stainless steel microstructures formed at various deformation
temperatures may be found in [10-16].
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Figure 1. Stacking faults formed in an Fe-14Cr-5.5Mn-5.5Ni-0.37N steel after 64% tensile deformation at —40°C.

The schematic in Figure 4 summarizes the temperature dependence of deformation-induced
microstructural changes in austenitic steels. The spectrum of processes shown in the sche-
matic does not necessarily occur in all austenitic steels. Whether or not a given process is
activated is decided by the alloy system. Highly stable austenitic steels may not exhibit the
microstructural changes relying on very low SFEs. For example, the austenitic stainless steel
Fe-18Cr-20Ni with a high stability does not experience deformation-induced a’-martensite
formation even after the application of almost 100% tensile elongation at -196°C [14, 17].
Furthermore, the tendency of an austenitic steel to form e-martensite or twinning depends
on the alloy chemistry. In high Mn steels, for instance, alloying with Si increases the like-
lihood of e-martensite formation at the expense of deformation twinning [18]. Table 1
summarizes the types of deformation-induced microstructural changes (twinning and
e-martensite) in modifications of FeCrMnNi-based austenitic stainless steels. Some of the
alloys listed in Table 1 are twinning only or e-martensite only systems. Nevertheless, a
majority of austenitic stainless steels are capable of exhibiting both the preceding deforma-
tion processes as byproducts of planar glide, caused by the ready dissociation of Shockley
partial dislocations [19, 20].

9
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Experimental SAED
002 (111} iraces
T — based on TEM

micrographs

=0
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Figure 2. TEM micrographs and the corresponding selected-area electron diffraction (SAED) pattern of an Al-alloyed
Fe-17Cr-6Mn-9Ni-0.42C-4Al steel after the application of nearly 4% compressive strain at RT. The zone axis (Z.A.)
of austenite cannot be determined from the recorded SAED pattern which only comprises two 002 diffraction spots.
Instead, the angular relationships among the traces of {111}, glide planes (superimposed solid lines), which may be
identified by the glide plane features, allow to determine the zone axis (Z.A. // <047> ).

..

Figure 3. Microstructure of an Fe-18Cr-7Mn-9Ni-0.43C steel after 45% tensile deformation at 200°C.
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Figure 4. Schematic representation of the effects of SFE and temperature on the microstructural changes in austenitic
steels.

Alloy Twinning e-Martensite
Fe-16Cr-(6-7)Mn-(6-9)Ni [21, 22] v 4
Fe-(17-18)Cr-(6-7)Mn-9Ni-0.4C-(0 & 4)Al [15] v/ —

Fe-14Cr-5.5Mn-5.5Ni-0.37N [14] -
Fe-15Cr-3Mn-3Ni-(0.05-0.25)C-(0.1-0.13)N [23, 24]

N SN N

Fe-19Cr-3Mn-4Ni-(0.05-0.25)C-(0.1-0.13)N [25-27]

<SS

Fe-15Cr-1Mo-0.3C-0.4N [28]

Table 1. Occurrence of twinning/e-martensite formation as a function of chemical composition (mass-%).

Deformation at temperatures lower than those associated with e-martensite formation and twin-
ning leads to the formation of a’-martensite. As mentioned earlier, this does not apply to highly
stable austenitic steels in which the threshold SFEs for the a’-martensite formation may not
be attained even at cryogenic temperatures [14]. The o-martensite formation under extremely
planar glide conditions commonly occurs at the intersections of planar glide features [29-31].
Examples of deformation-induced a’-martensite formation in conjunction with planar glide
features are shown in Figure 5. Even in cases where it is difficult to identify intersection of
planar glide features, such as the example of Figure 5d where the o-martensite appears to have
formed in association with deformation twins, the activation of at least one conjugate partial
dislocation glide system is quite likely. After all, the most widely accepted models proposed
for the a’-martensite formation rely on the occurrence of two shears in directions compatible
with the glide direction of partial dislocations [32-35]. The magnitudes of the shears needed to
cause the lattice change to bec/bct are only fractions of the full twinning shear. Even the forma-
tion of spontaneous a'-martensite appears to be a consequence of stacking fault interactions. As
the microstructure of the Fe-15Cr-1Mo-0.3C-0.4N steel after partial transformation to athermal
o’-martensite shows (Figure 6), a high density of stacking faults exists in the austenite, in par-
ticular in the immediate vicinity of the transformed regions. Therefore, further transformation of
austenite most likely involves the spontaneous dissociation and interaction of the stacking faults.
This suggests that the SFE must be extremely low at the o’-martensite start (M) temperature.

11
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1:::] Fe-15Cr—1 Mo—ﬂ 3C-04N

Figure 5. Examples of deformation-induced a’-martensite formation in high carbon (a), high nitrogen (b), and high
carbon and nitrogen (d) austenitic stainless steels.

Figure 6. Microstructure of an Fe-15Cr-1Mo-0.3C-0.4N steel after partial transformation to spontaneous (athermal)
o'-martensite by thermal treatment.
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3. Influence of deformation-induced processes on the strain-hardening
behavior and tensile elongation

An important consequence of decreasing the tensile temperature of austenitic stainless steels
is the increase in the strain-hardening rate. This is demonstrated using the true stress-strain
and strain-hardening curves for an Fe-18Cr-20Ni steel (Figure 7) [17]. The enhancement of
strain-hardening rate and its extended near-linear hardening at low temperatures can be
explained by the decrease in the SFE and the increased activity of stacking faults. At -196°C,
the strain-hardening rate remains almost constant until fracture. Near-linear strain hardening
during tensile deformation is the characteristic of many austenitic stainless steels at tempera-
tures where SFE is sufficiently low to ensure a high glide planarity but not low enough to
enable the formation of a'-martensite. Figure 8 shows the true strain-hardening curves for
an Fe-16Cr-8Mn-7Ni-1Si steel deformed at various temperatures [36]. At temperatures below
M,¥ - « temperature which is between 20 and 60°C, the increase in the work-hardening rate
characteristic of deformation-induced a’-martensite formation can be readily identified [37].
The strain-hardening curves indicate that near-linear strain hardening in austenitic steels is
achieved at temperatures near M Y -« temperature [15].

The schematic in Figure 9 generalizes the temperature dependence of tensile elongation in aus-
tenitic stainless steels [10, 15, 38-43]. The schematic elongation curve consists of three regions
marked I-IIL In region I, the elongation shows a weak temperature dependence which resem-
bles that of materials with wavy glide, for example, ferritic steels. The region marked II is char-
acterized by enhanced low-temperature ductility due to the enhanced glide planarity. The
enhancement of ductility by lowering temperature in region II is usually attributed to defor-
mation-induced microstructural changes such as e-martensite transformation, the e-TRIP effect
[44], and deformation twinning, the TWIP effect [38]. The hcp stacking of close-packed planes in
e-martensite may be achieved by the glide of 1/6 <112> Shockley partials on every second {111}
plane [45]. Deformation twins, on the other hand, can occur by the glide of 1/6 <112> Shockley
partials on successive {111} planes [46, 47]. The region marked Il in Figure 9 can appear at defor-
mation temperatures below MY — « temperature. The temperature-dependent true stress-strain
curves in Figures 10 (a,b) and the associated o-martensite fractions at the end of tensile tests

(a}m_,_.,._,__,_,__T__,_..,__,__,..._,-_,.._- {b]m e

Fe—18Cr—20Ni

Fe-18Cr-20Ni |

o, MPa

dalds , MPa

1500

1000 - 20° 41?::!.‘ 7

200 400 600 800 1000 1200 1400 1600 1800 200C
£ o, MPa

Figure 7. (a) Temperature dependence of true stress-strain curves for an Fe-18Cr-20Ni steel; (b) true strain-hardening
curves corresponding to (a) (adapted from Ref. [17]).
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Figure 8. Temperature dependence of true strain-hardening curves for an Fe-16Cr-8Mn-7Ni-1Si steel. The martensite
fractions after tensile tests are also marked (adapted from Ref. [36]).
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Figure 9. Generalized temperature dependence of tensile elongation in austenitic steels.

[36] (Figure 10c) confirm the negative impact of deformation-induced a'-martensite forma-
tion on the tensile ductility. Accordingly, the region III of elongation curves is absent in highly
stable austenitic steels which do not undergo deformation-induced a’-martensite formation (e.g.,
the Fe-18Cr-20Ni alloy in Figure 7). The loss of ductility in region III in spite of the enhanced
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Figure 10. (a and b) Temperature dependence of true stress-strain curves for the marked steel compositions; (c)
deformation-induced martensite fractions after tensile tests. The spontaneous martensite fractions are also given for
alloy 1 (adapted from Ref. [36]).

glide planarity of austenite is due to the gradual replacement of austenite by the less ductile
o’-martensite.

Although the proximity of MY -« temperature and the temperature associated with maximum
tensile elongation has been documented in many researches involving tensile tests at various tem-
peratures followed by the quantification of bulk a-martensite fractions in the uniformly strained
regions of tensile specimens [14, 17, 36-39], there also exist experimental results in support of the
ductility-enhancing effect of a’-martensite formation [10, 14]. Figure 11 shows such an instance
where the tensile elongation increases concurrently with the formation of o' at temperatures
below MY — * temperature. This observation has been justified by the non-uniform distribution
of alloying elements, originating from the solidification step [14]. During solidification, alloying
elements tend to segregate from the dendrite cores into the surrounding liquid, namely inter-
dendritic regions in the final microstructure [48] (Figure 12). The severity of segregation depends
mainly on the cooling rate during solidification. Nevertheless, the solidification mode (austen-
itic/ferritic) should also be relevant to the extent of solidification segregation. The compositional
difference between the dendritic and interdendritic regions could lead to the inhomogeneity of
material parameters such as SFE and MY — * temperature. Upon plastic deformation, the den-
dritic and interdendritic regions will exhibit deformation-induced processes commensurate with
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Figure 11. Temperature dependence of uniform tensile elongation for an Fe-14Cr-5.5Mn-5.5Ni-0.37N steel and the
associated deformation-induced martensite fractions (adapted from Ref. [14]).

FE

Alloying elements

Figure 12. Schematic representation of the segregation of alloying element during solidification. The solid (S) and liquid
(L) regions will appear as dendritic and interdendritic regions with different SFE values in the final microstructure.

their SFE [49]. For instance, the dendritic regions with a leaner chemical composition and a lower
SFE compared to the interdendritic regions will exhibit a higher glide planarity. In other words,
as the deformation temperature decreases, the formation of stacking fault, twins/e-martensite,
and o' is first triggered in the dendritic regions [14]. The presence of a gradient of chemical com-
position in the microstructure might be responsible for the reported plasticity-enhancing effect of
o'-martensite formation, the so-called TRIP effect. To visualize how the inhomogeneity of chemi-
cal composition can mask the negative impact of deformation-induced a’-martensite formation
on the tensile elongation, the temperature dependence of tensile elongation and deformation-
induced o-martensite fractions for two steels with slight differences in the chemical composition
are summarized in Figure 13 [36]. The steels Fe-16Cr-7Mn-6Ni-15i and Fe-16Cr-8Mn-7Ni-1Si can
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Figure 13. Temperature dependence of uniform tensile elongation for two steels with slightly different chemical
compositions and the averaged values (adapted from Ref. [36]).

represent the chemical compositions of dendritic and interdendritic regions of segregated steel,
respectively. The tensile elongation of a hypothetical alloy consisting of equal fractions of these
two steels is estimated in Figure 13 by averaging (rule of mixtures). The rule of mixtures was
also applied to determine the temperature dependence of deformation-induced a’-martensite
fraction in the hypothetical alloy. As the dashed line in Figure 13 shows, the tensile elongation
of the segregated hypothetical alloy is not much impaired by the formation of approximately
17 vol.% deformation-induced o'-martensite. In the presence of still larger gradients of chemical
composition, the tensile ductility might even increase in spite of the formation of o-martensite in
the least stable regions of the microstructure. This can indeed take place if the negative impact of
o’-martensite formation in the less stable regions of the microstructure is more than neutralized
by the positive effect of planar glide enhancement in the more stable regions of the microstruc-
ture [14]. Based on the preceding discussion, the recognition of the o-martensite formation as a
plasticity-enhancing mechanism (a'-TRIP effect) in TRIP-assisted [50] and quenched and parti-
tioned (Q&P) [51] steels containing small quantities of austenite is possibly due to local variations
in the chemical composition of austenite.

4. Design of austenitic stainless steels

As shown in the schematic of Figure 9, highest tensile elongations for austenitic steels with a
uniform distribution of alloying elements may be obtained over a narrow temperature range
near MY — @ temperature. The objective of many austenitic steel developments is therefore to
ensure that the deformation temperature or the service temperature, where a high formability
or a high-energy absorption capacity is required, lies in the vicinity of the peak elongation tem-
perature. It is because of formability considerations that the MY — * temperature of commer-
cial austenitic stainless steels is often in the vicinity of room temperature [52, 53]. Therefore,
the MY — @ temperature may be used to predict the influence of alloying elements on the

17
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elongation curve. Tensile tests at various temperatures of austenitic stainless steels with varied
amounts of Ni [39, 42], Mn [43], Al [15], Cr [23, 25, 27], C [23, 24], and N [25] have confirmed
that they shift the peak elongation temperature to lower temperatures. All of the preceding
alloying elements except Al are unanimously known to decrease both MY =« and M_ tem-
peratures [54, 55]. The formation of AIN and the associated reduction in the solute N content
might be responsible for the reported increase in the M_ temperature upon the addition of only
small quantities of Al. This effect is expected to disappear when Al is present in quantities
much higher than the stoichiometric Al content needed for the full stabilization of solute N. For
instance, the addition of 4.9 mass-%Al to a cast iron has decreased the M_ temperature [56].

Economical design of highly formable austenitic stainless steels, namely lean austenitic
stainless steel compositions, should be based on the principle that all of the elements which
decrease the MY — @ temperature, irrespective of their reported influence on the SFE, also
decrease the peak elongation temperature. This is shown schematically in Figure 14. To
secure a high formability at room temperature, the MY — « temperature must be close to
room temperature as is the case with commercial austenitic stainless steels such as the AISI
304-grade (Fe-18Cr-10Ni) stainless steel. The development of the AISI 200 series (FeCrNiMn)
austenitic stainless steels in which Ni is partially replaced with Mn is also in accord with the
preceding design principle [39].

Since C and N effectively decrease the MY — * temperature, an economical design approach
would be to partially replace the substitutional alloying elements Cr, Ni, and Mn with the
interstitials C and N. The maximum level of N, which can be introduced into the molten
steel, depends on both the chemistry and the N, partial pressure applied during casting and
melting [57]. Stainless steel compositions Fe-15Cr-3Mn-3Ni-0.1N-(0.05-0.25)C exemplify the
efforts made to reduce the substitutionals content by the addition of both C and N [23, 24].
Nevertheless, even for the alloy containing the highest C content of 0.25 mass-%, the stability

1
Solute Cr, Ni, !
Mn, Al N, C :
1
1

]
1
1
1
[}
i
]

Tensile Elongation

Tensile Test Temperature ——>

Figure 14. Influence of alloying elements on the temperature dependence of tensile elongation.
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of austenite at room temperature was not sufficiently high to suppress the early deformation-
induced occurrence of a’-martensite. As a result, the room temperature tensile elongation
remained below 15%. At 200°C, where the deformation-induced a’-martensite formation was
inhibited, the total elongation increased to about 65%. In comparison, the Fe-19Cr-4Ni-3Mn-
0.15N-(0.05-0.25)C steels with higher Cr, Ni, and N contents exhibited tensile elongations up
to 50% at room temperature [25].

As long as the full dissolution of carbides and nitrides is enabled, still higher quantities of
interstitials may be added to stainless steels to reduce the required amounts of substitutional
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Figure15. Relativelength changes during cooling of Fe-13.1Cr-0.47C, Fe-13.0Cr-3.4Mn-0.47C, and Fe-15Cr-1Mo-0.3C-0.4N
steels from the indicated solution-annealing temperatures. As the solution-annealing temperature increases, the M_
temperature shifts to lower temperatures.
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alloying elements. Interstitial alloying elements are also effective solid solution strengtheners of
austenite. Fe-18Cr-10Mn-base steels alloyed with up to 0.69 mass-%N are examples of N-alloyed
stainless steels free of Cr,N precipitates at the solution-annealing temperature [58, 59]. Alloying
with higher amounts of N or very high levels of (C + N) will increase the solution-annealing
temperature needed for the full dissolution of carbides and nitrides. On this basis, the com-
plete dissolution of carbides and nitrides in the stainless steel Fe-19Cr-19Mn-0.49C-0.58N [60]
appears improbable. In fact, the presence of Cr-rich carbides and nitrides is not desirable since
Cr, C, and N will then not contribute to the stabilization of austenite. Furthermore, the corrosion
resistance is impaired by the presence of Cr-rich precipitates. Assuming that all interstitials in an
alloy such as the Fe-19Cr-19Mn-0.49C-0.58N steel are taken into solution by a high-temperature
solution-annealing treatment, the MY — * temperature and the peak elongation temperature
will be far lower than room temperature.

An alternative approach to the design of lean-alloy austenitic stainless steels is to modify the
chemical composition and/or the thermal processing of standard quenched and tempered
martensitic stainless steels to make them fully austenitic at room temperature. The room tem-
perature microstructure of an Fe-13.1Cr-0.47C steel after solution annealing at 1250°C con-
sisted of 44 vol.% a’-martensite and 56 vol.% austenite. As shown in the dilatometry curves of
Figure 15, the addition of 3.4 mass-%Mn to the alloy decreased the M_ temperature to around
room temperature such that a fully austenitic microstructure was obtained. MY — * tem-
perature for the latter Mn-added steel is much higher than room temperature. Accordingly,
significant enhancement of tensile ductility was observed at 200°C (Figure 16). A similar
scenario arises in the case of steels containing both C and N, for instance the commercial
Fe-15Cr-1Mo-0.4N-0.3C steel which is conventionally used in the martensitic condition [28].
After solution annealing at 1250°C which resulted in a fully austenitic microstructure, ten-
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400 /.’ — - Fe-13Cr-3.4Mn-047C 1
’ —— Fe-15Cr-1Mo-0.3C-0.4N

200 7

Engineering stress, MPa

[] 1 1 1 1 1
0 20 40 60 80 100 12C

Engineering strain, %

Figure 16. Engineering stress-strain curves for Fe-13Cr-3.4Mn-0.47C (dashed lines) and Fe-15Cr-1Mo-0.4N-0.3C (solid
lines) steels at the indicated temperatures (adapted from [28, 61]).
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sile elongation at room temperature was less than 5%. Tensile elongation was increased to
80% at 230°C (Figure 16). Such lean austenitic stainless steel compositions may be used for
warm-forming operations at temperatures around 200°C. In the case of both Fe-13Cr-3.4Mn-
0.47C and Fe-15Cr-1Mo-0.4N-0.3C stainless steels, decreasing the MY — « temperature to
room temperature by raising the substitutionals content would be a possible way to enhance
the room temperature tensile ductility.

5. Challenges associated with the processing of high-interstitial steels

The micrographs in Figure 17 show that the complete dissolution of high levels of C and N
such as those contained in the Fe-15Cr-1Mo-0.4N-0.3C alloy requires the use of high solution-
annealing temperatures. In the presence of precipitates, a higher amount of substitutional alloy-
ing elements will be required to ensure a sufficiently low MY — « temperature. Furthermore,

Fe-15Cr-1Mo—0.3C—0.4N
30 min 1050 °C 30 min 1150 *C

A

200 pm

20 pum

Figure 17. Optical micrographs of Fe-15Cr-1Mo-0.4N-0.3C steel after the indicated solution-annealing treatments. Oxalic
acid was used as etchant.
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Figure 18. Optical micrograph of a section near the exposed surface of a dilatometry specimen of Fe-15Cr-1Mo-0.4N-0.3C
steel after 13 heat treatment cycles at temperatures between 900 and 1180°C. V2A reagent was used as etchant.

the presence of Cr-rich carbides, nitrides, and carbo-nitrides such as M,.C, M,C,, and M,N
(M denotes mainly Cr and Fe) will deteriorate the corrosion resistance of stainless steels. The
inevitable use of high solution-annealing temperatures increases the risk of decarburization,
denitriding, and other surface problems such as uniform and intergranular types of oxidation.
The loss of C and N near the surface will lead to a microstructure gradient from the surface
toward inner regions. Commonly, a martensitic microstructure forms near the surface where
the interstitials content is lowest [23, 28]. In cases where the ferrite potential of the alloy in
the absence of interstitials is high, even delta ferrite might form near the surface (Figure 18).
Surface-to-bulk micro hardness profile measurements can be used to determine the depth of

decarburization/denitriding [23, 28].

6. Concluding remarks

The occurrence of various deformation-induced processes such as perfect dislocations glide,
deformation twinning, and deformation-induced &/a’-martensite formation mechanisms in aus-
tenitic steels is governed by the SFE. As long as the SFE is known, it should be possible to decide
which deformation-induced mechanism is activated during deformation. The SFE determina-
tion by experimental diffraction-based techniques (including TEM) is a time-consuming task
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and requires careful specimen preparation. Therefore, it would be useful to correlate SFE with
material parameters which can be determined more readily and are less sensitive to artifacts
arising from the specimen preparation. One such material parameter is the MY -« temperature
which can be determined by tensile tests at various temperatures followed by the verification
of a’'-martensite formation for instance by magnetic measurements. The likelihood of a correla-
tion between SFE and MY — * temperature can be visualized by recalling that the formation of
o’-martensite is only enabled if the SFE is sufficiently low to enable the deformation-induced reac-
tion of partial dislocations on intersecting {111}, planes which is a requirement for the fcc — bee
transformation. Therefore, the influence of alloying elements on the SFE of austenitic stainless
steels can be deduced from their influence on the MY — * temperature. In contrast to the coef-
ficients of alloying elements in the empirical equations proposed for the SFE estimation which
are subject to a large scatter, the coefficients of alloying elements in the empirical relationships
for the estimation of MY — * temperature are fairly consistent. Therefore, relationships giving the
compositional dependence of M Y — * temperature can be used as guidelines for the economical
design of austenitic stainless steels. Due to the high efficiency of C and N in increasing the stabil-
ity of austenite, they can be used to obtain austenite with an appropriate stability. The high tem-
peratures required for the dissolution of carbides, nitrides, and carbo-nitrides and the tendency
of Cand N to escape from free surfaces are some of the challenges associated with the processing
of high-interstitial stainless steels compared to that of conventional stainless steels.
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Abstract

The main goal was to demonstrate the possibility of investigating martensitic transfor-
mation induced by plastic strain, especially including the kinetics of this transforma-
tion, using selected cross effects. It is commonly known that this type of transformation
is a basic “mechanism” occurring in shape memory materials and metastable austenitic
steels strengthened with martensite separations. The motivation behind the research
was also to follow and visualise the transformation on line, during cyclic loading
(fatigue process), without the necessity to use, for example, roentgenographic (destruc-
tive) or microscopic methods. The application of the magneto-mechanical effect (the
Villari effect) and the thermomechanical effect (the Kelvin/Thomson effect) turned out
to be particularly useful because they significantly change with martensite initiation
and then accumulate in austenite. Therefore, the goal was to develop the non-destruc-
tive methods of investigating martensite transformation, which could then be used
on real constructions made of metastable austenite steel. In the case of the magneto-
mechanical method, the goal was to additionally visualise the magnetic field transfor-
mations along a sample in the function of a loading cycle and the index of this period.
To achieve this, high-resolution phase maps were used, which also allowed image pro-
cessing methods known from machinery visioning (MV) or digital image correlation
(DIC) techniques to be used.

Keywords: martensite transformation induced by plastic strain, transformation
kinetics, martensite initiation and accumulation, research methods, cross effects,
Villari effect, Kelvin effect
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1. Introduction and purpose of research

1.1. Significance of the research problem

Austenitic steels, due to their special mechanical, magnetic and technological properties, as well
as corrosion resistance, are a material commonly used in the medical, automotive, aircraft, food,
chemical, petrochemical and mining industries. The past 100 years of austenite steels have seen
many examples of spectacular applications that justify today’s position of this class of materials
in economy and science. The issue has been widely discussed in numerous publications.

Martensite transformation that takes place in austenite steels significantly changes the prop-
erties of the input material. The appearance of martensite separations in the austenite matrix
results in both positive consequences (e.g. strengthening of material) and negative ones. In
other cases, such a change of structure is undesirable (e.g. a decrease in corrosion resistance,
lower fatigue and fracture strength, the appearance of an undesirable magnetic phase).

There are two main types of martensite transformation: thermal transformation resulting from
austenite supercooling at high speed and also strain-induced transformation resulting from
the occurrence of critical plastic deformation. Martensite can also be obtained by the applica-
tion of a strong magnetic field.

The martensite transformation induced by plastic deformation, including cyclical deformation,
is a fundamental “mechanism” occurring in shape memory materials and metastable austenite
steels strengthened with martensite separations.

The paper only focuses on the martensite transformation induced by plastic strain in meta-
stable austenite steels, induced by cyclic plastic strain, and especially the methodology of
investigating the phase transformation. It was considered especially important to develop
efficient research methodology on the kinetics of martensite transformation induced by
cyclical plastic strain using non-destructive methods. This is essential because, for example,
the creation of constitutive and fatigue models for this class of materials [1-3] requires the esti-
mation of the quantitative share of martensite as a function of the number of loading cycles.

On the other hand, investigating the kinetics is not easy because in each mechanical loading
cycle there is a martensite growth, which means that the material which is initially a single-
phase one (austenite) becomes a two-phase material (austenite + martensite). Additionally,
the austenite-martensite quantitative ration is systematically changed. It should also be
emphasised that the research results encompassing mechanical values (stress, strain, the area
of the hysteresis loop, etc.) only allow the behaviour of a two-phase material to be cyclically
analysed, without a possibility to obtain more precise information about martensite.

There are a few methods of investigating martensite transformation, amongst others, roent-
gen diffraction [4-6], neutron diffraction [7], microscopic measurements [6, 8], density [4],
hardness measurements [4] as well as magnetic measurements [4-6, 8-12]. There is still a
need, however, for non-destructive methods, which would be useful in both laboratory and
industrial conditions. This is why, as is stated below, new methods using selected physical
cross effects can turn out to be especially effective.
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Transformation in two- and three-dimensional objects. It is assumed that the martensite
transformation induced by plastic strain (which is also the consequence of supercooling)
occurs differently in massive objects in which all three dimensions are of the same order (the
so-called 3D objects) and also in two-phase objects such as foils (2D objects). In 3D objects,
the transformation process is initiated and developed in a different way in the external layer,
known as the skin, compared to deeper layers belonging to the so-called core. The other mate-
rial, that is, 2D, can be treated as the skin, which is a more uniform object.

1.2. Research objective

The main goal of the research was to indicate the possibility of investigating the martensite
transformation induced by plastic strain using selected cross effects, including mainly the
kinetics of this transformation. The application of the magneto-mechanical and thermome-
chanical effects was considered particularly useful, because, as it was shown, they change
significantly with the initiation and later accumulation of martensite in austenite. Hence, the
goal was the development of non-destructive research methods of martensite transformation,
which could be used both in laboratory conditions and on real constructions made of meta-
stable austenite steel.

Key issues:

* Selection of cross effects and proving their usefulness in the online research on martensite
transformation

* Construction of dedicated measurement apparatus for laboratory research which could
also be used in industrial conditions

¢ Verification of the method in laboratory conditions

2. Cross effects used to investigate the phase transformation

In the research on the kinetics of martensite transformation induced by plastic strain pre-
sented below, the use of two cross effects, namely, the Villari effect and the Kelvin (Thomson)
effect, was proposed.

Villari effect application. The phenomenon of inverse magnetostriction, also called the Villari
effect, is particularly useful in the research on transformation. The essence of the effect was
described in numerous earlier publications, also written by the authors of this article [13, 14].
It utilises the susceptibility of the effect of the occurrence of the ferromagnetic phase, that is,
martensite a’. Thus, it is possible to easily detect the moment of transformation initiation after
exceeding the cyclical border of plasticity in metastable austenite. It is also possible to assess
the martensite phase growth, depending on the level of loading and the number of cycles.
The local character of the measurement (due to the small size of a sensor, e.g. a magnetoresis-
tor) allows a particular way of scanning the investigated surface for the purpose of finding a
ferromagnetic phase in the “background” of the dominant austenite phase to be conducted.
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It was assumed that it would be possible to indirectly investigate the growth of martensite in
austenite by analysing the waveform of a selected magnetic component and by “calibrating”
it in a certain way. The magnetic signal, which is a representative for martensite separation
and accumulation, will be indicated at a later stage.

Kelvin effect application. An example of another effective research method is the application
of the thermo-elastic phenomenon, also called the Thomson effect or the Kelvin effect. The
effect used the fact that in adiabatic conditions—in terms of elastic strains—metals behave
like gas. This means that during tension they are cooled down and during compression they
are heated up. In a triaxial stress state, the change of temperature AT is also directly propor-
tional to the sum of changes in the normal stresses (Ao, Acy y Ac, ) of the linear coefficient of
thermal expansion a and absolute body temperature T, and indirectly proportional to density
0 and the specific heat c of a body; hence,
T, a
AT = 5=

(Ao, +Ac, +Ac,) = -k¥ Ad, (1)

i

For over 150 years (from 1853) [15], it was thought that this law was well documented experi-
mentally. However, not so long ago, it was found that there was an interesting deviation from
the Kelvin model in the case of ferromagnetic materials [16]. Figure 1, showing waveforms
o(&) and AT(E) [17], presents clear evidence to this.

Sinusoidal stress waveforms—according to Kelvin's law—should correspond within counter-
phase sinusoidal signals of temperature growth AT. This fact actually occurs until a certain value
of loading is reached, before which there is only a paramagnet, that is, austenite. The appear-
ance of even a small amount of martensite a’ (ferromagnetic phase) results in the occurrence of
a certain kind of saddle in waveform AT() or, in other words, higher harmonic components.

o, [ / AT
MPa) //

Kl

el 06

g

Figure 1. Stress waveforms and the temperature growth AT waveforms corresponding with them, which offer evidence
for the occurrence of the martensite transformation induced by plastic strain [17].
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Figure 2. Thomson's law: range of action.

This phenomenon was discovered [16] when temperature was measured with very thin ther-
mocouples (OMEGA type ] 0.001” ~ 25 um), which have low thermal inertia and allowed higher
harmonic components to be registered.

It should be emphasised that the similarity in the behaviour of metals and gases ceases to
exist when plastic strain occurs in metal, which is presented in Figure 2. It can be observed
(Figure 2) that temperature decreases with an increase in stress. The appearance of plastic
strains in a material is followed by a considerable increase in temperature (point A). At point
B, the material returns to the range of plastic strains, and a decrease in load is accompanied
by a further growth in temperature because of the occurrence of compression. However, it fol-
lows Thomson's law. The temperature change between points A and B confirms the appear-
ance of plastic strains in the material, and the rapid nature of this change is significant enough
to be easily observed.

3. Evaluation of martensitic transformation induced by plastic
deformation in massive specimens

3.1. Research object and measurement setup

The object of the research was to investigate cylindrical samples made of AISI 304 austenite
steel. A sample is presented in Figure 3, and the chemical composition and strength prop-
erties are given in Table 1. Before the tests the material was heat treated, and the samples
were held at a temperature of 1050°C for 35 minutes and were then quickly cooled in water.
The goal of the thermal treatment was to obtain a single-phase material with austenite
structure.
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Figure 3. Drawing of the sample [18].
Material Chemical composition Strength properties
C Si Mn P s Cr Ni Ti R, R, A,
% % % % % % % % MPa MPa %
AISI 304 0.018 0.297 1.402 0.032  0.026 18.347 8757  0.006 593 752 34

Table 1. Chemical composition and strength properties of AISI 304 steel [18].

The measurement system was composed of a testing machine MTS 810, computer, extensom-
eter and a magnetic field measuring device (Figure 4). The testing machine was controlled
by a FlexTest GT controller and MultiPurpose TestWare Software, which allowed mechanical
signals (stress o(t) and strain &(t)) and magnetic signals (magnetic field strength H(t)) to be
registered. Magnetic field strength was measured using an original system constructed by
the authors’ team. In the system, four magnetoresistors KMZ 10B made by Philips (NXT)
were used as sensors, and they were arranged in a line according to the sample measurement

Figure 4. Measurement setup: (1) hydraulic pulsator MTS 810, (2) magnetic field measurement system, (3) extensometer,
(4) magnetoresistor and (5) sample [18].
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length. The used sensors are characterised by good measurement properties and a possibility
to reduce the background field (the Earth’s magnetic field and the field generated by steel
objects surrounding the sensor). The accurate positioning of sensors and the method of con-
ducting measurements are presented later in the paper.

The prepared measurement set was used to conduct low-cycle fatigue tests. The fatigue pro-
cess was controlled by the total strain amplitude. The research was conducted for four thresh-
olds, &, = 0.003, 0.0035, 0.004 and 0.005 mm/mm, respectively. Five samples were tested at
each of the thresholds. The process was continued until a sample was broken. The load spec-
trum had a sinusoidal character (R = -1), and the frequency was 0.2 Hz. The selected value of
frequency counteracted the temperature growth resulting from material deformation, which
prevented inverse transformation, That is, martensite o' — austenite vy.

Figure 5 presents a low-cycle fragment of the Wohler diagram. Figure 6 presents results
for a selected sample for input function ¢, =0.0035 mm/mm. Figure 6 presents the change
of the area of the mechanical hysteresis loop and selected loops from the whole lifecy-
cle of the sample. Moreover, some symbolic points corresponding with selected loops
are marked in the figure. It is visible that the mechanical loop area decreases with the
number of cycles, which confirms the strengthening of material when experimental con-
trol with total strain ¢_is used. Before the tested sample broke, it had been loaded with
N = 24,723 cycles.
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Figure 5. Low-cycle fragment of the Wohler diagram [19].
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Figure 6. Area of the hysteresis loop with selected loops [19].

3.2. Methodology of magnetic measurements
3.2.1. Preconditioning of magnetic measurements

Contactless measurement of magnetic field strength in the conditions existing during load-
ing samples in a testing machine is a significant technical challenge [18, 20]. The measure-
ments were conducted with a passive contactless method in which magnetoresistors were
used as quasi-pointwise magnetic field sensors [13]. Before the experiment started, there
were a number of conditions which had to be taken into account. The most important of
them are briefly discussed below:

a. Ensuring of non-magnetic surroundings around the tested sample is an ideal solution for
passive methods. However, it is practically impossible due to the presence of a magnetic
field. On the other hand, in the case of testing the separation of a martensite phase in para-
magnetic austenite steels, the measurement signal is one order of magnitude smaller than
the Earth’s magnetic field [21].

b. Itis hard to eliminate the so-called 50 Hz magnetic field of electrical appliances.

c. A hydraulic pulsator is made of numerous ferromagnetic parts that move during its oper-
ation. This means that the pulsator itself is a magneto-mechanical system. It was assumed
that the introduction of interference in the machine system is pointless due to its ability to
influence the correctness of performed fatigue loads. Moreover, irrespective of this, ensur-
ing a zero magnetic field was unrealistic.

d. The strongest magnetic field is related to the presence of strongly ferromagnetic wedges
made of forged tool steel. Such a magnetic circuit is characterised by the opposite po-
larisation of the system of wedges along a sample, which is essential in the design of a
measurement setup. The wedges have a knurled surface, which causes the permissible/
acceptable collapse of the surface of a sample. An example of the influence of the knurled
surface of the wedges is presented in a magnetic “picture” of an austenite steel sample
that was taken with the author’s original magnetovision camera (Figure 7) [21, 22]. There
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are visible traces of the collapse caused by the knurled surface and the location of tech-
nological cutting of the sample. Hence, it can be observed that even only compressing
the sample in the wedges leads to the local initiation of a magnetically strong martensite
phase.

e. The location of quasi-pointwise magnetic sensors with reference to the sample is impor-
tant in the analysis of the magnetic circuit of the sample and the testing machine. The
application of magnetoresistors is optimal due to the linear character of the response in
terms of measurements and the very high sensitivity with relatively low noise. In the sys-
tem of a typical Wheatstone bridge, these sensors are very sensitive measurement tools.
For instance, when the signal is magnified about 1000 times, it is possible to record the
process, through a wall from a distance of 10 m, the process of parking a car. In addition
to this, these are wideband devices that can operate between a DC and AC signals at the
frequency of a few MHz [23].

3.2.2. Position of sensors and the magnetic circuit of the sample and testing machine

The magnetic circuit of the sample and the testing machine, taking into consideration the
above conditions, is presented in Figure 8A. Austenite sample 1 is fixed symmetrically in the
strongly ferromagnetic wedges of the testing machine (top 2A and bottom 2B).

Two measurement devices are essential in mechanical measurements: extensometer 3 and
force transducer 4. The extensometer 3 with a specific measurement base (25 mm) is fixed
symmetrically on the sample using special non-magnetic grips. The extensometer contains
ferromagnetic parts in its construction (the so-called knives), and a small current flows
through the device. However, it was assumed that placing the extensometer on the other side
of the sample would not cause it to be a source of a significant interference field.

50 Alm
23AIm

.-ENm

Figure 7. Visualisation of the magnetic field of the knurled sample AISI 304 compressed in the testing machine [21].
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Figure 8. Scheme of magnetic field propagation in the magnetic circuit related to the testing machine: (A) measurement
structure with the lines of the predicted propagation of magnetic field along the sample length, (B) scheme of the change
of magnetic field propagation under the influence of a mechanical load. Subassemblies presented in the figure: (1) massive
cylindrical sample; (2) testing machine wedges: 2A and 2B (top and bottom); (3) extensometer —(strain measurement value
£(t) and piston position change R(t)); (4) force measurement transducer (stress measurement value o(t), force S(t)); (5)
magnetic field measurement head (magnetic field strength measurement value H(t) at particular points with regard to zero
magnetic field); (6) magnetic field distribution line: 6A and 6B (magnetic poles, respectively, N and S) and 6C (zero magnetic
field location, the so-called magnetic zero line). Note: The sinusoidal character of signal H(t) is a measured idealisation,
which facilitates the explanation of assumptions; in reality this signal is complex and contains higher component harmonics.

The force transducer 4 is made of ferromagnetic materials; however, it is located at a signifi-
cant distance from the sample on one of its sides with reference to the centre. Mechanical load
was the application of a sinusoidal strain spectrum with a fixed value until sample destruc-
tion. The force signal S(t) was recorded along with strain changes &(t) and recalculated to
stress o(t). The control and data acquisition system of the hydraulic pulsator also ensured the
measurement of piston shift R(t).

After annealing with accepted zero (residual) content of martensite, sample 1 is fixed in the
strongly ferromagnetic wedges of the testing machine, top 2A and bottom 2B. Two measur-
ing devices are essential in mechanical measurements: extensometer 3 and force transducer 4.
Extensometer 3, with a known measurement base, is fixed symmetrically on the sample using
special non-magnetic grips. The extensometer has some parts made of ferromagnetic materials
in its construction (e.g. the so-called knife edges), and a small current flows through the device.
However, it was assumed that placing the extensometer on the other side of the sample would
not cause it to be a source of a significant interference in magnetic background field. The key issue
was preventing the possibility of the extensometer knife edges from sliding during the many
hours of loading attempts. The force transducer 4 is made of ferromagnetic materials; however,
it is located at a larger distance from the sample on one of its sides with reference to the centre.
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Taking into account the magnetic circuit of the testing machine and the sample, as well as the sen-
sitive axis of magnetoresistors (along the sample, i.e. the y axis) distributed opposite the exten-
someter, the distribution of the magnetic field takes the N-0-S form, where “0” is the zero value
of the field between the opposite poles N-S. N-0-S divides the sample into two influence zones
of magnetic poles in which the zero line does not necessarily have to overlap with the sample
axis of the symmetry axis. The measurement of the magnetic field is conducted in a contactless
way at a small distance d (usually 1 mm) from the created surface of the cylindrical sample. The
aspired goal is to locate the magnetic zero between sensors MR1 and MR4 and also between the
extensometer knife edges. Due to the fact that the austenite steel sample is initially paramagnetic,
the position of the zero line will be the only information that can be obtained from magnetic
sensor indications. Only the separation of martensite will cause changes in signal value growth.
Thus, the task to be completed by magnetic sensors was the online monitoring of the changes of
the zero line position in particular loading cycles.

Due to the fact that the austenite steel sample is initially paramagnetic, the position of the zero
line will be the only information that can be obtained from magnetic sensor indications. Only
the separation of martensite will cause changes in signal value growth. On the other hand,
fixing only one sensor on any part of the cylindrical sample will mean that measurements
are taken at only one of the poles or will be possibly made in the not-very-advantageous area
influenced by the magnetic zero line. The location of the sensor near the magnetic zero line
may, in turn, cause its low indications.

Thus, it is more advantageous to design the measurement head 5 in such a way that there are
two sensors distant from each other —there should be a small, constant distance “L” between
them along the y axis, but simultaneously they must be located on both sides of the magnetic
zero line. However, it is better to use a larger number of magnetoresistors. The reason for this
is that internal sensors can follow the changes of the position of the zero line in particular
cycles. Another solution is mapping the created cylindrical surface using a magnetic scanner
(magnetovisual) that is synchronous with regard to the mechanical measurement value.

Figure 8B symbolically shows the course of magnetic field distribution changes along the sample
related to the location of magnetic poles. Under the influence of a mechanical load, the sample is
deformed. As a result of the Villari effect, a small change appears in the sample in the magnetic
field distribution and is accompanied by the change of the zero line position on the sample. Such
a process was described as the disturbance of the “magnetostatic balance” (in an ideal case, when
martensite separations were uniform in each part of the sample micro-volume, the location of the
magnetic field zero line would not change). This means that a change in the “magnetostatic bal-
ance” results solely from the presence of the martensite phase located randomly on the sample.
The sensors conduct a certain kind of homogenisation by averaging their measurement surface.
In consequence, the disturbance of the “magnetostatic balance” in the presence of a directed
magnetic field can be treated as the measure of the quantitative content of martensite in austen-
ite. In the next step, the key stage in the procedure of determining the amount of martensite in
online monitoring of its content is obtaining the maps of zero line position changes.

The key assumption adopted below is that the linear range field changes along the sample near
the zero line. Under the influence of a mechanical load, only the inclination of straight lines
will change (apart from the earlier discussed position of the magnetic zero line) (Figure 8B).
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The defined characteristic of the flux distribution allowed high-geometric-resolution maps
showing the fluctuation of the magnetic field along the cylindrical sample to be prepared.
These maps depend on the number of the load cycle, the index of this period (i.e. the angle in
the period in the range of 0-360°) and the value of strain.

3.2.3. Methodology of magnetic measurements and their interpretation

The main task performed by the acquisition system of measurement signals, using MTS
FlexTest GT, was recording the following variables in time:

1. Strain &(t)
2. Force S(t), used to determine stress o(t)
3. Position of bottom grip piston R(t)

4. Magnetic field strength H(t) in the form of four waveforms, H,(t), H,(t), H,(t) and H(t), respec-
tively, obtained from a four-element head with sensors marked as MR1, MR2, MR3 and MR4

Due to the fact that magnetic measurements constitute a significant, technical challenge, the
conducted research methodology described below presents the essential characteristics of the
measurement head. Magnetic field acquisition is performed for sensors located on two oppo-
site magnetic poles in the sample axis. The distance between the extreme sensors is small,
typically 20 mm, which makes up 1/2 of the sample measurement part. The distance between
the extremes of the magnetic field located in the poles, between the wedges, is at least five
times bigger than the distance between two extreme sensors. The propagation of the magnetic
field along the Y-axis in the place that is close to the magnetic zero can be interpreted as the
zone of magnetic field linear increments with regard to sample length. The values of extreme
sensors are not identical due to the fact that the position of the zero line is not known.

The magnetic field measurement head consists of four KMZ10 type magnetoresistors.
Additionally, it is possible to make a head dedicated to various ranges of the geomagnetic
field: for very weak magnetic fields of up to 200 A/m (KMZ10A, KMZ51), for medium ones of
1000 A/m (KMZ10B) and for strong ones of 10,000 A/m (KMZ10C).

Sensors from the KMZ10 family are standard magnetoresistor devices offered by NXP (previ-
ously Philips). They are characterised by a relatively big measurement area, thanks to which
the level of value averaging per unit of length is significant. This, however, does not adversely
influence measurements and is actually beneficial because the sensors are not sensitive to
local geometric anomalies, that is, roughness, scratches and local martensite separations.
These signals are more representative for the whole sample. Moreover, the ensured magnetic
polarisation counteracts local magnetic anomalies, and as a result, sensor indications should
be treated as “global” with regard to the magnetic zero line.

The process of setting sample load cycles was also conducted by using real-time control of the
position R(t) of the bottom grip piston (when the top grip is immobile) in which the indications
of the extensometer follow the profile
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at frequency f=0.2 Hz.

The fatigue process was registered until the sample broke. Throughout the whole time of the
measurements, the sample was not elongated, which is essential with respect to immobile
magnetic sensors.

The sampling of all measurement channels was conducted simultaneously at sampling
frequency:

F, = 360-f = 72 Hz, (3)
The synchronising period of the strain signal (t) was divided into i = 360 equal time sections
(period indexi=0,...,359) with consideration for the j'th loading cycle n. Therefore, strains &(t)
were obtained as the functions of two variables ¢, and n, connected with the period and the
load index according to the following rule:

e sn(EE0)
‘5(% n].) =e. sm<360 i), 4)

The representation of a given value identical with ¢, 0 and H can be analysed in the linear time
increment (the so-called RAW, unprocessed data—an oscilloscopic course with a long-time
basis) or with regard to the index i = 0 of the forcing value, in this case &. The model course
of strain &(¢, n].) contains up-to-date information about the period index ¢, (i=0,...,360). The
course in time A(t) contained n, cycles, where “j” is the indicator of the load cycle period
completed with breaking a sample. All measurement values (g, o, H—H,) were synchronised
with reference to index i = 0 of the strain signal €. The method of analysing the real signal
waveforms of the magnetic field strength H(t) as RAW is shown in Figure 9 on the example
of four waveforms from the magnetoresistors (MR1, MR2, MR3 and MR4, respectively) that
were fixed along the sample at equal distances from one another and in accordance with the

scheme presented in Figure 8.

It should be noted that the signals in the counterphase from the MR1 and MR4 sensors are
strictly correlated with semi-cycles of compression (¢;)—tension (g;). The analysis of mag-
netic field H(n].) oy the maximum values for MR1 and the minimum values for MR4 refer to
the same tension of semi-cycle; hence, all compression values (g;) are in the waveforms in
Figure 9.

The analysis of registered values, when only on the basis of their RAW-type time waveforms,
is insufficient. It was necessary to develop methodology that would allow access to each regis-
tered value. The key aspect is the strain level £(n)¢, for each synchronised measurement value
in any load cycle until a sample is broken. This means that there is a possibility, due to the
images being consistent with the linear increment of period index ¢, that is identified with
the constant strain level ¢, to build and further analyse the results using high-information-
density graphic methods. Here, techniques known from the development of magnetovision,
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Figure 9. Example of the analysis of waveforms from the four magnetoresistors MR1, MR2, MR3 and MR4 located in
accordance with Figure 8.

developed for many years by the authors of [21, 22], turn out to be especially useful. Recording
values which are time synchronised with one another allows the drawing of maps and tomo-
grams based on period index ¢, or load cycle n, defined as phase maps (2D) and tomograms
(3D). It resembles the decomposition of an analogue TV signal transmitted as a time wave-
form to an image form in which a frame is a kind of two-dimensional map [24]. Additionally,
the term phase means here that the maps are mainly used to determine phase shifts (phase-
sensitive detector) with reference to the model that is the strain map (o, nl.). The maps can
comprise of even several millions of points, which is an essential parameter in typical data
analysis as it was shown charts [25]. The assumed map size usually has the dimensions of
table 2D 360x j,__ . In this way it is possible to conduct the imaging of various physical values,
mapped with reference to the increment of a given parameter [26-28]. In the case of the mar-
tensite transformation, the main focus was on strain, stress and magnetic field maps.

Figure 10 presents the phase maps H(g, n)) for the MR1 and MR4 sensors of a sample loaded
with a profile with the maximum amplitude of total strain ¢, = 0.005. On the map level, lines
mark the ranges of similar values of a magnetic field. The cross sections along indexes (i, j)
allow waveforms as cycle periods, and also changes occurring under the influence of the
fatigue process, to be obtained. Figure 10 presents selected period waveforms for load cycle
index j =100 (1200th cycle of sample loading) with marked maximum and zero values (i = 80,
i=170, i=260). The changes of a magnetic field under the influence of the fatigue process are
presented for index i = 20.

The results in the form of maps are the basic tool in the cognition of the martensite transfor-
mation phenomenon and also an interface that allows image processing methods known from
machinery visioning (MV) or DIC techniques [29] to be used.

The key assumption made by the authors is the linear range of field changes along the sample
near the zero line. Under the influence of a mechanical load, only the inclination of straight lines
along the sample, related to the propagation of the field, will change, as shown in Figure 8B.



Investigation of Martensitic Transformation Induced by Cyclic Plastic Deformation in Austenitic Steels 43
http://dx.doi.org/10.5772/intechopen.71408

so0 N
o [ A
BES

100 H(e. n) £=0.005 g=1

(L]
H[Am]

14(L)

— ]
R .

{[5H] 200 300 l.ﬂnj a
§% 12 = eyeles

Figure 10. Phase maps for MR1 and MR4 sensors for the sample loaded with profile ¢, = 0.005.

Thanks to this assumption, it is possible to develop high-geometric-resolution maps that show
the changes of a magnetic field along a cylindrical sample depending on a given load cycle and
its period index (the angle in period in the range of 0-360°), related to a current strain. The H
maps (¢, n, 1) obtained for sample ¢, = 0.005 are presented in Figure 11. The level lines mark
the ranges of similar values of a magnetic field for the same angle in period (phase index).

It was said earlier that the position of a sensor on the sample is essential because of the distance
from the unknown position of the zero line. Any attempt to interpret a signal from a single
sensor is influenced by its position with reference to the zero line of a magnetic field [30]. For
the purpose of gaining independence of the zero line position, the operation of the determi-
nation of the increment of magnetic field strength depending on sample length H' must be
conducted:

) dH (goi, n, lk)
H ((pi, nl.) =—a @)
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Figure 11. Magnetic field distribution maps used to determine zero line (H = 0) position changes under the influence of
the number of cycles with regard to a set phase index.

The method allows for the consequences of some imperfections in the course of the fatigue
process to be compensated, for example, minor sliding of extensometer knife edges or mini-
mum sample elongation. Figure 12 presents waveform H' with marked envelopes of maxi-
mum values, H' _ and H'__, respectively. Figure 13 presents a phase map with corresponding
cross sections. Special attention should be drawn to the waveform of averaged value H'; (n),
which is a characteristic value for the whole sample and depends only on the load cycle.
Hence, all measurement results in the form of individual sensor waveforms, or maps can be
reduced to the average value of magnetic field increment along path H',. Waveforms H'| (n)
characterise the accumulation of martensite emitted in a sample during a fatigue process,
with a set level of strain amplitude €.

3.3. Application of the magnetic field increment method in martensite content
assessment

Average magnetic field increment per unit length of the measurement part of sample H' was
assumed to be the magnetic measure of the martensite phase content in a sample. The strain

14 " 1 v
HIAM] £=0.005] H max(05)p; Er
m: -
£t g
8
didL | s ]
[ ]s T ‘, .
i: Hy | Hmei | -
H’ im0 Jpi ]
dHOdL 2: b
— Ll
0 2000 4000 [EVL]
n [eveles)

Figure 12. Waveforms of changes H'(n) depending on load cycle for set ¢ _.
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Figure 13. Map of changes in the increment of magnetic field H' synchronised in period ¢ and load cycles for set ¢ .
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level ¢, = 0.005 was the maximum level at which sample geometry did not change until the
sample broke. The reason for this is that in earlier research it was shown that for ¢, = 0.0055,
buckling took place very quickly. As a result, the value of ¢, = 0.005 was assumed to be the
critical &, to which the results would refer, especially when the high repeatability of results for
mechanical and magnetic values was detected.

The analysis of these waveforms allowed the so-called maximum amount of martensite V
with regard to the highest strain values (¢ = 0.005) to be determined:
H/ (M)
V, = 5 - 100%, 6
HOOH mye) T ©
Figure 14 shows waveforms H,/(n), depending on the strain level, for three samples of vari-
ous total strain levels with value V ,. The error in the results for the method is connected with
the quotient of the critical total strain and the strain at which the sample buckles, in this case
5V, = DR i.e. about 10%.

In Figure 14, value V,, is also marked and is related to the number of sample loading cycles
before the sample breaks and the increment of magnetic field H, which is the measure of
accumulated martensite content. The next step will be scaling values V , in the same way as the
accumulated martensite content in a fatigue process using optical microscopy or roentgeno-
graphic methods. The analysis of subsequent values H () with regard to the load cycle index
allows the determination of the martensite increment speed, which can take the following form:

" H(],
Hy = () @)
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Figure 14. Comparison of H'(e) with the number of load cycles for three load levels.
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Figure 15. Relative martensite increment speed marked as V,, depending on the level of total strain ¢ .

With reference to the critical value of the total strain level ¢,, it can be stated that

HO”(”')(EH)
Vi = ez - 100% 8

Mo H(m)(E) ®)
In Figure 15, H" _ points are marked as the maximum speed values of the martensite phase
occurrence with regard to the sample with the critical strain level.

4. Application of the thermo-elastic effect: measurement methodology
and analysis of results

Temperature was measured using a type E thermocouple made in a classical manner using
two wires (CuNi and NiCr) with a diameter of d = 20 pm each. The small mass of wires
reduced thermal inertia and enabled the registration of the higher harmonic components of
temperature signal AT(E).

The basic parameters of the thermocouple used in the measurements are presented in Table 2.

In the measurements, a universal measurement system consisting of a spectrum analyser HP
E1432A and the Keysight VEE software package was used.

Figure 16 presents the cyclic stress-strain curve o -¢_for the tested material. The cyclic yield
limitis 0, = 0, = 326 MPa, and the corresponding value of strain amplitude is ¢ (o) = 0.0016.
The curve was determined by connecting the peaks of subsequent hysteresis loops at gradu-
ally incrementing load levels. The hysteresis loops are also presented in Figure 16. Above
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Notation  Materials Voltage value change to °C Range of thermocouple work Thermocouple tolerance
depending on temperature in °C
+ - 100 [°C] 500[°C] 1000[°C] Continuous Temporary -40+375 —40+375
work work [°C] [°C]
E NiCr CuNi 68 81 - 0+800 -40 + 900 +1.5 +0.004* It

Table 2. Basic parameters of type E thermocouples.
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Figure 16. Cyclic stress-strain curve 0 -¢ .

the cyclic yield limit, it is possible to observe a characteristic fault on curve o -¢, which was
identified with the cyclic limit of the martensite transformation o__ =380 MPa (corresponding
with strain amplitude ¢_(o_ ) =0.0021).

Temperature signal AT() underwent harmonic analysis using the fast Fourier transform
(FFT). In the further part of the analysis, the subsequent sinus components of signal AT(E)
were marked as 1_sin, 2_sin, 3_sin, etc., whilst the cosine components were marked as 0_cos,
1_cos, respectively, etc. Figure 17 presents the change of average temperature value AT (e ),
which is equivalent to the waveform of the zero cosine component 0_cos(e,).

Temperature value AT _ is equal to zero until the strain reached the value ¢, = 0.0016, which
corresponds to the cyclic plasticity limit (0, = 0, = 326 MPa). Later, temperature AT, systemati-
cally grows with the increase in strain and, hence, also plastic strain. In Figure 17, the initiation
moment of the martensite transformation is also marked; however, there is no particular visible
trace of this moment in transform AT (e, ). Figure 18 presents the set of harmonic components
(ignoring 0_cos) as a load-level function.
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Figure 17. Average temperature dependence on the strain amplitude level AT (e ).

In the area in which only the thermo-elastic effect occurs, one can easily observe that the
first sinus component (1_sin) is linearly dependent on the load level until the cyclic plas-
ticity limit occurs. The influence of higher harmonic components in the elasticity region

is negligible.

After crossing the cyclic yield limit, one can observe the deviation of experimental waveform
1_sin from the linear one, and there are also higher harmonic components. Thus, Figure 18
confirms the fact that the Thomson model is correct in the elastic range of a paramagnetic

material.
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Figure 18. Harmonic components (cosine and sinus) of temperature signal AT() as a function of strain amplitude ¢ .
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Figure 19. Harmonic components (cosine and sinus) of temperature signal AT(€) as a function of strain amplitude ¢ .

Higher harmonic components (except 1_sin, 0_cos and 1_cos) are presented in Figure 19. The
effect of the so-called saddle effect, analysed earlier in Figure 1, is visible here in the form of a
clear increment of higher harmonic components, especially the second and fourth expression.

5. Research on the martensite transformation induced by plastic
deformation in austenitic foils

The way of investigating the kinetics of the martensite transformation induced by plastic strain
in austenite foil of 0.05 mm is presented below. The problem is discussed in detail in [31, 32].

5.1. Preconditions of the measurements of martensite transformation kinetics in
austenite foils

The research on materials in the form of a thin foil is a challenging task in terms of conducting mea-
surements. It is necessary to take into consideration the following conditions and requirements:

a. The small size of samples (the cross section of the investigated part in the analysed exam-
ple was 0.195 mm?, that is, about 290 less than in the case of the cylindrical sample). This
means that force must be applied with an accuracy of 0.1 N. The way of fixing a sample,
controlling load and recording measurement signals, both mechanical and magnetic ones,
is also of key significance.

b. The necessity to eliminate the negative impact of the magnetic background of a standard
magnetic pulsator and to conduct structural research on line (during loading samples)
meant that it was necessary to build a miniature testing machine. The small dimensions of
the machine and its mass below 1000 g allowed the experiment to also be conducted in the
vacuum chamber of a scanning microscope.
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¢. The need to measure magnetic field strength so as to detect the initiation and increment of
ferromagnetic martensite «’. Small increments AH required the elimination of field distur-
bances resulting from both the flow of electric current through the extensometer and the
subcomponents of the testing machine made of a ferromagnetic material.

d. Creating dumbbell-type samples of foil required the construction of a special blanking
tool which minimised plastic strains on sample edges and, hence, also the initiation place
of the martensite transformation. Additionally, samples were tempered using a special
procedure.

e. Thenecessity to eliminate the negative impact of the magnetic background of the standard
hydraulic pulsator meant that it was necessary to construct a miniature testing machine.

5.2. Research object, measurement setup, methodology and experiment results

The material was delivered in the form of foil, 0.05 mm thick, in the state marked by the
manufacturer as 1/8 + 1/4 of hardness. The foil was heat treated for the purpose of recrystal-
lisation. During the treatment the sample was heated to oversaturation temperature, that is,
about 1050°C, and next it was quickly cooled down in air.

After the process of the mechanical cutting of the sample, it was heat treated one more time at
a temperature of 1100°C for about 4 s and then cooled down in air. Due to the small size of the
samples, they were heated up to a temperature of 1100°C using the flow of electric current of
the previously set, experimentally selected parameters. The heat treatment of the samples was
conducted on a test setup specially created for this purpose, which consisted of a voltage source
(autotransformer) and measurement devices to control temperature, current and voltage.

The conducted heat treatment allowed the obtaining of a single-phase, paramagnetic material
with austenite structure, which was free from residual stress, martensite and most disloca-
tions. The average size of grain after annealing was about 40 um. For the purpose of remov-
ing the created in the process magnetic oxides covering the surface of samples, they were
polished electrolytically before the research until they were 80 um thick. The structure of the
material when it was delivered and after heat treatment is presented in Figure 20A and B.

The shape and dimensions of the sample are presented in Figure 21.

The main subcomponent was the miniature testing machine (micro-tensile testing machine)
presented in Figure 22.

Loads were applied using a system with a precise lead screw, worm gear and numerically
controlled stepper motors. The drive allowed grips to be shifted in a speed range between
0.095 mm/min and 0.0005 mm/min. The other system ensured transverse movement allowing
a sensor to be relocated. This measurement system enabled the recording of mechanical signals
(force S(t), displacement Al(t), strain ¢ (t)) and changes in magnetic field strength AH(t) [23, 33].
Signal processing was conducted using the VEE measurement package and MATLAB.

The determination of the quantitative content of a martensite phase in a material is important,
for example, in selecting the technological parameters of plastic forming or welding processes.
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Figure 20. Structure of AISI 304 steel (1000x magnification): before heat treatment (A) and after heat treatment (B) [31].
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Figure 21. Sample shape and dimensions [31].

There are methods that allow the content of the martensite phase to be determined in labora-
tory and industrial conditions. Destructive tests encompass:

* Optical microscopy, for example, using phase contrast
¢ Electron microscopy, using a scanning electron microscope (SEM)
* Roentgen methods

One of the most effective methods of determining the amount of residual austenite in steels is
the roentgen method. It examines the mutual intensity ratio of X-ray reflections, in particular
phases, which were diffracted on the crystalline network of the examined steel. X-rays are
diffracted on crystalline networks at various Bragg angles. This allows identification of these
phases in steel and calculation of their percentage content, including also residual austenite.
This is why the research was conducted using both the magnetic method and a diffractom-
eter. The measurements were made using the test setup based on the micro-tensile testing
machine. During the work, it turned out that the sensitivity of magnetic sensors was high
enough to also register the movement of the mechanism in the miniature testing machine. As
a result, a mobile measurement beam made of aluminium and a sample with a dynamometer
system were located at a significant distance from the ferromagnetic parts of the micro-tensile
testing machine. An important source of interference turned out to be the tensometric bridge
of the dynamometer, the problem of which was solved by using lower voltage than before. As
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Figure 22. Construction of the micro-tensile testing machine with a description of its main components [31].

a result of these actions, at least a 10-fold lower influence of the interfering magnetic field in
the background was obtained, which enabled the high resolution of magnetic field increment
measurement 0.01 A/m.

The tested foil was placed in non-magnetic grips, and the controlled process plastic strain was
started. Figure 23 shows the pictures of austenite foil fixed in the grips of the measurement
device in which it was broken.

Figure 24 presents the tension curve (A) and its magnetic response (B) for the tested austenite
foil. The increase in magnetic signal was the consequence of the appearance and increase in
martensite o, a ferromagnetic material in the paramagnetic austenite matrix.

The tests on foil were also conducted using an Xstress 3000 diffractometer. The sample
was exposed to radiation at various values of strain. The obtained results are presented in
Figure 25. The Y-axis is the intensity of X-ray captured by the matrix CCD on which there is a
beryllium screen transmitting only a particular wavelength of radiation. The X-axis is the CCD
matrix resolution.
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Figure 23. Thin austenite foils: sample fixed in the grips of the micro-tensile testing machine, sample before measurement

and after breaking [31].
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Figure 24. Results of plastic strain of the austenite foil sample: quasi-static stress-strain curve of the material and

magnetic response to plastic strain [18].

As was demonstrated before, the changes of the magnetic properties of a material resulting
from its strain are strictly related to the kinetics of the examined martensite transformation
induced by plastic strain [31, 32]. It was shown in earlier works [32] that the first martensite
nuclei appear after exceeding € = 0.035, which is recorded by both magnetic field sensors and

an Xstress 3000 diffractometer.
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Figure 25. Images obtained from the CCD matrix: spectrum intensity change for selected strain levels [18].

Foil samples were loaded at the speed of 0.035 mm/min. In the introductory phase of each
experiment, the goal was to achieve initial stress so as to eliminate the corrugation of the
sample. Next, the main part of the experiment was conducted until the sample was broken.
Mechanical magnetic signals were recorded all the time.

Figure 26 presents the experimental dependencies of force S(t), strain &(t) and magnetic field
strength H(t). It should be emphasised that the strain signal could only be measured to the
value of € = 0.0012, and after reaching this value the sensor was destructed.

The analysis of signals in the initial phase of strain is clearer if waveforms are presented, for
example, until time t = 16 minutes, which is presented in Figure 27. It is then possible to distin-
guish a few phases of the process. The first stage takes place in the time range 0 < t < 3.7 minutes
and is related to flexing the foil. In the range 3.7 < t < 7.8 minutes, the elastic load of material
takes place. The force signal changes linearly (except for a short transient period) and is accom-
panied by a strain change that is also linear. The value of signal H(t) is equal to zero if small
fluctuations related to the measurement method are neglected.

At time t= 7.8, one can observe a bend in the force course and a change in the inclination angle
of course &(t), which confirms the occurrence of yield limit. It is also the beginning of the clear
and constant increment of signal H(t), which, in turn, confirms the appearance of the ferro-
magnetic phase (martensite a’). It is difficult to simultaneously separate in the chart the yield
limit and value o, which marks the initiation of the phase transformation. The further growth
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Figure 26. Characteristics F = f(t), € = f(t) and H = f(t). AISI 304 steel, speed 0.035 mm/min. Additionally, the image
material structure in the final part of strain (scanning microscope) [31].
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Figure 27. Characteristics F = f(t), € = f(t) and H = {(t). AISI 304 steel, speed 0.035 mm/min (magnification) [31].

of strain in the plastic area results in the increment of H(t) until t 50 minutes and then there
is a fall. This means the increment of martensite o’ on the one hand and on the other hand
blocking the movement of domains n.
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Research is currently being conducted on static strain with the simultaneous observation of
changes in the structure. Figure 26 shows a sample image of the material structure in the final
phase of foil strain.

6. Conclusions and final remarks

The methodology of the research on the kinetics of the martensite transformation induced by
plastic strain has been developed. Two cross effects (the Villari and Kelvin effects) were used
for this purpose. This allowed transformations during the fatigue process to be followed and
visualised on line, without the necessity to use, for example, roentgenographic or microscopic
methods. The main conclusions are presented below and are divided according to the type of
samples and the used cross effects:

1. Massive samples and magneto-mechanical effect:

a.

The measurements were conducted with the passive, contactless method using the qua-
si-pointwise sensors of a magnetic field (magnetoresistors). These sensors are very sen-
sitive wideband devices (they can operate between a DC signal and a AC signal at the
frequency of a few MHz).

After exceeding the cyclical yield limit, the martensite transformation was initiated in
a paramagnetic austenite sample, and the increment of ferromagnetic martensite o'
started, which was registered by a measurement head with magnetoresistors.

The hydraulic pulsator and the sample form a complex magnetic system. In the meas-
urement methodology, the assumption that the range of field changes along the sample
near the zero line is linear, regardless of this obstacle, was of key significance.

The notion of the zero magnetic line of the sample was introduced. Magnetic values
were defined: H', average increment of a magnetic field per unit of length of the meas-
urement part of the sample as the magnetic measure of martensite content in the sam-
ple, and H” , martensite increment speed, respectively. Both values depend on the level
of the mechanical load of the material and the number of cycles. Values H'j and H” |
should be connected with the amount of martensite using calibration with other meth-
ods (e.g. roentgenographic or microscopic).

High-resolution phase maps allowing the use of the image processing methods of such
well-known techniques as machinery visioning (MV) or digital image correlation (DIC)
were used in the visualisation of magnetic field changes.

2. Massive samples and thermo-elastic effect:

a.

The thermo-elastic effect can be used to determine the cyclic yield limit o_;. For stresses
0, <0, the harmonic spectrum of temperature signal AT(&) only includes component
1_sin. For stresses 0, > 0, higher harmonic components become visible.

The moment of the initiation of the martensite transformation is manifested by the
increment of the selected values of higher harmonic components (especially the second
and fourth ones).

57



58 Austenitic Stainless Steels - New Aspects

C.

The measurement method, the used apparatus, the software and the thermocouples
with small thermal inertia showed that the thermomechanical effect was fully usable in
the research on the fatigue process and the martensite transformation.

3. Foil samples and magneto-mechanical effect:

a.

The martensite transformation induced by plastic strain took place in a foil 0.05 mm thick
that was made of metastable austenite steel AISI 304. It was confirmed by the course of
martensite signal H(t), in which the increment was observed as a result of the occurrence
of the ferromagnetic phase (martensite a’) and the recording of the Villari effect.

An original, numerically controlled test machine of 800 g was developed and made
with a measurement system with mechanical and magnetic values. It proved to be very
useful in the research on the phase transformation in foil samples. The device enables
material strain, recording mechanical and cross signals with simultaneous observation
of structural changes for the purpose of conducting the quantitative assessment of the
martensite phase increment.

The martensite transformation in such thin austenite tapes is manifested by the occur-
rence of a very weak magnetic field (maximum 0.2 A/m), which is on the border of the
maximum measurement resolution of magnetoresistors. A new more precise method
of measuring a magnetic field that takes into account SQUID detectors should be con-
sidered. Additionally, it was experimentally proven that the sensitivity of magnetore-
sistant sensors decreases with an increase in temperature.

4. Further research

Further research will focus on the calibration of the results obtained using both cross
effects. Microscopic and roentgenographic methods will be employed. Such a calibration is
required for each type of metastable austenite steel in which the martensite transformation
induced by plastic strain takes place.
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Abstract

This chapter deals with the change of the structure and mechanical properties of the
austenitic steels grades TP347HFG, Super 304H and HR3C as well as their welded
joints after the exposure at temperatures corresponding to the ultra-super critical
(USC) and advanced ultra-super critical (A-USC) parameters. Several tube bend radii
were investigated in order to understand relation between cold work plastic deforma-
tion, mechanical properties and the structural changes with special attention to the
generation of sigma phase during long-term high temperature exposure. The effect of
post bend solution annealing work on the material properties and structural changes
was studied, too, using small punch test (SPT) and miniaturized tensile tests taken
both from straight part and extrados of bends under investigation. Creep properties of
either base metal either welded joints were tested and evaluated using standard creep
specimens at temperatures 650, 700 and 750°C. The obtained results confirmed that the
mechanical properties and the structure were significantly influenced even after rela-
tively short-time exposure at elevated temperature. The results of experiments were
compared with other results obtained from analyses of tubes after 100,000 h of expo-
sure in a USC block where extensive precipitation of sigma phase was also identified.

Keywords: o-phase, austenitic steels, tube bends, weld joints, creep properties

1. Introduction

The utilization of ultra-super critical (USC) boilers working with advanced steam parameters
(typically 600/620°C and 28.5 MPa) has led to the development of new materials with improved

I m Ec H © 2017 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,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{ccY SN
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long-term creep properties. In order to meet the demanding conditions, new grades of low-
alloy steels for waterwalls, modified chromium steels for headers and pipelines as well as
austenitic steels and nickel superalloys for the final stages of superheaters and reheaters (RHs)
have been developed. The investigation of the functional properties and further development
of groups of materials is thus the key factor in the design and construction of new power units.

The effort to improve creep resistance of austenitic steels based on 18Cr-8Ni series, originally
developed as corrosion resistant materials, was initiated in 1970s. Similarly, the improve-
ment of creep resistance of 25Cr-20Ni series for demanding corrosive conditions has started
in 1980s. Figure 1 shows the development of austenitic creep-resistant steels for fossil fired
power plant applications [1].

Austenitic heat-resistant steels for boiler applications of 18Cr-8Ni series are used in the under-
stabilized condition, the content of strong carbide forming elements (Ti, Nb) is decreased
and M,,C, carbide contributes to the precipitation strengthening of the steel. Thanks to the
working conditions at high temperatures, austenitic creep-resistant steels do not need to be
resistant to the intergranular corrosion caused by precipitation of M,,C, carbides on grain
boundaries and high temperature also enable fast healing effect due to fast diffusion of chro-

mium to the chromium depleted zone around carbide on the grain boundary.

Figure 2 shows the increase of creep rupture strength of heat-resistant boiler steels at 600°C
after 100,000 h for materials developed during the twentieth century [2].

2. Advanced austenitic steels for USC boilers and their material
characteristics

The austenitic steels of AISI 304(H) and AISI 316(H) type used in boilers, where the tem-
perature of the superheater tubes can exceed 650°C, suffer from significant steam-side oxide

18Cr-8Ni
AISI 302

l G il +Nb l +Mo +Cr, Mol

18Cr-8Ni 18Cr-8NiTi 18Cr-8NiNb 18Cr-8NiMo ~ 22Cr-12Ni
(C<0.08)5151 304 AlSI 321 AISI 347 AlS! 316 AISI 309

| 1 | | |
: 21Cr-32NITIAl  25Cr-20Ni
l 1—‘—1 +Cu Alloy 800 AlSI 310

18Cr-8NiNb 18Cr-8NiNbTi 18Cr-8NiCuNbTi 1
TP347HFG Tempaloy A-1 Super 304H 25Cr-20NiNbN
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20Cr-25NiMoNbTi  22Cr-15NiNbN
NF709 Tempaloy A-3

Figure 1. Development of austenitic creep-resistant steels for power plants [1].



Effect of Sigma Phase on Fracture Behavior of Steels and Weld Joints of Components in Power... 65
http://dx.doi.org/10.5772/intechopen.71569

@ 200

o =] | MNext Gen.

= I?-IR:!I’.':. 12-Cr-WCoV }-

g ASH

i A1l

o (3rd Gen.)

@ 150 17-14CuMo M

® (Stable Austenitic) 800H TPaziFam HCM12A

NEsi6H

e P34 il - 180
2 B TP31$ a

=

o 100 TP321H HCM12E (2nd Gen.) | 140
= TP304HE T91

g m“"s"mb? HCM2E N

2 Fom / (1stGen)

2 Emmiﬁgk.tmmnl

50 {2Cr) i

o » Toom _wHTIE 100
@ 410mm T9

O Necrm oW (9-120n)

= L 60
T 0 ] 1 I 1 i

1900 1920 1940 1960 1980 2000
Year

Figure 2. Increase of 100,000 h creep rupture strength of types and grades of creep-resistant steels at 600°C [2].

spallation resulting in overheating and subsequent creep fracture of the tubes [3]. This spall-
ation occurs due to different thermal expansion of the steel and the oxides on the steam-
side surface of the tube. The compactness of the oxide layer in austenitic steels then causes
spallation of the almost entire protective oxide layer during sudden temperature changes.

Efforts to increase the steam oxidation resistance as well as creep strength at temperatures
above 650°C resulted in the development and successful use of advanced austenitic heat-
resistant steels for USC boilers known as Super 304H (1.4907, X10CrNiCuNb 18-9-3), HR3C
(1.4952, X6CrNiNDbN 25-20) and TP347HFG (1.4908, X8CrNi 19-11). The chemical composition
and mechanical properties are shown in Tables 1 and 2, respectively.

Chemical composition of steel Super 304H has been changed in comparison to the grade AISI
304H by the addition of 3% Cu and alloying by niobium and nitrogen. Copper forms particles
of e-phase in the matrix, that is, small spherical precipitates that significantly strengthen the
matrix. Minimal changes were made to TP347HFG compared to the former grade TP347H, the
niobium to carbon ratio was increased and special heat treatment that guaranties a fine-grained
structure was developed. Steel HR3C has balanced nitrogen and niobium contents, which
should increase creep resistance and reduce the susceptibility to the formation of undesir-
able hard and brittle o-phase [4]. The change of chemical composition, namely addition of
niobium increased precipitation strengthening of these steel grades and copper in Super 304H
steel further increased its creep rupture strength. All of them (TP347H, Super 304H and HR3C)
have been successfully used as superheater/reheater tubes in USC power plants all over the
world.
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Grade C Si Mn P S Cr Ni B Cu Nb Al N

Super 304H 0.07 max. max. max. max. 17.0 7.5 0.001 250 030 0.003 0.05
0.13 030 100 0040 0.010 19.0 105 0010 350 0.60 0.030 0.12

HR3C max. max. max. max. max. 23.0- 170 — — 020 — 0.15
0.10 1.50 200 0.030 0.030 27.0 23.0 0.60 0.35
TP347HEG 0.06— max. max. max. max. 17.0 9.0 - - 8§xC — —

0.10 075 200 0.040 0.030 20.0 13.0

Table 1. Chemical composition of advanced austenitic steels (wt.%).

Grade R, R, R, (650°C) A KV (+20°C) R,,/650°C/10° h
(MPa) (MPa) (MPa) (%) (1)) (MPa)

Super 304H >235 590-850 135 235 85 116

HR3C 2295 655-900 180 >30 85 114

TP347HEG >205 550-750 126 >35 85 100

Table 2. Mechanical properties of advanced austenitic steel grades.

3. Precipitation of sigma phase

The o-phase is an intermetallic phase that forms in more than 50 transition alloys. The techni-
cally most important is o-phase precipitation in Fe-Cr system. The o-phase has a tetragonal
crystal lattice and precipitates between 600 and 1000°C [5-7]. The chromium contents in the
o-phase containing alloys is usually in range from 25 to 76 wt.%. In alloys with lower chro-
mium content can sigma phase contain other alloying elements as well. In the Cr-Ni austenitic
steels, sigma phase formation is encouraged by increasing Cr content above 17-20 wt.%, and
is discouraged by an increase in Ni content. Since the sigma phase is Cr-rich phase, the dif-
fusion of Cr is usually regarded as one of the controlling factors for its precipitation. Besides
chromium and carbon contents, many other factors affect the formation of o-phase. Diffusion
of another substitutional element like Mo could also be important [8]. In general, all ferrite-
forming elements like Cr, Nb, Ti, Mo or W promote precipitation of o-phase. Silicon also
promotes and accelerates o-phase formation. Due to differences in diffusion rate of alloy-
ing elements, the formation of o-phase in austenite is about 100 times slower than in ferrite.
Consequently, the presence of d-ferrite in austenitic alloys accelerates o-phase precipitation
[9]. The d-ferrite (BCC), compared to the y-austenite (FCC), is a chromium-rich region where
the diffusion of chromium and other ferrite-forming elements is faster. Hence, o-ferrite is nat-
urally a beneficial site for the precipitation of the o-phase [10]. Therefore, in steels containing
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some ferrite or in which ferrite forms temporarily during aging, will o-phase be formed via
the ferrite.

The o phase forming tendency of an alloy can be predicted according to the electron vacancy
number originally developed by Woodyatt et al. [11] in the form

N, = 0.66Ni+1.71Co +2.66Fe + 4.66(Cr + Mo + W) +5.66V + 6.66Zr + 10.66Nblat.] (1)

When the calculated value of electron vacancy number is greater than 2.52, o-phase should
form.

Since the o-phase presence is closely related to the M,C,, there is a preposition that M.,.C, acts
as the precursor to the o-phase [12-14]. Pre-existence of carbides in the steel can be an inten-
sifying factor for o-phase formation, as the formed carbides have high chromium content
and can act as the source of chromium. The formation from M,C, carbides is faster than from

M,,C,, probably due to instability of M, C, carbide [15].

Other authors [16] stated that in situ transformation of M,,C, to the o-phase is improbable,
although they tend to be in contact. A study on the precipitation sequence in 316L steel at
temperatures up to 500°C has found that the formation of the o-phase precedes that of M,.C,.
This work has pointed out that the precursors to the o-phase in this temperature range are
in fact precipitates forming on dislocations and grain boundaries, which are not possible
to identify even by using high resolution TEM (HR-TEM) because of their extremely small

sizes [17].

In stainless steels, classification of the morphology of the o-phase can be divided into four
types [4]:

1. Grain boundary precipitation,

2. Triple point precipitation,

3. Corner precipitation and

4. Cellular precipitation.

3.1. d-Ferrite/austenite grain boundary precipitation

The o-phase easily precipitates at the d/y phase boundary, which is a region with high con-
centration of chromium. At the same time, it is a high interface energy site and a beneficial
site for the heterogeneous nucleation thank to high concentration of lattice defects. When the
o-phase nucleates at the d/y interphase boundary, some defects disappear, which releases
the free energy of the system. Consequently, the activation energy barrier to form a coherent
interface is reduced. This case is typical for austenitic stainless steels.
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3.2. Triple point precipitation

The o-phase precipitates also at the triple point of the d-ferrite boundary. According to Barcik
[9], o-phase precipitates first on triple points and then on grain faces. After long-term aging at
high temperature, it also forms on the coherent twin boundaries and intragranular inclusions.

3.3. Corner precipitation

The corner precipitation of the o-phase means that it precipitates directly at the corner
O-ferrite particles because the d-ferrite has a high Cr content phase, and o-phase prefers to
nucleate and precipitate at that point. When the o-phase precipitates at the corner d-ferrite, it
consumes the Cr from the o-ferrite particles.

3.4. Cellular precipitation

Cellular precipitation means that the o-phase and secondary austenite (o + y,) precipitate as
laminar precipitation in the d-ferrite particles. This reaction is called the eutectoid decomposi-
tion of d — o + v,. When the eutectoid decomposition of d — ¢ + v, is finished, the o-phase
consumes the Cr, Mo and Si from the d-ferrite particles.

The direct precipitation of o-phase in austenite is in general very slow and takes thousands
of hours due to:

* very low carbon and nitrogen solubility in o-phase, which means that the both elements
have to form carbide and nitride before o-phase precipitation,

* very slow diffusion rate of substitutional elements in austenite and

¢ incoherent boundary between o-phase and austenite, which makes o-phase nucleation
difficult.

Figure 3 shows the precipitation mechanism of o-phase in AISI 316 L stainless steel at differ-
ent aging temperatures. Without heating (t ), the o-ferrite precipitates at the d/y interphase
boundary and y-phase. When the aging temperature increases to t,, the o and y,-phases pre-
cipitate in d-ferrite particles. When the aging temperatures increases to t,, the cellular o + v,
also forms in d-ferrite particles, and the o-phase precipitates at the triple points and the d/y
interphase boundaries. When the aging temperature is t,, the precipitation of the laminar
0+, is more pronounced than at the other aging temperatures [18].

When the d-ferrite to o-phase transformation occurs, the o-phase precipitates in the Cr-enriched
region of d-ferrite, directly in d-ferrite particles. The precipitation of o-phase is a diffusion-con-
trolled phase transformation in 25% Cr—20% Ni stainless steel, where Cr atoms have an impor-
tant effect on acceleration of the precipitation rate of o-phase [19]. The precipitation rate of
o-phase in d-ferrite is therefore about 100 times higher than in y-austenite [9, 20]. After o-phase
precipitation, will the content of Cr and Mo in d-ferrite decrease and simultaneously will Ni
content increase. This fact leads to the formation of secondary austenite phases (y,) through the
d-ferrite [21]. The plate o-phase and y,-precipitate in d-ferrite particles were observed in micro-
structures of AISI 304 stainless steel aged at 595 and 650°C for 31,000 h [22]. The precipitation
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mechanism is through the eutectoid decomposition of d-ferrite into o-phase and vy,-austenite
and is similar at both temperatures, but at 650°C it was more evident (see Figures 4 and 5).

In stabilized grades, the formation of o-phase is faster than in other grades. Minami et al.
reported precipitation of o-phase in most of the grades of austenitic stainless steels: type AISI
304, 316, 321 and 347, but it forms after different times (in 347 and 321 already after 1000 h
at 700°C but in 304, 316 and Tempaloy-Al, o-phase was found in significant quantities only
after 10,000 h, see Figure 5 (the percentage of o-phase equals to the area etched by KOH) [23].

Figure 3. Precipitation mechanisms of o-phase in AISI 316 L stainless steel [18].



70  Austenitic Stainless Steels - New Aspects

b L~

40 80 240 280 2510"

T 250x H%—'7—~4—
0.002 0.004 (inches)0.008 0.01

Microns

Microns
1500x

Ferrite

Austenite

0.0005

(inches)

Figure 4. Microstructural observation of the ® — o + 7, phase transformation in AISI 304 stainless steel (595°C, 31,000 h) [15].

| |
347

5 - -
Be— .
La 321-
< A1
Q3 -
:LEJ 316
ol .
5
2L 304

0O 1 L L1

102 103 104 10°

AGING TIME AT 700°C,h

Figure 5. Precipitation of o-phase in different grades of austenitic stainless steels [23].



Effect of Sigma Phase on Fracture Behavior of Steels and Weld Joints of Components in Power...
http://dx.doi.org/10.5772/intechopen.71569

According to Ref. [23], the behavior of Tempaloy-A1, which is 18/10 steel stabilized with Nb,
but its Nb/C ratio is only 1.86 compared to 17.40 in the steel 347, supports the observation that
o-phase forms in steels with chromium equivalent higher than 18 wt.% when the carbon con-
tent falls below a critical value. In the 347, almost all the carbon is rapidly precipitated as NbC,
while the low Nb content of Tempaloy-Al means that a part of carbon is still dissolved in the
solid solution. The different trend for 321 could be linked to the instability of TiC with regard
to M,,C,. The precipitation of M,,C, lowers both the carbon and the chromium contents.

The formation of o-phase in austenitic stainless steel greatly depends on grain size, as it
affects the density of nucleation sites [9]. According to Ref. [24] in austenitic stainless steels,
both the grain size and grain shape influence sigma precipitation because grain boundaries
represent high-energy nucleation sites for nucleation of o-phase [25]. Fine-grained structure
then provides more o-phase formation.

The same is true for cold deformation, however, the effect of cold work on o-phase pre-
cipitation depends mainly on its influence on recrystallization. The o-phase formation is
enhanced if the amount of deformation energy is sufficient to generate recrystallization at
operating temperature. If the amount of cold work is too low and recrystallization does
not occur, o-phase formation can be actually retarded [26]. Hot working enhances o-phase
precipitation, as it was demonstrated on a duplex stainless steel hot deformed at 900°C. Hot
deformation induces lattice defects which act as favorable sites for o-phase precipitation.
Higher total content of o-phase in the specimen deformed at the lower strain rate (0.01 s™)
compared to the sample deformed at 1 s™ was explained by the difference in density and
velocity of dislocations. Deformation at high strain rates results in higher dislocation den-
sity, which means precipitation of fine o-phase particles throughout the whole specimen.
These fine particles grow slowly, because they are in contact with individual dislocations for
shorter time. As a result, material deformed at high strain rates has plenty of fine o-phase
particles but the total volume fraction of o-phase is greater in samples deformed at lower
strain rates [27].

4. Presence of sigma phase in the tube bends after high temperature
exposure

Extensive experimental work confirmed the effect of cold bending on o-phase precipitation.
The study includes advanced steels for USC boilers. The effect of technology and high tem-
perature exposure was evaluated (see Figure 6).

Series of tube bends were analyzed. The first part were cold worked bends without any fur-
ther heat treatment (referred to as-bended state), the second part were heat-treated tubes after
bending (referred to post-bend heat treatment—PBHT), third part of test program focused on
evaluation of structural changes and changes in mechanical properties after exposure at high
temperature.

The mechanical properties and fracture behavior were examined using miniaturized tensile
tests and small punch test (SPT). The effect of plastic deformation applied during the bending
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of tubes on the microstructure and the mechanical properties were also studied. The positive
effect of solution annealing on the microstructure was quantified as well [28, 29].

During the third part of the experimental program the tube bends exposed to high tempera-
ture in the boiler without any loading were investigated. The effect of high temperature expo-

sure on formation of o-phase and fracture energy after exposure was evaluated.

Bend tubes & 38 x 6.3 of Grades TP347HFG, Super 304H and HR3C and the bend radii R60,
R80 and R100 were tested (see Tables 1 and 2). The samples of the tube bends were cut out
from bended part of tubes (see Figure 7). The samples were then evaluated in as-received
conditions (with PBHT and without PBHT) and installed into a boiler without any loading for
1 year at temperature ranges from 635 to 695°C and 726 to 775°C, respectively.
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Figure 6. Diagram of evaluation of tube bends.
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5. Testing method used to evaluate mechanical properties of tube bends

In order to understand the effect of o-phase on material properties and microstructure, vari-
ous testing methods based on miniaturized test techniques have been used. As the standard
tensile test is not sensitive enough to quantify the effect of o-phase, a special testing method,
small punch test (SPT), originally developed for residual lifetime assessment of power plants
components, has been used. This testing method is covered at this time by draft of ISO stan-
dard. A basic tenet of small punch test method is to penetrate small volume of experimental
material (Figure 8a). The small punch testing technique utilizes a small disc specimen, 8 mm
in diameter and 0.5 mm in thickness, clamped around its circumference and indented by a
spherical punch up to failure [30]. Monotonic load versus displacement records are used to
correlate the tensile and fracture toughness parameters (see Figure 8b). Moreover, the frac-
ture energy can be calculated as the area under the deflection curve. All tests presented in this
work were performed at room temperature.

1600
Pa
1200 [T
=
! B0
m.
Py~ o
(1] T T T T
a) b) 00 05 10 15 20

Deflection [mm]

Figure 8. Principle of small punch test (a) and typical SPT record (b).

6. Results of metallographic analyses of tube bends after exposure at
high temperature

Comparison of the structure of specimen in the as-bended state after exposure at lower and
higher temperatures in the boiler for all three type steels can be seen in Figures 9-11.

Microstructural investigation showed that all tube bends that were exposed at the elevated
temperature in the boiler without any loading, contain various amount of o-phase. Amount
of o-phase depends on temperature of exposure, bend radii and heat treatment after bend-
ing. Therefore, the maximum amount was found in bends with smaller radii and without
PBHT. The tube bends with smaller bending radii without PBHT, corresponds to maximum
amount of cold work deformation, contain the largest amount of o-phase for all grades. As
amount of cold work deformation decrease, lower percentage of o-phase can be observed, for
example, in the structure of bend with higher radii where minimum amount of o-phase was
measured in the tube bends with bending radius R100 (Figures 9-11).
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Figure 9. Comparison of the structure of specimen TP347HFG in the as-bended state after exposure at lower and higher
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Figure 11. Comparison of the structure of specimen Super 304H in the as-bended state after exposure at lower and
higher temperatures in the boiler.

Logically, tube bends exposed at higher temperature contain significantly higher amount of
o-phase, this fact is in very good agreement with theoretical results. The particles of o-phase
differ in quantity and in size and even in the distribution in the wall of the bent tube. Tube
bends exposed at the lower temperature contain o-phase mostly near the outer surface of
extrados, corresponding to the position of the highest cold work deformation. While speci-
mens exposed at higher temperature contain o-phase in the whole wall of extrados.

Reciprocally, Figure 10 shows the structure of HR3C tube bend after the exposure in two
locations in the boiler. The tube bend with post-bend heat treatment (PBHT) exposed at lower
temperature showed very few particles of o-phase [31].

Tube bends without PBHT contain considerably more o-phase. Higher temperature of expo-
sure caused the coarsening of o-phase in the tube bends that will significantly affect tough-
ness of materials.

7. Effect of sigma phase on fracture energy

As demonstrated in Figure 12, the presence of even very small volume of o-phase in the struc-
ture means drop in fracture energy and can be clearly detected from force-displacement record
of the small punch test. The test results in as-bended state and after the exposure (at lower tem-
perature) and the test results for samples with and without PBHT were compared. Figure 12
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Figure 12. Force versus displacement of tube bend TP347HFG in as-bended state and after the exposure.

shows the effect of o-phase on fracture energy represented by SPT method in TP347HFG sam-
ples and effect of PBHT for the same steel. It is clearly seen positive effect of PBHT on fracture
energy as well as effect of exposure, where the fracture energy is decreased significantly.

Figure 13 shows effect of exposure on the fracture energy of HR3C steel for as-bended and
PBHT state, respectively. In both examples was fracture energy significantly reduced by
the high temperature exposure. In the case of as-bended tubes, changes in the slope of SPT
records were identified as well. These changes can probably be connected with submicro-
structural changes during exposure in this type of steel and will be studied in the future work.

Only moderate changes were identified in the case of Super 304H grade steel, see Figure 14.
Drop in fracture energy is very small and no changes in the slope were recognized.

The obtained results indicate that o-phase is one of important factors that should be remem-
bered during high temperature exposure of these materials in USC blocks. The presence of
o-phase only at the outer surface of extrados at lower exposure temperatures and in the whole
wall section of extrados at higher exposure temperature indicates, that the amount of o-phase
in the tube bends is also connected to the deformation energy introduced into the wall of
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Figure 13. Force versus displacement of tube bend HR3C in as-bended state and after exposure.
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Figure 14. Force versus displacement of tube bend Super 304H in as-bended state and after exposure.

bend and the deformation energy seems to decrease the activation energy of o-phase forma-
tion. Therefore, samples with PBHT and samples with large bend radii and relaxed or lower
internal stresses, show only small, if any, content of o-phase.

8. Importance of heat treatment of tube bends—when is HT necessary?

Based on experimental investigations mentioned above the tube bends with low bending radii
(R60, R80) require heat treatment after bending to minimize internal residual stresses and
tendency for precipitation of o-phase in the structure. If the exposure temperature is higher
than 700°C, it is necessary to apply heat treatment after bending even for bending radii R100.

After exposure in temperature range 635-694°C small amount of o-phase was found in all
specimens near the surfaces. After exposure in temperature range 726-775°C o-phase was
found across the whole wall thickness of extrados. In order to minimize the volume of o-phase
in the structure of extrados with small bend radii, it is necessary to carry out solution anneal-
ing after bending [28].

9. Degradation of material properties due to sigma phase in power plant
tubes after 100,000 h of exposure

Very little data describing long-term exposure of TP347HFG and TP347H is available in
the literature. Although there are many articles on short-term laboratory exposure and
initial experience in power plants. The Danish coal-fired ultra-super critical (USC) plant,
Nordjyllandsveerket, after 100,000 h of operation has focused on the state of materials, such as
P 91 or TP347HFG used in the boiler. Tube sections were removed from more than 20 different
locations in the boiler during the 2012 summer shutdown to assess the material conditions in
the boiler. The boiler was designed as an USC once-through Benson tower type with double
reheat and was commissioned in 1998 with 290 bar and 580/580°C steam data [32].
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Tube Location in the boiler Material o-phase (%) Temperature of ASTM grain
® 180° exposure (°C) size G

10 Outlet SH1 TP347HFG — — 585 7-9

11 Outlet RH2.2 TP347HFG — — 600 6-8

13 SH1 middle TP347H 1.1 0.2 585 7-8

14 Outlet RH1.2 TP347HFG 1.6 0.6 590 7-8

15 Outlet SH2 TP347HFG 1.2 — 600 6-8

16 Inlet SH2 TP347HFG 1.4 0.2 620 79

17 Inlet RH1.2 TP347HFG 55 0.6 585/570 7-9

18 Inlet SH1 TP347H 0.8 — 535 8

19 Inlet SH1 TP347H 22 — 550/535 8-9

20 Outlet Screen TP347HFG 1.1 0.2 570/555 5-8

21 Outlet Screen TP347HFG — — 570/555 5-8

Table 3. Area fraction of sigma phase in TP347H and TP347HFG tubes [32].

The tubes have been investigated in order to document the residual wall thickness, fire-side
corrosion and streamside oxidation rates and morphology and microstructure evolution after
100,000 h of exposure. This assessment has revealed the presence of o-phase in superheater
(SH) and reheater (RH) tubes.

It is well-known that the orientation of tubes in the boiler has a great influence on the micro-
structure. Therefore, the fire-side facing the hot flue gas was marked as position 0° and the
opposite side was marked 180° (see Table 3). Table 3 also shows amount of o-phase identified
using SEM in various tubes.

10. Mechanical testing

Tensile strength seemed to be quite comparable in all tubes regardless of the position, that is,
regardless of the content of o-phase. On the other hand, yield strength at the position 0° was
lower in tubes that contained higher amounts of o-phase (tubes 17 and 19) and also in tube
13, which contained small amount of o-phase, but was operated at the higher temperature
(585°C), see Table 4.

Although strength seemed not to be affected by o-phase appearance, plastic properties, such
as elongation and reduction of area, showed a significant response. The presence of o-phase
resulted in a higher loss of elongation and reduction of area. The measured values of elonga-
tion and reduction of area can be directly related to toughness of steel as o-phase appears to
change the fracture properties. Nearly all investigated tubes showed decrease of elongation
and reduction of area (8-25% depending on the content of o-phase) compared to tubes with-
out o-phase.
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Tube Specimen ID Tensile strength Yield strength Elongation Reduction of area
(MPa) (%)
17 Position 180° 675 357 48.0 64.0
684 389 43.3 59.6
Position 0° 676 277 38.7 45.9
678 286 387 45.5
19 Position 180° 696 343 47.3 732
697 347 50.0 733
Position 0° 685 300 42.7 55.4
684 301 41.0 55.4
13 Position 180° 715 374 513 71.6
716 379 50.3 715
Position 0° 700 331 46.7 60.9
700 337 44.7 60.9

Table 4. Results of tensile test of tube with maximum content of o-phase.

Although the presence of brittle phase in the structure cannot be unambiguously indicated by
tensile testing, it could be clearly identified by drop in fracture energy during Charpy-V notch
testing. The presence of o-phase in the test sample resulted in drop of impact energy in all tested
tubes, Figure 15. Even though the absolute values of impact energy between thin-walled and
thick-walled tubes cannot be directly compared due to various specimen size, the difference
between position 0 and 180° is clearly visible. The only exception is the tube 14, which contains
the smallest amount of o-phase. The decrease of the impact energy due to high temperature
exposure and o-phase precipitation is illustrated also in Figure 15, where the last green columns
represent the impact energy in TP347HFG tubes in the as-received condition [32, 33].

TP MTHFO: Tals 14, 17 TP J4THFG: Take 12, 16, 18, 19

W positcn 180° B posten T 0 86 meceked

W fesiesed m posltion 180° B position 0° © an mceked: -

Al e el iy [1]

Tube 16 Tt 19

al b)

Figure 15. Absorbed energy at the side with (position 0°) and without o-phase (position 180°) and in as-received
condition tubes with wall thickness 3.6 mm miniaturized Charpy V specimens 5 x 3 x 32 mm (a) and tubes with wall
thickness higher than 7 mm — subsize Charpy-V specimens 10 x 5 x 55 mm (b).
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11. Metallographic and fractographic investigations of sigma phase

In order to get a general overview of the microstructural changes and to quantify the amount
of o-phase, all samples were investigated by light optical microscopy (LOM) and by scanning
electron microscopy (SEM). ASTM grain size was also measured, see Table 3.

Larger amount of o-phase was found in position 0°, that is, on the fire-side. The o-phase
free band of about 300-400 um at the surface on the flue gas side was observed. The great-
est concentration of o-phase was found in the mid-thickness of the tubes with decreasing
concentration toward the inner surface of the tubes. Small amount of o-phase was observed
also in position 180° that is partially shielded from the hot flue gas by surrounding tubes [25].
Figure 16 shows the difference in o-phase content in position 0 and 180° for sample with the
maximum content of o-phase.
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Figure 17. Tube 17: position 0° (high content of o-phase) combined ductile/brittle fracture mode (a) and detailed image
of brittle cleavage facets connected by ductile tearing ridges (b).
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Figure 18. Tube 17: position 180° (without o-phase) combined ductile/brittle fracture mode (a) and detailed image of the
transgranular ductile fracture and holes with particles (marked with red arrows) (b).

Drop of fracture energy due to o-phase has become evident on the fracture surface. The frac-
tographic analysis performed on the surfaces of miniaturized Charpy specimens revealed sig-
nificant differences in the morphology of fracture surfaces and these differences qualitatively
corresponded to different values of impact energy observed in both cases (Figures 17 and 18).

12. Small punch testing

Another way how to cope with the fact that tensile test cannot respond to o-phase presence
in the microstructure is application of small punch test method. Figure 19 shows comparison
of test records (force versus displacement) of the SPT specimens from both sides of the tube
17 containing the highest amount of o-phase. Five SPT specimens were prepared from each
side of tube in order to obtain the information about the scatter of results. The difference
between the side with and without o-phase can be imagined as the area under the curves
representing fracture energy. The drop of fracture energy between both sides of one tube
was about 50%.

The values of fracture energy of all tested tubes are shown in Figure 20, where the test results
are complemented by the values of fracture energy of TP347HEG steel in as-received condi-
tion [32]. In this way, it was possible to compare both the effect of o-phase and the effect of
operation conditions on fracture behavior of the steel under investigation. It was assumed
that the difference between position 0 and 180° represented the effect of o-phase in the struc-
ture after long-term operation at high temperature.

The surprising result of this testing was the fact that the fine-grained tubes (14, 16, 17) are more
sensitive to the presence of o-phase in the structure than coarse-grained tubes (13, 18, 19). It
seems that the coarse-grained tubes are more resistant to embrittlement effect of o-phase than
the fine-grained tubes. This result is in great contradiction to the widely published statement
about the higher embrittlement of coarse-grained material due to o-phase precipitation.
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Figure 19. Comparison of absorbed fracture energy during SPT testing of tube 17 at position 0 and 180°.
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Figure 20. Fracture energy of tube position 0 and 180° and as-received state.
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All the performed experiments thus confirmed that o-phase precipitated in the tube bends
of advanced heat-resistant austenitic steels for USC conditions after 1 year of high tempera-
ture exposure without any external loading. The strong embrittlement effect of o-phase was
clearly confirmed by drop of fracture energy of small punch tests. Cold work, which stores the
deformation energy in the microstructure, accelerates the precipitation of o-phase. However,
this effect can be eliminated by the post-bend heat treatment.

The negative effect of sigma phase on fracture energy of TP347HFG can clearly be seen from
results obtained by evaluation of microstructure and mechanical properties of superheater
tubes made of TP347HFG grade after exposure high temperatures for 100,000 h in a USC plan,
where the amount of o-phase was measured to be about 5%.

13. Creep properties and structural changes of base material and welded
joints of advanced austenitic steels

Tubes @ 38 x 6.3 mm made from steels Super 304H and HR3C were used for the evaluation
of creep properties of the tubes and their welded joints. The circumferential tube joints were
performed by GTAW (method 141) automated orbital welding (position PK), where both ends
of the tube are centered in horizontal position and do not move during welding. Generally,
welding of all austenitic steels must be performed with restricted thermal input in order
to avoid hot cracking of weldments. Heat input for individual layers was therefore in the
range from 1100 to 1900 J/mm and interpass temperature was kept at 150°C. Welding wires
@ 0.8 mm were used for welding. A matching filler metal Thermanit 304HCu was used for
homogeneous weld joints of Super 304H steel, whereas overmatching nickel-based alloy filler
metals Thermanit 617 and UTP A6170Co were used for homogeneous weld joint of HR3C
steel. The chemical compositions of the filler metals are shown in Table 5 [34].

Stress rupture tests of both base materials and welded joints performed at temperatures 650,
700 and 750°C. The calculated values of 10,000 h (R ) creep rupture strength are stated in
Table 6. The calculation was performed using Seifert parametric equation [35]:

logR,. = Aj+A P+A,P?, where P = [T(C+logt)| 10 ()

where T is the absolute temperature in K, ¢ is time to fracture in hours, A, A,, A _and C are
material constants.

Filler metal C Si Mn Cu Mo Cr Ni Ti Fe Nb Al N Co
Thermanit 304HCu  0.10 04 32 30 08 180 160 — — 0.4 — 02 -
Thermanit 617 0.05 01 01 — 90 215 rest 05 1.0 — 1.0 — 11.0
UTP A 6170 Co 0.06 03 - — 85 220 rest 04 1.0 — 1.0 — 11.5

Table 5. Nominal chemical composition of filler materials, wt.% [34].
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Steel Super 304H HR3C

Temperature 650°C 700°C 750°C 650°C 700°C 750°C
Tube 174 104 60 168 104 62
Weldment 155 95 60 141 99 70
Datasheet 160 101 61 174 106 64
SREF (-) 0.89 091 1.00 0.84 0.95 1.00

Table 6. Creep rupture stress R . of the Super 304H and HR3C steel tubes and weldments, MPa.

u/T/10
Table 6 shows also the results of calculation of strength reduction factor (SRF) expressing the
ratio of creep rupture strength of welded joints R (W) and the creep strength of base metal
R (BM), that depends on the temperature and time to rupture [36]:

RW)
SRF = R(BM) ~ fit, T) <1 3)
Recalculation of experimental results into the value of Larson-Miller parameter P, was

used to compare the evaluated creep resistance of the base metal and welded joint in the
Eq. (4) [37]:

P, = T[log® +C] (4)

with the usual meanings of the variables. Constants C equals to 20.8 in Super 304H and 16.8 in
HR3C, which are the values calculated using least squares method from stress rupture data
stated in material sheets [38, 39].

Creep rupture strength as well as creep behavior of both steels is very similar, their strength
reduction factor increases with increasing temperature and at 700°C creep rupture strength
of welded joint overcomes that for base metal and SRF equals to one. Similar behavior was
observed also in other tested welded joints of Super 304H steel [40]. Literature data show that
and this type of behavior is typical for nearly all austenitic heat-resistant steels [41-43].

The comparison of creep tests of the tubes and weldment of Super 304H and HR3C steels is
shown in Figure 21, base metal (dark symbols) and welded joints (light symbols). Still run-
ning stress rupture tests are marked by red arrows. The solid lines labeled WB 550 and WB 47
represent the average creep rupture strength of steels Super 304H according to Ref. [38] and
HR3C according to Ref. [39], the dashed lines then correspond to the lower —20% tolerance
limit. All the results confirmed good creep resistance of the tested tubes as well as their weld
joints.

However, the danger of o-phase precipitation in the steel does not lie in lowering the creep
strength but in exhausting of plasticity and embrittlement of the structure. This phenomenon
can be clearly seen in Figure 22, showing the dependence of reduction of area on Larson-
Miller parameter in both basic material and weldments.
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Figure 21. Dependence of stress on L-M parameter of Super 304H and HR3C steels and their weldments.

Plasticity drop in stainless steels at room temperature associated with precipitation of o-phase
is a well-known phenomenon. However, o-phase seems to precipitate in shorter time and the
drop of reduction of area seems to be deeper than that observed in austenitic heat-resistant
steels of 304, 316, 321 and 347 types formerly used for the outer parts of superheaters of super-
critical boilers.

The structural change and the form and extent of the o-phase precipitation during creep expo-
sure can be demonstrated on the example of above mentioned circumferential welds on tubes
made of HR3C steel where structural states are compared here, in the as-welded state and
after creep exposure at 750°C/50 MPa for 7704 h.

In the as-welded state the microstructure of the base metal of the welded joint close to the
fusion line consisted of austenitic grains of various size (Figure 23). The microstructure of
the nickel-based weld metal is documented in Figure 24. The austenitic structure contained
relatively large primary carbides inside the grains, but no carbides were present at the grain
boundaries of base material (Figures 25 and 26).

Pua=T{16.6+lca(li}

Figure 22. Dependence of reduction of area on L-M parameter of Super 304H and HR3C steels and their weldments.
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Figure 23. Microstructure of the root part of welded tube made of steel HR3C.

Figure 24. Microstructure of weld metal (Thermanit 617).

Figure 25. Microstructure of base material.
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Figure 26. Detail of microstructure of base material.

The final rupture of the analyzed creep specimen started in the fusion line and propagated
through the coarse-grained part of heat-affected zone (Figures 27 and 28). The failure was
brittle, mostly intergranular and the reduction of area was very low, only 2.8%. Even though
o-phase precipitated in the base material, too, it formed randomly distributed particles that
are not so dangerous as a network of o-phase particles along grain boundaries detected in the
coarse-grained HAZ, compare Figures 29 and 30.

The microstructural analysis thus confirmed the correlation between low plasticity of steel
after long-term creep exposure at high temperatures and precipitation of o-phase on grain
boundaries of austenite. Especially in welded joints precipitation in the form of network on
grain boundaries can lead to the type III cracking, that is, failure in the coarse-grained part of
heat-affected zone close to the fusion line. This part of heat-affected zone is overheated during
welding and accompanying grain growth will reduce the number of grains and the length of
grain boundaries. Precipitating o-phase along grain boundaries can form more or less con-
tinuous network and further reduce plasticity of this part of heat-affected zone that has due to
its microstructure high, creep strength but very low toughness and plasticity.

Figure 27. Macrostructure of failure location of creep specimen tested at 750°C/7704 h.
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Figure 28. Microstructure of coarse-grained HAZ (etched in KOH).

Figure 29. Detail of o-phase particles in the base metal (etched in KOH).

grained HAZ (etched in KOH).

phase along grain boundaries in coarse

Figure 30. Detail of network of o-
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14. Conclusions

High temperature and long-term exposure of all heat-resistant steels in USC and advanced
ultra-super critical (A-USC) boilers brings about advanced demands for their structural sta-
bility. Increased operating temperatures accelerate all degradation processes that appear in
all types of heat-resistant steels, from low-alloy through chromium modified toward austen-
itic stainless steels. Precipitation of o-phase represents one of the most potentially dangerous
degradation mechanism in advanced austenitic heat-resistant steels. Although precipitation
of this phase was observed after long-term exposure at high temperatures in many austenitic
steels, the results obtained during testing of superheater tubes and their bends as well as
welded joint have shown that the precipitation of o-phase starts in these steel grades after few
thousands of high temperature exposure and even without external loading. Stress and plastic
deformation induced in the material during cold bending and/or welding can further acceler-
ate the commencement of its precipitation. Although there are developed also steels inten-
tionally precipitation strengthened by o-phase [44], the results obtained on three advanced
austenitic heat-resistant steel grades Super 304H, HR3C and TP347HFG have proved the det-
rimental effect of o-phase precipitation namely on toughness and plasticity of these steels.
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Abstract

Creep-resisting austenitic steels constitute a group of construction materials which can
work in the conditions of creep for the temperature range from 550 to 700°C. The service of
austenitic steels leads to the progressive degradation of their microstructure, which results
in the changes of functional properties. The main mechanisms of degradation of the aus-
tenitic steel microstructure include the processes of matrix softening, the processes of pre-
cipitation and matrix depletion of the interstitial and substitution elements. Precipitation
processes in austenitic steels are a very important indicator, which allows the advancement
of microstructure degradation processes in these steels to be determined. Hence, the knowl-
edge of the impact of individual secondary phases on the microstructure and properties of
austenitic steels plays a very important role in diagnosing the components and equipment
of the power boiler system and makes it possible to forecast the time of safe operation of
systems made from these steels. Based on own studies and data from literature, this paper
will present the characteristics of secondary phase precipitates occurring in creep-resistant
austenitic steels during their operation at an elevated/high temperature. The effect of sec-
ondary precipitates on mechanical properties of these steels will be discussed too.

Keywords: creep-resistant austenitic steel, precipitation processes, mechanical properties,
degradation of microstructure, matrix softening

1. Introduction

One of the ways to reduce air emissions of pollutants arising from combustion of solid
fuel—hard coal or lignite in power units is to enhance steam parameters. By improving the
efficiency of power units, higher steam parameters contribute to the reduction in emission

I m Ec H © 2017 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,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{ccY SN
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of pollutants. Higher requirements related to the enhancement of operating parameters of
unit demands the use of new construction materials not only of adequate creep strength, but
also with high resistance to corrosion and oxidation [1, 2].

Because of insufficient resistance to oxidation of 9%Cr martensitic steels and very unstable
microstructure associated with the MX — Z phase transition for 12%Cr martensitic steel, in
plants operated at above 600°C, creep-resistant austenitic steels are used [3]. Compared to
ferritic steels, the austenitic ones show higher heat and high-temperature creep resistance,
however they have unfavourable physical properties, that is, higher thermal expansion coef-
ficient and lower conductivity. The disadvantage of these steels is high price due to the con-
tent of expensive nickel in their chemical composition. Creep-resistant austenitic steels were
developed by modification and optimisation of chemical composition of the classic 18/8-grade
steels [4]. Nowadays, the (17-20%)Cr-(7-11%)Ni steels—TP347HFG and Super 304H and the
(20-25%)Cr-(15-23%)Ni steels—HR3C are used in modern power boilers. The prospective
steel Sanicro 25, classified as steel of the 25/23 type, is also in the phase of implementation
to modern power units designed for work at the ultra-supercritical parameters of steam.
Austenitic steels are intended for plant components working at above 600°C, and currently
they are most often used for steam superheaters [2, 4-7]. The required chemical composition
of the creep-resisting austenitic steels mentioned above is presented in Table 1.

In the as-received state, austenitic steels have austenitic structure with numerous annealing
twins. Modern creep-resistant austenitic steels belong to the so-called stabilised steels, which
mean they contain a strong carbide-forming element—niobium. Therefore, numerous ran-
domly arranged primary NbC carbides with micrometric size are observed within the matrix
of these steels. Sanicro 25 steel in the as-received condition may also include the primary Z
phase (complex NbCrN nitride) precipitates. By binding carbon atoms, the primary NbC car-
bide precipitates reduce the processes of precipitation of M, ,C, carbides at the grain bound-
aries. However, the niobium content in creep-resistant austenitic steels, in contrast to the
“classic” austenitic steels, is limited below the level required for complete binding of carbon
atoms [5, 7]. The metastable structure of austenitic steels will be subject to progressive evo-
lution during service, and the main degradation mechanism includes the precipitation pro-
cesses of secondary phases and changes in their morphology. Depending on steel grade and
operating parameters, in the microstructure of austenitic steel, there may occur during long-
term service the precipitation of carbides/nitrides: M,,C, MX, Z phase; intermetallic phases:
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o, Laves, X, complex silicide—G phase, as well as copper-rich precipitates—e _Cu [5, 7-12].

This paper presents the characteristics of secondary phases occurring in modern creep-
resistant austenitic steels.

2.M,,C, carbide

In the majority of austenitic steels (without copper addition), chromium-rich M,,,C, carbide is the
first secondary precipitate that appears in the microstructure of these steels. The privileged locations
of M,,,C, carbide precipitation are grain boundaries (Figure 1) and, in the next place, incoherent and
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Figure 1. M,,C, carbide precipitates at the grain boundary in TP347HFG steel after service.

coherent twin boundaries [5, 8-10, 13]. Precipitation of Mzace carbides at the grain boundaries in
austenitic steels depends on the nature of the boundary. The privileged boundaries are those char-

acterised by high degree of coincidence X or those with high misorientation angle © [9, 10].

Finely dispersed M,,C, carbides precipitated at the grain boundaries in the initial stage of
operation hinder the slip at the grain boundaries and thus contribute to the increase in creep
resistance. These carbides also inhibit the migration of grain boundaries contributing to a delay
in the matrix softening process (Figure 2). However, M,,C, carbides are characterised by fairly

S

Figure 2. Impeding the grain migration by M,,C, carbides precipitated on the grain boundary —TP347HFG steel after
service.
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low thermal stability, which results in the increase in size of these precipitates (Figure 1b) and
formation of the so-called continuous network of precipitates at the grain boundaries during
service. The enthalpy of creation, which can be treated as a measure of the stability of precipi-
tates, for the Cr,,C, and NbC carbides amounts to -25 and -55 kJ/mol, respectively, whereas

for the NbN nitride, —125 kJ/mol [14].

The formation of the continuous network of M,,C, carbides at the grain boundaries and
increase in their size during service results in the appearance of microareas with reduced
chromium contents nearby the grain boundaries. This may result in the sensitisation of steel,
that is, its increased susceptibility to intergranular corrosion. The chromium-depleted micro-
areas constitute an anode in the corrosion process, which results in their oxidation. Such a
type of corrosion is very dangerous because the process of destruction (oxidation) runs very
fast throughout the material on the grain boundaries, leaving no visible traces on the steel
surface. The effect of sensitization of the near-boundary areas of grains in the austenitic steel
is also the disturbance in the material consistency, which can result in falling out of single
grains, for example, influenced by the metallographic reagent (Figure 3).

Numerous precipitates at the grain boundaries have also a negative impact on ductility of austen-
itic steels (Figure 4) [9, 10, 13-17]. The precipitates of M, ,C, carbides on the grain boundaries, for
instance, in the case of HR3C steel, constitute to a very rapid decrease in ductility in a relatively
short time and favour the brittle cracking with the intercrystalline mechanism (Figure 5) [17, 18].

The introduction of micro-addition of boron into the chemical composition of austenitic steel
results in partial replacement of carbon atoms with the boron ones in M,,C, carbides. This

causes the precipitation of M,,(C, B), borocarbides in place of “pure” M,,C, carbides. Compared

to M,C, carbide, the M,,(C, B), borocarbides are distinguished by higher thermal stability due
toabetter fit of the crystalline network of precipitates and matrix. Asa consequence, the M, (C, B),
borocarbides keep their finely dispersed form over a longer time during service. This results in
reduction in the tendency towards the grain slip, and thus reduction in susceptibility of steel
to intercrystalline cracking during creep [19, 20]. A similar favourable effect of micro-addition
of boron on the increase in stability of M,,C, carbides was also observed in the 9-12% Cr high-

chromium martensitic steels [21].

Figure 3. Austenite grains fallen out in HR3C steel after service [17].
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Figure 4. The impact energy changes with ageing time at 700°C in HR3C [7].

Figure 5. The intercrystalline mechanism of cracking with secondary cracks of HR3C steel after 1000 h of ageing at the

temperature of 650°C [18].

3. MX precipitate

The MX secondary phases in austenitic steels are developed by carbide formers such as tita-
nium, niobium, or hafnium. The MX precipitates in austenitic steels are ones of the most advan-
tageous secondary phases [9, 10, 22, 23]. In austenitic steels, the MX precipitates have two main

objectives:
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¢ binding carbon atoms and preventing the precipitation of chromium-rich carbides at the
grain boundaries and

 precipitation hardening of austenitic steels.

In the microstructure of niobium-stabilised austenitic steels, the presence of two types of MX
(MC) precipitates is observed:

¢ large primary carbides of micrometric size (Figure 6) and
¢ finely dispersed secondary precipitates of nanometric size (Figure 7).

In addition to binding of carbon atoms, the NbC primary carbide precipitates effectively
inhibit the grain growth during heat (thermomechanical) treatment. However, the NbC pri-
mary carbides should be treated as disadvantageous precipitates because the nucleation and
growth of creep cracks may occur at their carbide/matrix interface.

The NbC primary carbides are characterised by very high stability: no increase in their size
was observed even after 70,000 h ageing at 700°C.The NbX secondary precipitates occur
during service within the grains, mainly at dislocations and stacking fault areas [9, 22, 24].
These precipitates form very effective barriers to free displacement of dislocations, pin and
inhibit the possible motion of dislocations (Figure 7) and, in spite of their low volume frac-
tion, have very strong effect on steel hardening. The effect of MC and M,,C, carbides on

creep strength of the 18Cr10NiTiNDb steel at 650°C can be illustrated with the following
formula (1) [25]:

R =21.5x (Cas MC) + 6 x (C as M, C,) + 85.32 (MPa) 1)

z/650/10 000

Figure 6. The NbC primary precipitates in TP347HFG steel.
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Figure 7. The NbX secondary precipitates in TP347HFG steel (a) and their interaction with dislocations (b).

The MX secondary precipitates are also characterised by high thermal stability up to approx.
700°C, which results in a very slow increase in size of these precipitates during long-term
service. The MX precipitates binding the atoms of nitrogen can also cause the growth of the
steel susceptibility to pitting corrosion [26].

4. ¢_Cu precipitate

In austenitic steels containing a copper addition in their chemical composition, for example,
Super 304H or Sanicro 25, one of the main hardening mechanisms that occur during service is
the precipitation hardening with e_Cu copper-rich particles (Figure 8).

The e_Cu particles can also dissolve the atoms of iron, chromium and nickel, and their contents
in a precipitate that depends on the temperature and time. These precipitates at the initial stage
of service/ageing are the precipitates rich in iron, chromium and nickel, and the content of
copper in the particle does not exceed 20% then (Figure 8). As the time passes, the precipitates
get rich in copper and after around 500 h of ageing at the temperature of 650°C they constitute
around 90% of copper [7, 27, 28]. Precipitation of these particles takes place very quickly. In
Super 304H steel, the precipitates of this type and of approx. 2 nm were revealed only after 1
h of ageing at 650°C [7, 27, 29]. In spite of their low volume fraction (approx. 3%), finely dis-
persed e_Cu precipitates (whose density in Super 304H steel after ageing at 650°C for 10,000 h
was 0.38 x 10* m™? and average particle diameter was 35 nm) represent a very effective barrier to
free displacement of dislocations. The calculated shear stress for these coherent precipitates is
approx. 37 MPa [26]. These precipitates are also characterised by quite high stability (Figure 9).
The Cu-rich phase is growing during 650°C long time ageing till 10,000 h, but the growth rate
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Figure 8. The ¢_Cu precipitates in aged Super 304H steel.

is very slow. The average size of Cu-rich phase still keeps about 34 nm at 650°C ageing for
10,000 h [7]. This is mainly due to low energy at the e_Cu precipitate/matrix interface, which is
approx. 0.017 J/m? and the fact that these precipitates are coherent with the matrix.

This translates into slow growth of the copper-rich phase particles during the service and has a
positive impact on the maintenance of high properties over a long time of service, especially that
the volume fraction of the copper-rich precipitates grows with the time of ageing (Figure 10).
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Figure 9. The effect of the time of Super304H ageing at 650°C on increase in the volume of ¢_Cu precipitates [7].
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Figure 10. The precipitates volume fraction in Super304H at 650°C with ageing time [7].

However, the precipitation of ¢_Cu particles has a destabilising effect on the passive layer and
reduces the corrosion resistance of the steel.

5.Z phase

The NbCrN (Z phase) precipitate is privilegedly precipitated in austenitic steels with
high niobium and nitrogen contents, mainly at the grain boundaries and inside the grains
(Figure 11). In Sanicro 25 steel, both the primary and secondary Z phase precipitates are
observed. In contrast to 9-12% Cr martensitic steels, the Z phase precipitated in austenitic
steels has a positive impact on mechanical properties. NbCrN precipitates are character-
ised by high thermodynamic stability up to approx. 700°C, which results in a slow increase
in the size of these precipitates. Finely dispersed NbCrN particles precipitated inside the
grains cause precipitation hardening, thus contributing to the increase in creep strength
[7,9, 10, 30, 31] (Figure 11).

The calculated value of stress required for dislocation to bypass the precipitate with Orowan
mechanism for the Z phase in Sanicro 25 steel at 700°C after 4265 h creep with average precipi-
tate diameter of approx. 14 nm and volume fraction of 0.014 amounts to 118.7 MPa. And after
12,920 h creep at 700°C, with average diameter of Z phase secondary particles of approx. 18 nm
and their volume fraction in Sanicro 25 steel amounting to 0.016, it is 105.7 MPa. For comparison,
the estimated value of the stress after 4265 h creep at 700°C for e_Cu particles in Sanicro 25 steel
was 44.6 MPa [31].
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Figure 11. The Z phase precipitation at the grain boundary in Super 304H steel.

6. 0 phase

The o phase in austenitic steels is a secondary intermetallic phase which precipitates mainly
at the grain boundaries, and the particularly privileged locations are the contact point of
three grain boundaries and delta ferrite precipitates (Figure 12). The o phase precipitation
at the grain boundaries may be accompanied by dissolution of M,,C, carbides in the matrix

Figure 12. The o phase precipitation at the contact point of three grain boundaries in T321H steel after long-term service.
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[9, 10, 31-34]. The precipitation of o phase in austenitic steels is much slower than that of
M,.C, carbides, which results mainly from the factors such as (1) diffusion of substitution
elements, for example, chromium, takes place slowly in austenite, (2) o phase precipitates in
austenite are incoherent with the matrix, (3) solubility of carbon and nitrogen in austenite is
low, hence the privileged precipitation processes is the formation of carbides and/or nitrides
[9, 11, 33-36]. In addition to chromium, other ferrite formers also create favourable condi-
tions for o phase precipitation. Particularly strong effect is shown by stabilising elements
(carbide formers), that is, titanium and niobium. In austenitic steels with higher titanium
and niobium contents, the o phase is formed much easier due to the fact that carbon and/or
nitrogen atoms are bound into MX precipitates. The rate and temperature of the o phase pre-
cipitation in austenitic steel grow with the increase in chromium content in alloy (Figure 13).
Also silicon shows as intensive effect on the acceleration of the o phase precipitation process
as carbide formers. The increase in the content of silicon, as an element which enhances
heat resistance of austenitic steels from 0.17 to 0.76% wt, may intensify the precipitation of
the o phase and its volume fracture increases from 6 to 22%. The element that has a strong
effect on delay in the o phase precipitation is carbon, which forms M,,C, carbides and thus
decreases chromium content in the matrix [9, 10, 32, 37].

The effect of chemical composition on susceptibility of the specific steel to o phase precipita-
tion is shown by the following formula (2) [39]:

Creq= Cr +0.31Mn + 1.76Mo + 0.97W + 2.02V + 1.585i

2
+2.A4Ti+1.76NDb + 1.22Ta — 0.226Ni - 0.177Co @

In the event when chromium equivalent Cr, is higher by 17-18% of the weight, the steel
shows a strong tendency to o phase precipitation.

200

8

Temperature, °C

g

Time, min

Figure 13. The effect of chromium content on the incubation period of O phase precipitation [38].



Precipitation Processes in Creep-Resistant Austenitic Steels
http://dx.doi.org/10.5772/intechopen.70941

The tendency for the o phase to precipitate in the austenitic steel can also be shown with the
dependency (3) based on the model of positive holes [33]:

N, =0.66%Ni + 2.66%Fe+ 4.66%(Cr + Mo) + 5.6%Nb + 6.66%Si + 7.66%Al (3)

In the case when the value N is bigger than the number 2.52, there is a tendency for the o
phase to precipitate in the alloy.

The o phase precipitation in austenitic steels at the grain boundaries is a very unfavourable phe-
nomenon as it increases the brittleness of steel and its susceptibility to sensitisation and pitting
corrosion. The o phase has also a negative effect on the plastic properties determined in static
tensile test, that is, elongation and reduction in area. The effect of the o phase on creep strength
of austenitic steels is ambiguous. In the initial stage of precipitation, the finely dispersed o phase
precipitates may have, due to precipitation hardening, a positive impact on the increase in creep
resistance. However, other researchers show its negative role [11, 32, 34, 37, 40].

7. Laves phase

The intermetallic Laves phase (Fe,Nb, Fe,Ti, Fe Mo) precipitates in austenitic steel at above
600°C. The privileged locations of the Laves phase precipitation are grain boundaries and,
in the second place, the interior of grains. The Laves phase is a more efficient and stable
precipitate than M,,C, carbide, it coagulates more slowly at above 600°C, and its effect on
steel properties depends on the fraction of its volume at the grain boundary. Higher surface
fraction of the Laves phase at the grain boundaries affects the increase in creep resistance of
austenitic steels. The Laves phase inhibits dislocation slip at the grain boundaries, and thus
results in the increase in creep resistance while reducing the elongation. At the same time, the
Laves phase precipitates at the grain boundaries have an adverse effect on ductility of austen-
itic steels and their high-temperature strength properties determined in static tensile test. The
finely dispersed Laves phase particles precipitated inside the grains have a positive impact
on creep and fatigue strength. The effect of the Laves phase precipitated inside the grains on
steel properties depends on its size and volume fraction. The coagulation of the Laves phase
during service results in disappearance of this effect [9, 10, 31, 41-44].

8. G phase

The G phase is a complex silicide with general formula of A, D,Si where A —nickel, D—niobium
or titanium (e.g. Ni, Nb Si.; Ni TiSi.; (Ni, Fe, Cr), (Nb, Ti) Si,). The G phase precipitates in tita-
nium or niobium-stabilised austenitic steels after long-term service. Like most secondary phases
precipitating in austenitic steels during service, the G phase is located at the grain boundaries
(Figure 14) [9, 10, 32, 44, 45]. The G phase is formed in austenitic steels due to the in situ transi-
tion of primary NbC carbides and/or enrichment of M,.C, carbides in silicon. The in situ NbC
carbide — G phase transition takes place as a result of enrichment due to NbC diffusion into
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Figure 14. The G phase precipitation at the grain boundaries in T321H steel after long-term service.

nickel and silicon atoms. The rate of transition—G phase formation depends strongly on silicon
content in steel. Higher silicon contents result in reduction in the time of G phase incubation
[9, 15].

The effect of the G phase on properties of austenitic steels is ambiguous. The G phase precipitated
at the grain boundaries has a positive impact on elongation in creep test and delays the second-
ary recrystallisation processes by inhibiting the migration of grain boundaries [9, 10, 15, 44-47].

The finely dispersed G phase precipitates at the grain boundaries have also a positive impact
on creep resistance of austenitic steels during service at around 750°C. Nevertheless, like any
precipitate at the grain boundary, the G phase has also a negative impact on steel ductility.
The scale of this negative impact is affected by the amount and size of precipitates at the
boundary. The formation of the G phase is accompanied by matrix depletion of nickel, which
affects the increase in instability of the matrix and has a negative impact on corrosion resis-
tance. The matrix depletion of nickel also results in the increase in susceptibility to o phase
precipitation in these steels [9, 10, 15, 45-47].

9. x phase

The intermetallic X phase precipitates mainly in high-nitrogen steels with addition of molybde-
num. Similarly to M,,C, carbides, the privileged locations of the X phase precipitation are primar-
ily the grain boundaries, and further the incoherent and coherent twin boundaries as well as the
dislocations within the grains. In the initial stage of precipitation and growth at the grain boundar-
ies, the dispersive x phase has a positive impact on creep resistance of austenitic steels as these pre-
cipitates hinder slip at the grain boundaries. The increase in size of the x phase precipitated at the
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grain boundaries during service has an adverse impact on ductility, which is related to reduction
in impact strength. The X phase precipitated at the grain boundaries in austenitic steel increases
the susceptibility of the alloy to intercrystalline cracking. These precipitates also result in steel
sensitisation. The x phase precipitates at the boundaries have a negative impact on creep strength
of the steel too. The individual effect of the X phase on performance properties of austenitic steels
is difficult to define, because this phase occurs together with the o phase in the microstructure. In
austenitic steels operating at above 700°C, the x phase may be transformed into the intermetallic o
phase according to the following diagram [9, 10, 32, 48].

The effect of the secondary phases precipitating in creep-resistant austenitic steels during
service on their performance properties is summarised in Table 2.

Phase Location Positive effect Negative effect
M,,C, Grain boundaries, * Finely dispersed carbides v Increase in embrittlement
carbides incoherent and coherent precipitated at the grain v Sensitisation of steel
twin boundaries, inside boundaries increase creep
the grain resistance;
¢ Inhibition of secondary
recrystallisation
MX Inside the grains at * Precipitation hardening v At the MX primary precipitate/
precipitates  dislocations ¢ Increase in hardness and matrix interface, there may occur
strength properties the nucleation and growth of creep
¢ Increase in creep strength cracking
Z phase Inside the grains at ® Precipitation hardening v Disappearance of MX precipitates
(NbCrN) dislocations * Increase in hardness and
strength properties
¢ Increase in creep strength
o phase Grain boundaries, - v Increase in embrittlement
incoherent twin v/ Sensitisation of steel
boundaries, inside the grain v Deteriorates strength and plastic
properties
v Reduces temporary creep strength
G phase Grain boundaries * Increases the value of v Reduces temporary creep strength

Laves phase

Grain boundaries

elongation at creep
¢ Delays secondary
recrystallisation

¢ Increases creep resistance
* Increases fatigue strength

v Results in decrease in corrosion
resistance

v Reduces elongation
v Deteriorates ductility
v Deteriorates high-temperature

strength properties
X phase Grain boundaries, ¢ Hinders slip at the grain v Sensitisation of steel
incoherent twin boundaries —increases creep v Increase in embrittlement
boundaries, inside the strength
grain
e_Cu Inside the grain * Precipitation hardening v Reduction in corrosion resistance

¢ Increase in strength properties

and creep resistance

Table 2. The effect of secondary phase precipitates on properties of austenitic steels.
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10. Summary

The paper describes the influence of particular precipitates on the microstructure and func-
tional properties of creep-resisting austenitic steels. The structure of austenitic steels in the
supersaturated state is a non-equilibrium structure which will undergo gradual degrada-
tion during the service at elevated temperature, which will further influence the decrease in
mechanical properties and corrosion resistance/ oxidation resistance of these materials. The
precipitation processes running during the service of austenitic steels are the basic mecha-
nism having a very significant effect on the functional properties of these steels. The type
of precipitates and their volume fraction depends on the chemical composition of the given
steel, the solubility limit of carbon and alloy elements in the matrix, and the service history
(temperature, time, pressure, number and sort of shutdowns, etc.). The main factor influenc-
ing the precipitation processes for a given sequence of precipitation of secondary phases dur-
ing the service is the temperature of work. Precipitations in austenitic steels can be divided in
terms of their influence on the microstructure and functional properties into the favourable
ones, including nitrides/carbonitrides NbX, Z phase and eCu precipitates, and the harmful
ones, including o, x and G phases. However, the influence of M ,C, carbides and Laves phase
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on the properties of austenitic steels depends on their morphology.

Particularly dangerous precipitates in austenitic steels are the ones precipitating on the grain
boundaries, o phase and M,,C, carbides. Therefore, the growth of stability of M,.C, carbides
and the delay or even inhibition of precipitation of the o phase, or using the strengthening
with intermetalic phases seem to be the main directions of further development of the creep-

resisting austenitic steels.
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Abstract

This chapter shows the effect of intergranular precipitation on the cryogenic toughness of
N-containing austenitic stainless steels in comparison to that for 316-type austenitic stain-
less steels. First part of the chapter deals with the thermodynamic stability and growth
kinetics of the precipitated phases in the austenite matrix based on Thermo-Calc soft-
ware. To continue, the experimental evolution of precipitation for N-containing steels is
compared to that of 316-type steel and the difference between them are explained based
on the Thermo-Calc PRISMA-calculated results. Finally, the effect of intergranular pre-
cipitation on the cryogenic fracture toughness is also analyzed using Charpy V-Notch
impact test results. The fracture mode is also related to the precipitation characteristics.

Keywords: N-containing austenitic stainless steel, precipitation, aging, toughness

1. Introduction

Austenitic stainless steels are used to construct different equipments with good corrosion
resistance in most of the principal industries, for instance, the chemical, petroleum, and
nuclear power industries. These structural materials are iron alloys, which contain a mini-
mum of about 11% chromium. This content of chromium enables the formation of a passive
film, which is self-protecting in different environments [1].

Nowadays, there are more than 200 different alloys, which can be recognized as belonging to
the stainless steel group, and each year new ones and modifications of existing ones appear.
In some stainless steels, the chromium content now approaches 30%, and many other ele-
ments are added to provide specific properties or ease of fabrication. For example, nickel,
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nitrogen, and molybdenum are added for corrosion resistance; carbon, molybdenum, nitro-
gen, titanium, aluminum, and copper for strength; sulfur and selenium for machinability; and
nickel for formability and toughness.

Nitrogen is an alloying element, which has been used in iron-based alloys since the beginning
of last century and it has been studied during the last three decades. However, nitrogen steels
are so far not widely employed. The reason for this is related to the old customer skepticism
in relation to nitrogen is an element, which causes brittleness in the steels.

In the case of austenitic stainless steels, the main motivating force in the development of
nitrogen-containing steels is the much higher yield and tensile strengths reached, in compari-
son with the conventionally processed austenitic stainless steels without losing its toughness.
Nitrogen-containing stainless steels present yield and tensile 200-350% higher than those of
the AISI 300 series steels. Moreover, the yield strength can be increased above 2 GPa by cold
deformation process because of its work hardening potential. It is also important to note that,
in contrast to carbon-containing austenitic steels, nitrogen-containing austenitic stainless
steels keep a high fracture toughness at low temperatures, higher than 200 Pa m™? [2].

The higher mechanical properties of nitrogen-containing austenitic stainless steels have made
its application very attractive in the power-generation industry, shipbuilding, railways, cryo-
genic process, chemical equipment, pressure vessels, and nuclear industries.

This kind of steels contains supersaturated nitrogen levels, and it is susceptible to intergranu-
lar precipitation of chromium nitride (Cr,N) as same as the AISI 300 series stainless steels
are prone to the precipitation of chromium carbide (Cr,,C,). If the precipitation of chromium
took place, the stainless steel is susceptible to sensitization, which may cause intergranular
corrosion and intergranular stress corrosion cracking [2]. Nevertheless, the chromium deple-
tion due to the nitride precipitation for nitrogen-containing steels has been reported [3, 4] to
be lower than that of carbide precipitation for the AISI 300 series steels, which causes a lower
degree of sensitization in the former steel.

In addition, the intergranular precipitation and coarsening of chromium-rich precipitates have
been observed to cause a decrease in the toughness of austenitic stainless steels. This type of
microstructural deterioration has been named as “thermal aging”. It has been reported that
the precipitation is very complex, being able to involve more than 20 different precipitated
phases [5]. This thermal aging may also occur in the heat-affected zones during the welding of
these steels causing the decrease in toughness especially at cryogenic temperatures.

Therefore, the purpose of this chapter is to describe the kinetic behavior of precipitation dur-
ing the isothermal aging of N-containing austenitic steels and its effect on cryogenic tough-
ness, as well as its comparison with 300 series austenitic stainless steels.

2. Thermodynamics and kinetics of precipitation

This section shows the thermodynamic stability of solid phases in three austenitic stain-
less steels whose chemical composition is shown in Table 1. The first chemical composition
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corresponds to an AISI 316L steel and the other two, designated as A1l and A2 steels, corre-
spond to N-containing steels. All these steels can be used for cryogenic applications since they
possess good fracture toughness at temperatures as low as liquid nitrogen temperature. The
highest interstitial solute contents, Ni and Cr contents are for the A2 steel. Al steel has the
highest content of Mn and the lowest contents of Cr and Ni.

The thermodynamic analysis of these steels was carried out using the commercial software,
Thermo-Calc [6]. Figure 1(a—c) shows the equilibrium pseudobinary Fe-C at temperature
lower than 1000°C and low carbon contents for each of the three steels. In the case of 316
steels, Figure 1(a), a solvus line is observed, which separates the austenite region, FCC_A1,
from the austenite and M,,C, carbide, FCC_A1+M,,C,. M,.C, carbide is the more general des-
ignation of Cr,,C,, which is the main carbide precipitated in austenitic Cr-Ni steels. It has a fcc
crystalline structure. As temperature decreases, several phases are formed such as o (SIGMA)
phase, x (CHI) phase, and ferrite (BCC_A2). o phase has a tetragonal unit cell with a composi-
tion FeCr. x (CHI) phase is a bec intermetallic phase with a typical composition of Fe, Cr,,Mo,,
[1, 2]. In the case of Al steel, Figure 1(b), there is no phase region corresponding only to the
austenite phase, FCC_A1, but a phase mixture of austenite and M,N, HCP_A#2, which usu-
ally substitute M,,C, in N-containing austenitic stainless steel, and it has a close packed hex-

2376
agonal unit cell. This nitride is also designated as Cr,N. As the temperature decreases, M,,C,
becomes stable. A further decrease in temperature promotes additionally the formation of
the o phase. The A2 steel has a similar behavior for phase formation than that showed in the

diagram of the A1 steel, Figure 1(c).

On the other hand, Figure 2(a—c) shows the expected phases during aging at temperatures
of 500-1000°C for these three steels. In the case of 316 steel, the precipitation of o phase and
M,,C, is favored in the austenite matrix. In contrast for the N-containing steels, the precipita-
tion of M,N, HCP_A#2, and M_C, in the austenite matrix is more likely to occur during aging

2376
at these temperatures. Besides, the precipitation of the o phase is also possible for these two
steels. A remarkable point of these diagrams is that the bcc ferrite (BCC_A2) phase is clearly
present in the 316 and A2 steels, but it is absent in the case of A1 steel. This is attributable to
the high content of Mn, an austenite-former. This fact suggests the possible formation of delta
ferrite during the solidification of 316 and A2 steels, which is associated with a brittle behavior
[1]. The precipitation behavior for the steels is shown in the Time-Temperature-Precipitation
(TTP) diagram for these steels, as shown in Figure 3(a—c). These diagrams were calculated
using Thermo-Calc PRISMA [7] for grain boundary precipitation considering the following
parameters: grain size of 100 um, interfacial energy for the interfaces y/M,.C,, Y//M,N, and
v/o of 0.15, 0.22, and 0.28 J/m?, respectively [8]. Aging process was analyzed for times up to

Steel C N Mn Si Cr Ni Mo
316 0.03 - 14 0.35 16.8 104 2.0
Al 0.05 0.25 213 04 13.0 9.2 1.0
A2 0.04 0.32 3.9 1.0 243 15.1 -

Table 1. Chemical composition of steels in wt.%.
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Figure 1. Equilibrium pseudobinary Fe-C phase diagrams for (a) 316, (b) A1, and (c) A2 steels.

1000 min. The TTP diagram for 316 steel is shown in Figure 3(a) and it can be noticed that the
following precipitation reaction takes place:

ysss - V+ M23 C6 (1)
The fastest growth kinetics of precipitation is at a temperature slightly lower than 700°C.

Besides, no o phase is formed at these temperatures for short aging times. This fact is in good
agreement with the experimental TTP diagrams reported in the literature [1].
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In the case of both N-containing Al and A2 steels, the following precipitation reaction is
observed to occur in the TTP diagrams, Figure 3(b, c):

Ve = VTM,N 2)

That is, the aging at these temperatures for times up to 1000 min only promotes the pre-
cipitation of nitrides. The growth kinetics of precipitation occurs more rapidly in the
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Figure 3. TTP diagram for (a) 316, (b) A1, and (c) A2 steels.

316 steel than that of A1 and A2 steels, which can be attributed to the lower content of
interstitial solute causing a faster atomic diffusion process [2, 9]. The same reason can be
adopted to explain the faster growth kinetics for aging of Al steel. No o phase and M,,,C,
formation is observed for these aging conditions. This behavior is in agreement with
results reported in the literature [10, 11]. These diagrams show that the aging time for
the intergranular carbide or nitride precipitation is very short; thus, this may be expected
during the cooling at temperatures between 600 and 900°C in the welding process of the
materials.
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3. Microstructure evolution during aging

The SEM microstructures of the as-received 316, Al, and A2 steels are shown in Figure 4(a—c),
respectively. An austenite matrix is clearly observed for all the cases. Besides, neither intra-
granular nor intergranular precipitation is observed for this condition.

Figure 4. SEM micrographs of as-received (a) 316, (b) Al, and (c) A2 steels.
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Figure 5(a—f) illustrates, for instance, the SEM micrograph for 316, A1, and A2 steels after
aging at 700°C for 10 and 1000 min, respectively. An intergranular precipitation can be
observed on the austenite grain boundaries for all cases. The presence of intergranular
precipitation is in good agreement with all the TTP diagrams. The highest and lowest vol-
ume fractions of intergranular precipitation correspond to the A2 and 316 steels, respec-
tively. This is attributable to the highest content of interstitial solutes for the former steel.
Conversely, the 316 steel has the lowest content of interstitial solutes. The volume frac-
tion increases, in general with aging time. Nevertheless, the calculated growth kinetics
is not in good agreement with the experimental precipitation observed in both the aged
Al and A2 steels, since the intergranular precipitation is present for aging times as short
as 10 min. This fact can be attributed to the values of interfacial energy utilized in the
TC-PRISMA calculation. In the case of 316 steel, the precipitation presence in observed at
temperatures as high at 900°C for aging times up to 1000 min; however, the correspond-
ing TC-PRISMA-calculated TTP diagram that shows a very slow kinetics of precipitation
at 900°C.

Figure 5. SEM micrographs of (a, b) 316, (¢, d) A1, and (e, f) A2 steels aged at 700°C for 10 and 1000 min, respectively.
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The XRD patterns of precipitates, extracted from electrolytic dissolution of the austenite
matrix, are shown in Figure 6(a, b) for the 316 and Al steels, respectively, aged at 700°C
for 1000 min. These indicate that the precipitated phases correspond to Cr,,C,, and Cr,,C,
and Cr,)N for the aged 316 and Al steels, respectively. The presence of Cr,,C, carbide is
in good agreement with the TC-PRISMA-calculated TTP diagram for 316 steel; however,
the N-containing steel shows the existence of both Cr,,C, and Cr,N phases, which is not
observed in the TC-PRISMA-calculated TTP diagram for the Al steel. This can be also attrib-
uted to the interfacial energy between austenite matrix and carbide used for the TTP calcula-
tion. The nitrides and carbides detected in the XRD patterns are not only composed of Cr,
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Figure 6. XRD pattern of (a) 316 steel and (b) A1 steel aged at 700°C for 1000 min.
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but these are also formed by Fe and Mo according to the EDX-SEM analysis and composi-
tions calculated by Thermo-Calc. Thus, they are designated as M,,C, and M,N.

The experimental TTP diagrams, determined by SEM observations, for the three steels are
shown in Figure 7(a—c). The TTP corresponding to the 316 steel shows the intergranular pre-
cipitation of M,,,C, carbides for all aging temperatures and times, Figure 7(a), which is in good
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Figure 7. Experimental TTP diagram for (a) 316, (b) A1, and (c) A2 steels.
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agreement with the calculated TTP diagram of 316 steel. That is, the growth kinetics of carbide
is fast for all temperatures. The growth kinetics of carbide precipitation increases with aging
temperature.

Figure 7(b) shows the experimental TTP for the A1 steel. This indicates that there is almost no
precipitation at 600 and 900°C. The calculated TTP diagram for this steel, Figure 3(b), exhibits
no precipitation at 900°C, but there is nitride precipitation at aging temperature of 600°C.
As mentioned above, this disagreement can be attributed to the values of interfacial energy
between matrix and precipitate used for the TC-PRISMA calculation. In contrast, the experi-
mental TTP diagram of the A2 steel, Figure 7(c), presents precipitation at all temperatures
being the slowest kinetics at 600°C, which agrees with the calculated TTP diagram, Figure
3(c). It is important to note that the aging times for intergranular precipitation are very short
at temperatures of 600-900°C; thus, the intergranular precipitation may be expected to occur
during the welding process of thick structural sections. This fact may involve problems of
sensitization or thermal aging.

4. Effect of precipitation on cryogenic toughness

Plots of CVN impact test energy at -196°C as a function of aging time for the three steel aged
at different temperatures are shown in Figure 8(a—c). In general, the impact energy decreases
with aging time as a result of the increase in volume fraction of intergranular precipitates. In
the case of the aged 316 steel, there is almost no decrease in impact energy for the specimens
aged at 600 and 700°C, which is consistent with the low volume fraction of carbides detected
at these temperatures. The highest decrease takes place for the specimen aged at 900°C, which
observed the occurrence of the fastest growth kinetics of precipitation; and thus, the highest
volume fraction of precipitates.

In the case of N-containing steels, the highest decrease in impact energy occurs at aging
temperatures of 800 and 900°C for the Al and A2 steels, respectively. The fastest growth of
kinetics of precipitation was also observed to take place at those temperatures. No decrease
in energy was observed practically to occur for aging of Al steel at 900°C. In contrast, the
decrease in energy was more drastic for aging of A2 steel as the aging time and temperature
increase. This is attributable to the highest volume fraction of intergranular nitrides observed
at this aging condition.

The SEM fractographs of CVN impact test specimens are shown in Figure 9(a—f) for the 316,
Al, and A2 steel aged at 700°C for 0 (as-received) and 1000 min, respectively. The fracture
mode was transgranular ductile, Figure 9(a, b), for both the as-received and aged 316 steel
specimens. This behavior suggests that the intergranular precipitation has a small effect on
the toughness at cryogenic temperature. In contrast, the fracture mode of the aged Al and A2
steels changes from transgranular ductile to intergranular brittle as the aging time increases,
Figure 9(c—f). The presence of intergranular brittle fracture can be more clearly noted in the
aged A2 steels. This change in fracture mode can be attributed to the intergranular precipita-
tion of nitrides.
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Figure 9. SEM fractographs of CVN impact specimens at ~196°C for the (a, b) 316, (c, d) Al, and (e, f) A2 steels aged at
700°C for 0 and 1000 min, respectively.

The variation of CVN impact test energy at ~196°C with the volume fraction of intergranular
precipitates is shown in Figure 10 for the aged Al and A2 steels. These figures show clearly
that the impact energy decreases with the increase in volume fraction of intergranular pre-
cipitates promoting the intergranular brittle fracture. This fact suggests that the intergranular
precipitates cause the loss of cohesion of grain boundaries, as shown in Figure 11. This figure
shows precipitate chains on grain boundaries for the A2 steel aged at 900°C for 10 min.
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It is important to point out that the N-containing Al and A2 steels have higher mechanical
properties at cryogenic temperatures than those of the 316 steel; however, the former steels
are more susceptible to the grain boundary embrittlement.
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5. Summary

This chapter shows the effect of precipitation on cryogenic toughness for N-containing steels. The
presence of intergranular nitride precipitates causes a severe decrease in CVN impact test energy
for steels after aging at temperatures between 700 and 900°C for times as short as 10 min. This fact
is attributable to its higher volume fraction of intergranular nitride precipitates due to their higher
interstitial solute contents in comparison to 316-type steels. In contrast, the 316 steel shows a better
resistant to the decrease in impact energy after aging in spite of the faster growth kinetics of pre-
cipitation. N-containing steels exhibit the presence of intergranular brittle fracture as a result of the
grain boundary nitride precipitation. This behavior may be also present during the welding of this
type of nitrogen-containing steels because of the short aging time for precipitation.
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Abstract

The principles of doping of austenitic unstabilized Cr-Ni and Cr-Mn-Ni steels resistant
against pitting, slit, and intergranular corrosion (IGC) in weakly and strongly oxidative
media are considered. The features of the effect of individual and joint doping with nitro-
gen, molybdenum, and silicon steels on their resistance to local corrosion have been stud-
ied. The ambiguous effect of joint doping with nitrogen and molybdenum of Cr-Mn-Ni
steels on their resistance against pitting corrosion is revealed. It has been established
that the presence of silicon, in addition to nitrogen and molybdenum, is a prerequisite
for eliminating the propensity to the IGC after a long release of chromium-nickel steels.
The introduction of silicon into Cr-Ni steel with 0.03% C, with a balanced content of Cr,
N, Mo, and Si, equates it with a particularly low-carbon steel containing 0.003% C. Based
on the above doping principles, a number of austenitic steels are designed for production
equipment that is resistant to local corrosion in chloride-containing media and nitric acid.

Keywords: stainless steel, pitting corrosion, intergranular corrosion, crevice corrosion,
weakly oxidative and strongly oxidative media environment, alloying, cold deformation,
stable and unstable austenite, a’-phase, d-ferrite

1. Introduction

The issues of reducing the metal capacity in industry, reducing the costs of repairing metal
products, and increasing their service life and reliability are associated with the protection
of the metal fund against corrosion. The use of stainless steels and alloys is an important direc-
tion in combating metal losses from corrosion in various industries and, above all, in those
where metal products are used in corrosive aggressive environments. The greatest losses
from corrosion are characteristic for the chemical industry and thermal and nuclear power.

I m Ec H © 2017 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,
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In this case, the damage and failure of equipment in most cases are caused by the destruction
of stainless steels as a result of their corrosion cracking, pitting, and intergranular corrosion.

In the chemical engineering industry, stainless chromium-nickel and chromium-nickel-
molybdenum stabilized austenitic steels with a relatively high content of carbon 12Kh18N10T
and 10Kh17N13M2T have been widely used as materials combining high strength with good
processability in the metallurgical division. As a result of the development of industry
and the increasing role of the economic factor, the shortcomings of these steels have also been
revealed, in particular, low resistance against local corrosion in chloride-containing media.
Therefore, low-carbon non-stabilized steels of 03Kh18N11, 03Kh17N14M3, and 03Kh19N10AI'3
types were developed and mastered by industry, which significantly increased the reliability
of the welded equipment. At the same time, these steels are also prone to pitting corrosion
with prolonged thermal exposures to the IGC, and their strength properties are even lower
than those of 12Kh18N10T and 10Kh17N13M2T steels due to low-carbon content.

Increasing the resistance against local corrosion of austenitic steels is achieved as a result
of reducing the content of carbon in them and doping with elements passivating the metal
surface. It is known [1-3] that molybdenum inhibits active dissolution of steel, reduces
the critical passivation current, and increases the critical temperature of pitting in chloride-
containing media.

The use of nitrogen as an alloying element also makes it possible to obtain steels with high
corrosion resistance. Like carbon, nitrogen forms a solid solution in the gland and promotes
stabilization of the y-phase. Like molybdenum, nitrogen reduces the propensity of steels
to release intermetallic and carbide phases [3, 4].

The increased stability of the austenite of nitrogen-containing steels makes it possible
to obtain from them highly corrosion-resistant low-magnetic products with a time resis-
tance of the break of 2100-2150 N/mm? and a relative magnetic permeability of not more
than 1.05 [5].

The introduction of nitrogen into the steel contributes to preventing or inhibiting the forma-
tion of border discharges in it and increasing its corrosion resistance [6]. However, the pres-
ence of only nitrogen or molybdenum in the metal is insufficient to completely eliminate
the tendency to pitting corrosion [7, 8].

A high ability to self-passivate can have heat-treated steels alloyed together by nitrogen
and molybdenum [2, 7-9]. Such steels in the cold-deformed state are also characterized by
sufficient resistance to cracking during hydrogenation in chloride-containing media [10].

Increasing the resistance of austenitic steels against pitting corrosion is achieved by introduc-
ing silicon into them as an alloying element [11]. But silicon reduces the solubility of car-
bon, increases its thermodynamic activity, and accelerates the process of separating carbide
phases, which can lead to a decrease in the resistance of the steel against intergranular cor-
rosion [12].

In weakly oxidative environments, the influence of silicon on the propensity of austenitic
steels to intergranular corrosion can be either positive or negative [13].
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As follows from [14, 15], in steels Kh16N15M3 and Kh18N11 containing 0.03% C, an increase
in the concentration of silicon leads to an increase in their propensity to the IGC in a weakly
oxidative medium after tempering at temperatures above 650°C and to a decrease after heating
below 650°C. Alloying with silicon in an amount of >3.29% of steel Kh20N20, containing not
more than 0.032% C, suppresses its tendency to intergranular corrosion irrespective of the dura-
tion of tempering at 650°C within 1-100 h [16]. However, an increase in the silicon content
to 5.40% in the same steel (with 0.015% C and 0.1% P) reduces its passivating ability [17].

The ambiguity of the influence of silicon on the corrosion resistance of tempered steels is
caused by the formation of chromium-depleted border zones as a result of accelerating
the release of excess phases, on the one hand, and facilitating the passivisability of these
zones, thereby suppressing (complete or partially) their selective dissolution on the other.
The resulting effect depends on which of these two factors is most prevalent [13].

Despite numerous studies, the effect of doping on the resistance to local corrosion of cold-
deformed austenitic stainless steels with a stable and unstable austenite remains unclear.

2. Methodology of research

The investigated steels 22Kh18N5AM3D2S2 (EP 995) [18], 22Kh18N5AM3S2 (EP 996) [19],
and 15Kh21GIN9AM2-Sh [20] were produced under industrial conditions. The first two were
melted in 1-t induction furnace and the third in a 5-t electric arc furnace with a subsequent
ESR. Forged bars with a cross section of 83 x 83 mm were rolled onto a wire rod with a diam-
eter of 8 mm and then stretched onto billets with diameters of 3.0 and 1.5 mm. The workpiece
with a diameter of 3.0 mm was quenched with heating from 1120 to 1150°C and cooling in water
to study the microstructure and the resistance against IGC. Hardened billets with a diameter
of 1.5 mm were pulled onto a wire 0.8 mm in diameter (deformation rate of 72%), from which
samples were prepared for corrosion and mechanical and electrochemical tests.

The remaining meltings were produced in an induction furnace with a capacity of 40 kg. Forged
blanks of 35 x 35 mm were rolled onto a wire rod with a diameter of 8 mm and stretched onto
billets with diameters of 3.0 and 1.5 mm. After quenching from 1070 to 1150°C (depending
on the content of carbon and nitrogen), 1.5-mm-diameter billets were drawn to a wire 0.8 mm
in diameter, from which samples were prepared for the research.

Tests of steels for resistance against pitting and crevice corrosion were carried out under
conditions of uniaxial tension equal to 0.80,. For this purpose cold-worked specimens were
wound with wire of the same steel, passed into glass cylinders, filled with 10%FeCl,-6H,0
solution (GOST 9.912-89, ASTM G48A), and loaded into adapted creep machines.

The anodic potentiodynamic polarization curves were taken at room temperature in a chlo-
ride solution of 1.0-n H,SO, + 1.0-n NaCl by means of a potentiostat P-5848 in automatic
mode at a polarization rate of 3.6 V/h using a standard silver chloride electrode, a computer
IMM-IM3. Samples with a surface area of 5 cm? were mechanically polished, degreased,
and activated with a current of 2 x 10° A/cm? for 5 min.
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Resistance against IGC was tested on samples with a diameter of 3.0 mm after their tempering
at 550-750°C for 1, 10, 100, and 500 h according to the standard method of AMU GOST 6032.
Mechanical tests of cold-deformed wire samples were carried out in accordance with GOST
10446.

The microstructure was studied with a Neofot-2 light microscope. The composition
of the phases was determined by the X-ray diffraction method; o-ferrite and a’-phase (mar-
tensite of deformation) were detected from the value of the magnetic permeability of the sam-
ples, which was determined on a ballistic installation in a magnetic force field equal to 39.8 x
10* A/m (500 Oe).

3. Corrosion behavior of cold-deformed austenitic steels

Testing of samples under conditions of uniaxial tension in a 10% solution of FeCl,-6H,O made
it possible to reveal the effect of the separate and combined alloying with nitrogen and molyb-
denum for unstabilized Cr-Ni and Cr-Mn-Ni cold-worked steels on pitting and crevice corro-
sion resistance. The results of the tests are shown in Table 1.

From the data obtained, it follows that steel without nitrogen and molybdenum, as well
as separately doped with molybdenum or nitrogen, with both stable and unstable austen-
ite, tends for pitting and crevice corrosion. These steels are destroyed after 7-30 h in contact
with the wound wire because of the formation of deep pitting. The low resistance of sam-
ples against local corrosion is confirmed by the nature of the anodic potentiodynamic curves
(Figure 1). The critical passivation current and the total passivation current, indicating the abil-
ity to pass into the passive state of 17Kh18N9 and 17Kh18AN10 steels, are maximum and are,
respectively, (2-5) x 107 and (1-5) x 10° A/cm? (Figure 1, curves 1 and 2). On the polarization
curves in the region of complete passivation, secondary activation maximum and unstable
current jumps are seen associated with the formation of self-passivating pits.

Elimination of the tendency to pitting corrosion of cold-deformed Cr-Ni and Cr-Mn-Ni
steels with a stable austenite structure (magnetic permittivity 1.05 Gs/Oe) is achieved,
as can be seen from Table 1, when they are jointly doped with nitrogen and molybdenum.
All nitrogen-doped chromium-nickel steels containing molybdenum do not collapse under
prolonged stress tests. They are characterized by high resistance against pitting and crev-
ice corrosion, which confirms the previously obtained data [8, 21, 22]. Areas of secondary
activation absent on a polarization curve 3 steel 12KhI8N13AM3 (see Figure 1) are alloyed
with nitrogen and molybdenum. The critical passivation current is minimal, and the region
of potentials of total passivation is much wider than on curves 1 and 2 of steels 17Kh18N9
and 17Kh18AN10 (Figure 1). The surface of the 12X18H13AM3 steel samples remained light
after the tests, without any trace of corrosion. The appearance of d-ferrite and the formation
of an a-phase in the structure of nitrogen-containing Cr-Ni-Mo steels (1-3, see Table 1) do not
reduce their resistance to local corrosion.

Austenitic steels with a super-equilibrium content of nitrogen after cold plastic deformation
make it possible to obtain articles with yield strength of up to 3600 N/mm? or higher [23]. At
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Steel (nominal melt number) o, (N/mm?) Time to Phase 1 (Gs/Oe) PRE
failure (h) composition
Cr-Ni steels
22Kh18N5AM3D2S2 (1) (EP995) 2300 6500" y+a 7.5 30.3
22Kh18N5AM3S2 (2) 2670 6500 Y+ao 8.7 29.5
05Kh20N5AM2D2 (3) 1760 3000 Y+o+a' 15 29.2
03Kh18N9S2AM2 (4) 1920 3000"y 1,05 1920 3000* y 1,05 28,0 ~ 3000" Y 1.05 28.0
28,0
03Kh17N13S2AM2 (5) 1915 1000° Y 1.05 28.3
12KhISN13AM2 (6) 1815 1000 Y 1.05 32.1
20Kh20N13 (7) 1610 20-30 Y 1.05 20.0
17Kh18ANT10 (8) 1825 10-20 Y 1.05 21.8
07KhI8N10MS3 (9) 1770 15-20 Y+ao 10.1 27.4
17KhI8N9 (10) 1895 7-10 y+a 7.5 17.8
Cr-Mn-Ni steels
25Kh18GIN13M2 (11) 1820 10-15 Y 1.05 24.6
10Kh18G13AN4 (12) 1880 5-10 Y 1.05 22.1
25Kh18G9AN5M2 (13) 2240 1500 Y 1.05 31.0
25Kh18G9AN5M2S2 (14) 2410 1500 Y 1.05 31.2
15Kh21GIN9AM2-5h (15) 2215 1500° Y 1.05 35.8
10Kh18G9ANS5M2S2 (16) 2000 5-10 Y+ao 41 28.7
05Kh18G9AN5M2S2 (17) 1690 5-10 Y+o+al 7.3 29.1
05Kh18G9AN5M2S2 (18) 1650 1500 Y 1.05 332

*Specimens taken from testing without failure.

Table 1. Properties, phase composition, and time to failure of cold-deformed wire specimens 0.8 mm in diameter
of Cr-Ni and Cr-Mn-Ni steels in 10% FeC1,6H,0 solution with tensile stress of 0.80, under conditions, simulating
pitting, and crevice corrosion.

the same time, it is known [24] that when they crystallize a large part of the nitrogen passes
into nitrides of relatively large sizes. During subsequent heating, coarse particles of excess
phases are retained within the structure, ineffective for steel strengthening and reducing its
resistance to local corrosion.

In this regard, for the production of high-strength cold-deformed semifinished products, along
with low-carbon steels with super-equilibrium nitrogen content, the use of nitrogen-containing
steels with an increased carbon concentration, obtained by standard methods using nitrided
ferroalloys, is effective. Studies are under way to test the compositions of corrosion-resistant
Cr-Mn-Ni steels alloyed together by nitrogen and carbon [25], which significantly expands
the y-region on the equilibrium-phase diagram and improves the properties of steels [26].
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Figure 1. Anodic potentiodynamic polarization curves for cold-deformed steels 17KhI8N9 (1), 17ZKh18AN10 (2), and
12Kh18N13AMS3 (3) in 1.0-n H,SO, + 1.0-n NaCl solution.

It was shown [27] that doping with copper facilitates the passivation of steel and increases
its technological plasticity, ensuring the achievement of high strength due to large degrees
of deformation [19, 28, 29].

The possibility of cold working of metals with high degrees of deformation is also ensured by
sufficient solubility of excess phases in the structure of the steel during its high-temperature
hardening (Figure 2), which simultaneously increases the corrosion resistance of the metal.
On the polarization curve of 22Kh18N5AM3D2C2 steel (Figure 3, curve 1), there are no
secondary activation regions; the current in the total passivation region does not exceed
10° A/cm?, which characterizes a stable passive-state steel in a wide range of potentials.
With a time resistance of 2300 N/mm? the steel 22X18H5AM342C2 (EP 995) in a cold-
deformed state is not prone to pitting and crevice corrosion and can withstand 6500 h with-
out breaking in a chloride-containing medium at a stress of 0.8 o, (Table 1).

In accordance with technical conditions developed, industrial batches of steel 22KhISN5AM
3D252 (EP 995) have been prepared for corrosion-resistant marine cable structures 3 x19(1 +9+9)
and 3 x7(1 +6) with an improved aggregate strength (16,200 and 13,100 N).

Figure 2. Microstructure of steel 22Kh18N5AM3D2S2 (EP 995) after water quenching from 1120°C (a) and 1150°C (b).
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Figure 3. Anodic potentiodynamic polarization curves for cold-deformed steels 22KhISN5AM3D2S2 (1) and15Kh21G9
N9AM2-6h (2) in 1.0-n H,SO, + 1.0-n NaCl solution and especially low-carbon alloy 02KhN40MB in chloride electrolyte
after 100 h aging at 375°C (3).

As can be seen from Table 1, with separate doping with nitrogen and molybdenum, there is no
significant increase in resistance to pitting corrosion of cold-deformed Cr-Mn-Ni steels. Samples
of steels 25X18GIN13M2 and 10X18G13AN4 (melts 11 and 12) are destroyed after 5-15 h.
Elimination of the propensity to local corrosion of Cr-Mn-Ni-like Cr-Ni steels is achieved by their
joint doping with nitrogen and molybdenum. As a result, the samples survive the tests without
failure for 1500 h (melting 13-15, 18). However, the high corrosion resistance of manganese steels,
unlike chromium-nickel steels, is realized only if the former have a stable austenite structure,
without the inclusion of d-ferrite and a-phase, which increase the tendency to pitting corrosion
and reduce the time to fracture of the samples to 5-10 h (melting 16 and 17).

As a whole, local corrosion resistance for cold-deformed manganese steels depends
on the quantitative ratio within them of (5+ a’)-phase manganese on the one hand and molyb-
denum, nitrogen, and chromium on the other. Therefore, due to the balanced content
of the alloying elements, the steel 15X21T'9H9AM2-I11 [20] of industrial melting with the struc-
ture of stable austenite with the total content of nitrogen and carbon of 0.53% has a sufficiently
high corrosion resistance. On a polarization curve (see Figure 3, curve 2), areas of secondary
activation are absent. In the potential range from 0 to 900-1000 mV, the steel is in a stable pas-
sive condition, which points to the absence of a tendency toward pitting corrosion.

4. Potential resistance of austenitic steels to pitting corrosion

The potential resistance of steels to pitting corrosion can be estimated using the so-called
PREN (pitting resistance equivalent number), calculated by the formula PRE = % Cr + 3.3
(%Mo) + 16 (%N) [30, 31]. It is believed that the higher the PRE, the more resistant the steel
against pitting corrosion.
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Table 1 shows the PRE values of the investigated steels, which, as a rule, correspond to their
level of corrosion resistance. Elevated PRE values are characteristic for samples that do
not break down during testing. Reduced values indicate the propensity of steels to pitting
and crevice corrosion. At the same time, as can be seen from Table 1, melts 3 and 17, having
the same structure and practically equal values of PRE, are different in resistance to local
corrosion. One survives 3000 h of testing, and the other quickly collapses. In the corrosion-
resistant Cr-Ni alloy 4, the PRE (28.0) is less than the Cr-Mn-Ni melting 17 (29.1), prone to pit-
ting corrosion, which contradicts the meaning of the equivalent.

The obtained data indicate that the PRE formula does not take into account the different influ-
ence of the stability of austenite and inclusions of the second phases on the resistance to pit-
ting corrosion of Cr-Mn-Ni and Cr-Ni steels doped with nitrogen and molybdenum, as well
as their tendency to pitting corrosion in the case absence of one of these elements in the chem-
ical composition of steel.

5. Pitting corrosion of nickel alloys

An analysis of the published data shows that nickel alloys not doped with N and Mo are
prone to pitting corrosion (Table 2).

The Inconel 600 alloy containing a low percentage of chromium and high nickel has the low-
est resistance to pitting corrosion and is prone, according to [32], to intergranular corrosion
cracking.

Inconel 625 and Inconel 718 alloys, despite the high molybdenum content (up to 10 and 3.3%,
respectively), under certain conditions, also have low resistance against pitting corrosion.
Appearance of such corrosion of these alloys after aging in supercritical pressure (SCP) water
at 500°C for 500 h is shown in Figure 4 [33]. In this case, the PRE values reach the maximum

values.

Alloy C< Cr Ni Mo N PRE Propensity to PC
Inconel 600 0.15 14-17 <72 - - 14-17 There is

Inconel 690 0.05 27-31 <58 - - 27-31 There is

Inconel 625 0.10 20-23 <58 8-10 - 46-56 There is [33]
Inconel 718 0.08 17-21 50-55 2.8-3.3 - 26-31 There is [33]
02KhN40MB 0.02 18-20 30-40 4-5 - 31-36 There is [1]
KhN30MDB 0.03 29 31 35 0.05 41 There is [4]

0.12 42 No [4]

Table 2. The content of basic alloying elements and nitrogen (wt.%) in nickel alloys and their propensity for pitting
corrosion (PC).
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Figure 4. Pittings on the surface of nickel alloys Inconel 625 (a) and Inconel 718 (b) after their soak in water SCD at 500°C
for 500 h.

The alloy XH30MADB (DK 77) [34], if its composition includes up to 0.05% N, also does not
have sufficient resistance against pitting corrosion. However, an increase in the nitrogen con-

tent to 0.12% is sufficient to eliminate the propensity of the nickel alloy to pitting corrosion
(Table 2) [4].

6. Intergranular corrosion of austenitic Cr-Ni steels

6.1. Increasing the resistance of steels against IGC in a weakly oxidative environment

The results of tests of samples in a solution of sulfuric acid and copper sulfate in the presence
of copper chips according to the AMU GOST 6032 method after tempering at 650°C are given
in Table 3. It shows that steel without Mo, doped with Si (1) or Si and N (2), is prone to IGC
after tempering for 1-500 h [27]. The steels X16H15M3 [14] (3) and 03X20H19AM2 (4) alloyed
together with nitrogen and molybdenum are corrosion-resistant after tempering only for 1
h. Alloying of these steels with silicon (see grade 03X17H13C2AM2 (5)) makes it corrosion-
resistant after 100 H of heating.

Steel (nominal melt number) C Si N IGC resistance of steel tempered at 650°C (h)
Content (wt.%) 1 5 10 100 500
03Khl6NI4S2 [27] (1) 0.031 2.07 - . . ) . .
03Kh18N12AS2 (2) 0.029 1.53 0.16 ° . ) . .
Kh16N15M3 [14] (3) 0.032 <0,4 0.12 e} . . . .
03Kh20N19AM2 (4) 0.030 0.18 0.23 (@) . . . .
03Kh17N13S52AM2 (5) 0.034 1.71 0.20 O O @) O .
03Kh17N13S2AM2 (6) 0.029 1.90 0.14 0 O O O O
Khl6N15M3 [14] (7) 0.003 <0.4 0.13 ¢} ¢} O O O

Light symbols, there is no IGC; dark symbols, there is IGC.

Table 3. Results of testing for IGC (AMU GOST 6032 procedure) resistance after tempering at 650°C steels with separate
and combined alloying with N, Mo, and Si, containing ~0.03% C and steel Khl6N15M3 with 0.003% C.
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Reducing the nitrogen content from 0.20 to 0.14% in this steel (6) eliminates its propensity
to the IGC after a 500-h tempering. Similar corrosion resistance is possessed only by extremely
low-carbon steel X16H15M3 (7), containing 0,003% of carbon [14].

Steel 03X17N13S2AM2 does not show a tendency to intergranular corrosion after temper-
ing and other temperature and time parameters in the range 550-750°C (Figure 5a). This
steel is much more resistant to IGC steel than the steel X16N15M3 with the same content
of carbon and nitrogen (Figure 5b) [14], practically not inferior to especially low-carbon steel
with 0.003% C (Figure 5¢) and is not inclined to pitting and crevice corrosion (see Table 1,
melting 5).

Thus, the introduction of silicon into the nitrogen-containing chromium-nickel austenitic
steel with 0.03% C doped with molybdenum significantly improves its resistance against IGC
and at a balanced content of Cr, N, Mo, and Si equates to a particularly low-carbon stainless
steel containing 0.003% C.

The results of the investigations show that improvement of passivability and elimination
of the propensity to pitting corrosion of cold-deformed austenitic chromium-nickel and sta-
bly austenitic chromium-manganese nickel steels with high- and low-carbon content are
achieved by their joint doping with nitrogen and molybdenum.

However, to prevent a tendency for the IGC to leave after tempering in the investigated
temperature-time range of stainless steels, their passivation with doping with nitrogen
and molybdenum is insufficient. Apparently, this is due to the fact that when heated
in the region of dangerous temperatures along the grain boundaries, chromium-depleted
zones are formed as a result of the precipitation of excess phases. Therefore, the neces-
sary condition for stability against IGC in the weakly oxidative environment of austen-
itic Cr-Ni steels after their long tempering at 550-750°C is the simultaneous presence
in them of not only nitrogen and molybdenum but also a sufficient amount of silicon that
improves, according to [13, 16, 17], the passivation of chromium-depleted boundary zones
and reduction in tens or even hundreds of times the dissolution rate of tempered steels
containing < 0.032% C.

0,02%% C 0,032% C 0,003% C

0.14%N 0.12% N 0,13%N
Temperature °C 1,90% Si <0,40% Si <0.40% Si
750 O O & O O
O O L ] o o]
650 @] O [ ] Qo 0]
O O ® O O
55(} A O " o - O C\
1 10 100 500 1 10 100 500 1 10 100 5000
Tempering time, h
a b c

Figure 5. Resistance against IGC of nitrogen-containing steels 03KhI7N13S2AM2 (a) and Kh16N15M3 (b, c) with
different contents of C and Si. Light symbols, there is no IGC; dark symbols, there is IGC.
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6.2. New steels resistant to IGC in a strongly oxidizing environment

The main structural material for the manufacture of equipment producing nitric acid is steel
03Kh18N11 and its analog AISI 304L. Nitric acid is a strong oxidant, and the equipment used
in its production has an inadequate service life due to corrosion damage.

In TsNIIchermet developed austenitic steels of the new system of doping Cr-Ni-N-5i (<0.03%
C, 14-17% Cr, 9-11% Ni, 2-4.5% Si) are intended for work in contact with highly oxidizing
media [35-37]. The development is based on the nitrogen-containing steel 03Kh17AN9, which
was doped with silicon in an amount that provides the formation of an austenite structure,
and also the content of chromium and nickel was changed. The concentration of nitrogen
and silicon in the steels was in the range of 0.08-0.145 and 2.0-4.5%, respectively.

The most positive results were obtained on the basis of two doping systems, (14-16)% Cr-11%
Ni and (14-17)% Cr-9% Ni, with additions of nitrogen and silicon.

The metal for investigation was melted in a vacuum induction furnace and poured into
10 kg ingots that were forged on bobbins and rolled onto a 10-mm-thick sheet. The samples
were quenched in water after heating to 1050°C. Resistance of steels against IGC was deter-
mined on polished cylindrical specimens with a diameter of 5 mm, a length of 60 mm
according to a method simulating the method of DU GOST 6032. An analogue express
method was used in which by using a more oxidizing medium, 27% HNO, + 40 g/ Cr*
reduces the test time to 10 h.

The results of tests of steels for resistance against IGC are presented in Table 4. It can be seen
that in comparison with steel 03Kh18N11, a decrease in chromium content from 16 to 14% at
a nickel concentration of 11% and joint doping with nitrogen and silicon contributes to a 5-10-
fold decrease in the mass loss of samples, and a decrease in chromium content from 17 to 14%
and nickel to 9% is 5-28 times.

Steel Test time (h) Am_/Am
1 6 10

Mass loss Am (g)

03Kh18N11 0.014 0.327 1.046 -
03Kh16N11AS2 0.014 0.095 0.212 493
03Kh15N11AS2 0.015 0.078 0.127 8.24
03Kh14N11AS2 0.015 0.062 0.102 10.25
03Kh17N9AS2 0.012 0.091 0.194 5.39
03Kh15N9AS2 0.016 0.099 0.196 5.34
03Kh14N9AS4 0.002 0.021 0.037 28.27

Note: Am_ u Am, mass loss of standard steel 03Kh18N11 and new steels for 10 h.

Table 4. The change in the mass of the samples as a function of the time of testing for IGC in a strongly oxidizing
medium.
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The increase in resistance against intergranular corrosion in a highly oxidative environment
of nitrogen-containing silicon-doped Cr-Ni steels should be attributed to its ability to enrich
the surface layers, thereby increasing the protective properties of the passivating films.

Inaccordance with thenew system of doping of Cr-Ni-N-5i, new austenitic steels 03Kh17N9AS2
and 03Kh14N9AS4 are developed that are not inclined to IGC in a strongly oxidative environ-
ment and are much more corrosion-resistant than standard steel 03Kh18N11.

It is generally accepted that the main cause of the destruction of steels under conditions of con-
tact with an aggressive medium is local corrosion of the metal, which leads to a decrease
in its working section. However, there are reasons to believe that another reason for the crack-
ing of the metal can be its hydrogen saturation due to the development of delayed fracture
phenomenon [38-41]. The results of the study showed that the new steels 03Kh17N9AS2
and 03Kh14N9AS4, designed for operation in highly oxidative media, also have an increased
resistance to delayed fracture and hydrogen embrittlement [42, 43].

7. Local corrosion and choice of candidate steel for heat-exchange tubes
of NPP with WWER

Historically, the steel 08X18H10T was chosen for heat-exchange pipes of the first domestic
steam generators of NPPs with WWER. Despite all subsequent upgrades, this steel remained
unchanged for steam generators [44]. While during this time at foreign nuclear power plants

Steel/alloy NPP with o, o, 0(%) PRE Resistance against Resistance against
N/mmz— the PC (Q); inclination the IGC (Q); inclination
to PC (e) to IGC (e)
Not less than

Applied steels and alloys

AISI 304" PWR 205 515 40 19 . .
AISI 316" 205 515 40 25 . .
Inconel 600" 205 550 35 15.5 ° .
Inconel 690 240 550 45 29 . Oe
08Kh18N10T WWER 196 490 40 18 . Oe

Candidate steels

03Kh17N13S2AM2  WWER 340 650 40 30 (@) ©)
AISI 316LN 280 600 40 28 O Qe
AISI 316L [30] 170 485 40 26 o O
AISI 316 Ti [30] 220 520 40 24 ) (@)

*Currently not applicable.

Table 5. Mechanical properties and resistance to pitting (PC) and intergranular (IGC) corrosion of steels and alloys
used previously and currently for the production of heat-exchange tubes of nuclear power plants (NPP) with PWR
and WWER.
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with PWR, not a single generation of pipe system materials has been replaced [30]. The AISI
304 and 316 steels were replaced with nickel alloys —first, it was Inconel 600 and then the more
corrosion-resistant Inconel 690 (see Table 5). However, recently this alloy also becomes
a problem for NPPs with PWR. The instability of its corrosive behavior is close to the charac-
teristics of the Inconel 600 alloy [45].

There is every reason to believe that the problems of damage to heat-exchange pipes made
of AISI 304 and 316 steels and Inconel 600 and 690 alloys have led to ignoring their propensity
to local corrosion (Table 5). In this respect, steel 08Kh18N10T is also rather mediocre. It is
prone to pitting corrosion [30] and, in certain cases, to the IGC.

Steel X16N15M3 [14] (see Table 2, steel 3) is an analog of AISI 316LN and is not prone to pit-
ting corrosion (Table 5), but is resistant to MCC after tempering at 650°C for only 1 h.

Thus, among the candidate materials for heat-exchange pipes, the most promising, as can
be seen from Table 5, is steel 03Kh17N13S2AM2, the chemical composition of which is devel-
oped on the basis of grade 03Kh18N9S2AM2 [46]. Steel has the highest mechanical properties
and no tendency to local corrosion.

8. Corrosion resistance of steel for heat-exchange tubes of reactor
with lead coolant

The new steel 03Kh18N13S2AM2VFBR-Sh (EP 302M-Sh) [47], designed on the basis of
grades 03Kh18N9S2AM2 [46] and 10Kh15N9S3B-1II, was proposed for manufactur-
ing heat-exchange tubes of the steam generator of the said reactor. Pipes, made of steel
03Kh18N1352AM2VFBR-Sh, will be operated simultaneously in liquid lead and chloride-
containing steam-water medium.

The results of her tests, presented in Table 6, indicate that the rate of crevice and pitting cor-
rosion of this steel is 2 orders of magnitude lower than the standard grades 08Kh18N10T,
stainless in an aqueous medium, and 10Kh15N9S3B-Sh (EP 302-Sh) designed for opera-
tion in liquid lead. In tests for stress-corrosion cracking, samples from a new steel —Odinga
rings—do not collapse, in contrast to standard steels, for 1000 h (Table 7).

Steel SC rate PC rate
g/m?h

03Kh18N13S2AM2VFBR-Sh 0.10 <0.01

10Kh15N9S3B 25 9.6

08Kh18N10T 16 7.8

*On contact with a sealing sulfur-containing material.

Table 6. The slit (SC)" and pitting (PC) corrosion rate in 10% FeCl,-6H,O solution of the new 03Kh18N1352AM2VFBR-Sh
and standard steels.
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03Kh18N13S2AM2VFBR-Sh 10Kh15N9S3B 08Kh18N10T

Tensile stress (N/mm?)
523 552 295
Time to failure (h)

1000 43 10

*Samples are not destroyed.

Table 7. Time before the destruction of the Odinga rings in 10% FeCl,-6H,0 solution with tensile stress of 1.20,,
of the new 03Kh18N1352AM2VFBR-5h and standard steels.

Corrosion indicators 03Kh18N13S2AM2VFBR-Sh 12Kh18N10T AISI 316L
Weight gain (g/m?) 0.33 0.54 -
Corrosion rate (mg/m?h) 0.88 15 5.6

Table 8. Corrosion parameters of polished samples of steel 03Kh18N1352AM2VEBR-Sh, 12Kh18N10T in an aqueous
medium at 505°C, pressure 17 MPa for 1000 h [39], and AISI 316L steel at 480°C, 25 MPa pressure for 500 h [49].

Table 8 shows the results of gravimetric measurements of polished samples of steel 03Kh18N13S2
AM2VFBR-Sh after 1000 h of testing in an aqueous medium of an autoclave complex at 505°C,
a pressure of 17 MPa, and a dissolved oxygen concentration of 30 ppb [48]. From the data
obtained, it follows that the corrosion rate of the new steel in the water-coolant environment is
almost 1.5 times lower than that of the grade 12Kh18N10T and several times smaller than that
of the AISI 316L steel. The new steel after the tests remained without trace of corrosion, unlike
the Inconel 625 and 718 alloys with pitting on the surface of the samples after they had been held
in supercritical pressure (SCP) water with an oxygen concentration of 25 ppb at 500°C for 500 h
(see Figure 4).

9. Conclusion

Results of investigation of the effect of joint and separate doping with nitrogen and molybde-
num, cold deformation, inclusions of the a'-phase, d-ferrite on the tendency to pitting corrosion
of Cr-Ni and Cr-Mn-Ni steels with stable and unstable austenite, studying the influence of sil-
icon, and nitrogen resistance to intergranular corrosion of Cr-Ni steels are essentially the prin-
ciples of alloying unstabilized austenitic steels that are resistant to local corrosion in weakly
and strongly oxidizing environments. On their basis, a number of austenitic steels of the fol-
lowing types have been developed: 22Kh18N5AM3D252 (EP 995), 22Kh18N5AM3S52 (EP996),
15Kh21GIN9AM?2-Sh, 03Kh18N9S2AM?2, 03Kh17N13S2AM2, 03Kh18N1352AM2VEBR-Sh,
03Kh17N9AS2, 03Kh14N9AS4, 03Kh20N19AM2 (EC 176), 12Kh18N13AM3 (EP 878), etc.
These steels are designed to produce equipment that is resistant to local corrosion in chloride-
containing media and nitric acid.
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Abstract

The pitting corrosion behavior of 301, 304 and 316 austenitic stainless steels in
2M H,S0, at 0-1.5% NaCl concentrations was investigated through potentiodynamic
polarization and optical microscopy analysis. Electrochemical analysis of the pitting
corrosion inhibition and surface protection properties of rosemary oil and aniline on
the stainless was also performed. The corrosion rate, pitting potential, passivation
potential, metastable pitting potential and surface morphology of both steels where
significantly altered by changes in chloride concentration, differences in alloy com-
position and metallurgical properties of the steels. 316 steel had the lowest corrosion
rate and highest pitting corrosion resistance followed by 301 steel. The surface mor-
phology of 316 steel was slightly altered at 1.5% NaCl concentration while 301 steel
appears to etch with grain boundaries appearing at higher chloride concentration.
304 steel showed no resistance to pitting after 0% NaCl coupled with relatively
significant increase in corrosion rate values. Its surface morphology showed the
presence of corrosion pits with respect to chloride and inhibitor concentration. Rose-
mary oil and aniline significantly reduced the corrosion rates values of the stainless
steels and with consequent increase in their pitting corrosion resistance; however the
compounds had no positive influence on the pitting corrosion behavior of 304 steel.

Keywords: pitting, corrosion, steel, sodium chloride, austenitic

1. Introduction

Lean austenitic stainless steels consisting mainly of 201, 301, 304 and 316 stainless steel alloys
have immense applications in food preparation equipment particularly in chloride environ-
ments, boat fittings, chemical containers, heat exchangers, marine applications, pharmaceuti-
cal industries, petrochemical, offshore drilling, water desalination and diluted acid containers
at low temperature, etc., where high strength is of very high importance in the material of
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application due to the austenite stability of these alloys which gives a wide range work-
hardening rates and ductility [1]. They have less than 20% chromium and 14% nickel content.
This category of stainless steels is easily weldable and formable with sufficient corrosion
resistance for general purpose applications in mild corrosive environments due to the forma-
tion of a passive protective film on the surface of the steels. The passive film consists of the
chemical combination of iron and chromium oxy-hydroxide layer, and water containing-
compounds at the metal/solution interface [2]. Localized dissolution of the passive film is one
of the major causes of pitting corrosion failure of these steels during application. The dissolu-
tion tends to be stochastic rather than a visible catastrophic process [3-5].

Previous research on pitting corrosion has shown that it is difficult to experimentally conclude
on its mechanism due to its random nature and breakdown of the steel's passive film is due to
the selective dissolution of the iron substrate metal [6-12]. The electrochemical process of
pitting corrosion results in the formation of microscopic holes of various sizes on metal
surfaces which tends to rapidly increase in dimension especially in the presence of chloride
ions within the corrosive medium. Under appropriate conditions lean austenitic stainless steels
pits at different rates due to differences in chromium, nickel content and metallurgical struc-
ture. Due to its localized nature pitting corrosion may be undetected at the onset as only
microscopic regions of stainless steel surfaces corrodes while the remaining portion remains
passive and cathodic. Pitting is particularly insidious in nature due to the extent of rapidly
penetrating into the mass of the metal. The result of such rapid perforations can induce leakage
of fluid or alternatively, pitting to crack transition may occur with consequential crack nucle-
ation and growth which leads to brittleness and catastrophic failure. In most cases the corro-
sive damage is in its advanced stages before detection. The need to further understanding the
pitting corrosion mechanism and the influence of organic chemical inhibitors on the electro-
chemical process resulting in pitting is of very high importance.

1.1. Pitting corrosion mechanism in the presence of chlorides

Pitting corrosion mechanism generally consists of pit initiation and pit propagation stages
during the metal dissolution process. The pit initiation stage is the product of the electrochem-
ical action of aggressive ions such as chlorides, sulfates, thiosulfates, etc., at specific regions,
sites or flaws in the oxide layer which in some cases causes segregation of alloy elements on the
metallic surface. Once a pit nucleates, pit propagation proceeds autocatalytically. The autocat-
alytic reaction produces cavities initiated at the surface, resulting in a myriad of shapes and
sizes. This however depends on the microstructure of the material, electrolyte and various
electrochemical factors. Chlorides are most commonly responsible for pit formation on stain-
less steels as shown in Figure 1 according to Eqs. (1)-(10). They locally disrupt the passive
oxide film at preferential sites especially sites consisting of sulfide inclusions resulting in the
gradual formation of corrosion pits. The passive film of stainless steels is made up of adsorbed
oxygen. In the presence of chloride ions the higher affinity of oxygen allows for displacement
of chloride ions, however as the alloy potential becomes more positive and chloride ions
displaces the oxygen atoms and diffuse to the metal/oxide layer [13-20]. The chloride ion
diffusion is due to electrostatic attraction. The presence of chloride ions within corrosion pits
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Figure 1. Chloride attack on stainless steel alloy.

stimulates the redox electrochemical reactions necessary for the propagation of the pits. This
phenomenon increases the entropy of the reaction species within the pit thus accelerating the
localized corrosion of stainless steels. Changes in the electrolyte occurs due to high anodic
dissolution rates, and limited diffusion of ionic species The increase in acidity of the electrolyte
within the pit caused by insufficient oxygen further accelerates the pitting corrosion reactions
in addition to the significant difference between the anode and cathode areas of the steel. This
results in metal dissolution leading to cation production within the pits. Pit initiation also
occurs due to intermetallic inclusions, micro-segregations, stress points and regions due to
dislocations and fatigue.

Anodic reactions inside the pit:

3Fe + 4H,0 — Fe;0, + 8H + 8e 1)
Fe — Fe?" 4+ 2e™ (dissolution of iron) )
Fe’" + H,O — Fe(OH)" + H* 3)
3Fe(OH)" + HyO — Fes0, + 5H + 2e @)

In the presence of CI~, the hydrolysis of Fe?" is accelerated, as shown in the reactions below;

Fe?* + CI*~ — FeCl, 5)
FeCl, + H,O — Fe(OH)" + H" +2C1~ (6)
Fe** + H,0 — Fe(OH)" + H* %)

The electrons given up by the anode flow to the cathode (passivated surface) where they are
discharged in the cathodic reaction:
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150, + HyO + 2e~ < 2(OH") ®)
H" +e—H )
2H' +2e — H, (10)

Pit propagation involves consistent anodic dissolution by diffusion due to high concentration
of metallic and chloride ions within corrosion pits, hence a high concentration of hydrogen
ions due to hydrolysis [21]. The corrosion process within the pit is a specific type of anodic
reaction whose conditions enables and is necessary for electrochemical reactions within the pit.
The diffusion of metallic cations to the pit exterior causes the chloride concentration within the
pit to increase resulting in accelerated propagation of the pitting corrosion already taking
place. A high cation concentration already exists within the propagating pit, and more chloride
ions diffuse into the pit to maintain solution concentration [22, 23]. This phenomenon prevents
the repassivation of the stainless steel alloy which otherwise will hinder the pit propagation
mechanism.

1.2. Metastable pitting

Repassivation of the oxide protective film on stainless steels causes newly formed pits to
disappear for several reasons. Metastable pits are visible during potential scanning indicated
by the current fluctuations at very low potentials, below the values necessary for stable pits to
occur [24-26]. The pits are microscopic in dimension with a very short lifespan resulting
smaller damages on the metallic surface. The passive film on stainless steels is locally damaged
during the metastable pitting process before metal dissolution and then surface repassivation.
At low potentials, dissolution cannot continue but as the potential of the system increases, the
anodic dissolution rate increases and the peak current and lifetime of the metastable pit
increase before repassivation. The lower the potential at which stainless steels repassivate after
metastable pit formation, the higher the pitting corrosion resistance of the steel. The size of
inclusions, flaws, and impurities as well as the presence of fatigue stress are important param-
eters for the occurrence and properties of metastable pits [27]. There is consistency and corre-
lation between the behavior of stable and metastable pitting. If the acidity and concentration of
aggressive ions necessary to keep dissolution in a pit cannot be maintained, repassivation
would happen. When a pit has developed to the critical condition which can maintain contin-
uous dissolution in the pit, the metastable pit would transform to a stable pit. The two major
criteria responsible for metastable pitting are chloride ion concentration and effect of alloying
elements. Chloride in the early stage of pitting corrosion would damage the passive film, and
promote the nucleation of metastable pits. The larger the chloride concentration, the higher the
metastable pitting nucleation rate. Therefore, with the increase of chloride concentration, both
the nucleation and the growth of metastable pits are promoted. According to Burstein [28, 29],
this is directly associated with the observation that the number of surface sites available
for development of a metastable pit decreased with decreasing chloride for all potentials.
A number of researchers studied the effect of alloying elements on the formation of metastable
pitting and observed that stainless steel alloys with varying concentration of chromium and
molybdenum experience a decrease in the number of metastable events with time due to
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improve corrosion resistance of the passive film resulting in decrease in available initiation
sites [30-33].

2. Potentiodynamic polarization study and inhibition of the pitting
corrosion of 301, 304 and 316 in acid chloride media

Pitting corrosion initiation and propagation is subject to factors responsible for any electro-
chemical corrosion reaction such as charge-transfer mechanisms, ohmic effects and mass
transport phenomena. The importance of environmental and material factors relevant to the
pitting process, such as electrochemical potential, alloy composition, electrolyte concentration
and temperature can be understood by their role on pit growth stability. Influence of the
passive film characteristics and the mechanism of the initiation of pitting or breakdown of the
otherwise protective passive film are highly important in the study of pitting corrosion.
Studies performed on metastable and stable pit growth of metallic alloys have seen consider-
able progress on propagation processes, conditions and effects of electrochemical variables.
Several mechanisms have been proposed to explain the passivity breakdown. Compounds
capable of releasing chloride ions to aqueous environments have strong possibility of causing
pitting corrosion failure in stainless steels. The chloride ion is highly electronegative and very
reactive with specific compounds and elements. The polarization behavior in chloride ion-
containing solution has been investigated for decades and a number of conclusions on its
electrochemical influence on the pitting corrosion mechanism have been reached [34—41]. In
this chapter, the pitting corrosion resistance of type 301, 304 and 316 austenitic stainless steels
exposed to 2 M H,SO, acid at specific chloride concentrations will be discussed with focus on
the potentiodynamic polarization behavior of the steels, characterization of the pitting suscep-
tibility of the steels in the environments under study, metastable pitting, influence of chloride
ion concentration and inhibitor protection through the use of rosemary oil and aniline.

2.1. Experimental methods
2.1.1. Materials and preparation

301, 304, 316 austenitic stainless steels (301SS, 304SS and 316SS) sourced commercially had a
nominal composition (wt.%) as shown in Table 1. The steel samples machined and afterwards
grinded with silicon carbide abrasive papers (80, 120, 220, 320, 600, 800 and 1000 grits) before
cleansing with deionized water and acetone for potentiodynamic polarization tests according
to ASTM G1-03 [42]. Polarization measurements were conducted out at ambient temperature
of 30°C using a three electrode system and glass cell containing 200 mL of the corrosive test
solution with Digi-Ivy 2311 potentiostat. 301SS, 304SS, 3165S electrodes mounted in acrylic
resin with an exposed surface area of 0.6, 0.79 and 1.33 cm> were prepared according to ASTM
(G59-97 [43]. The polarization plots were obtained at a scan rate of 0.0015 V/s between poten-
tials of —0.5 and +1 V according to ASTM G102-89 [44]. A platinum rod was used as the
counter electrode and a silver chloride electrode (Ag/AgCl) as the reference electrode. Corro-
sion current density (Jorr) and corrosion potential (E.,,) values were obtained using the Tafel
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Element symbol Si N Ni Mo Cr Mn P S C Fe

% Composition (301SS) 1 0.1 8 - 16 2 0.045 - 0.15 72.7
% Composition (304SS) 0.75 0.1 8 - 18 2 0.045 0.03 0.03 69.31
% Composition (316SS) 0.75 0.1 11 3 18 2 0.045 0.03 0.08 65

Table 1. Percentage nominal composition (wt.%) of 301SS, 304SS and 316SS.
extrapolation method. The corrosion rate (¥) and the inhibition efficiency (1., %) were calcu-
lated from the mathematical relationship:

0.00327 X Joore X Equ
Cr = 5

(11)

where ] is the current density in Afem?, D is the density in g/cm3 and Eg, is the sample
equivalent weight in grams. 0.00327 is a constant for corrosion rate calculation in mm/y [45].
2MH,50,4/0.25, 0.5, 0.75, 1, 1.25 and 1.5% NaCl solution, prepared from analar grade of H,SO,
acid (98%) and recrystallized NaCl with deionized water. Rosmarinus officinalis obtained from
NOW Foods, USA is a golden, translucent, oily liquid with a molar mass (active groups) of
691.14 g/mol. Aniline obtained from has a molar mass of 81.38 g/mol. It is a dark translucent
liquid soluble in water with a molar mass of 93.13 g/mol. The compounds were prepared in
volumetric concentrations of 5% in 200 mL of 2MH,50,/0.25% and 1.5% NaCl solution.
Optical images of steel samples before and after corrosion were analyzed with Omax trinocu-
lar metallurgical through the aid of ToupCam analytical software.

2.2. Result and discussion
2.2.1. Potentiodynamic polarization studies

The corrosion polarization behavior of 301SS, 304SS and 316SS samples in 2 M H,S0, at
0-1.5% NaCl is shown in Figures 2-4. Table 2 shows the results for the potentiodynamic
polarization curves. 316SS generally showed a higher resistance to corrosion than 301SS and
304SS at 0-1.5% NaCl from observation of corrosion rate values in Table 2, however its
corrosion resistance is subject to changes in chloride ion concentration in the acid solution.
The corrosion rates of 304SS were relatively higher than 316SS and 301SS. The surface of 304SS
tends to more easily form soft acid, compared to the other steels from the concept Lewis acid-
base theory, thus adsorbing chloride and sulfate ions which accelerates its corrosion rate faster
than the others [46]. The corrosion rate of 301SS is comparable to 304SS from 0 to 0.5% NaCl
having generally similar values but its corrosion rate remained constant after 0.5% due to its
more stable electrochemical corrosion resistance behavior to changes in higher chloride ion
concentration.

The corrosion rate values of the 301SS, 304SS and 316SS studied corresponds with values of
corrosion current and polarization resistance. The cathodic and anodic Tafel slopes for 301SS
and 304SS were generally constant with minor variation due to consistent redox electrochem-
ical reactions of hydrogen evolution, oxygen reduction and oxidation reactions taking place at
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Figure 2. Potentiodynamic polarization curves of 301SS in 2 M H,50,/0-1.5% NaCl.
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Figure 3. Potentiodynamic polarization curves of 304SS in 2 M H,50,/0-1.5% NaCl.
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Figure 4. Potentiodynamic polarization curves of 316SS in 2 M H,50,/0-1.5% NaCl.
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Sample 2M Corrosion  Corrosion Corrosion Corrosion Polarization Cathodic Anodic
H,SO4/NaCl rate (mm/y) current (A) current potential (V) resistance,  Tafel slope,  Tafel
conc. (%) density R, (Q) B, (V/dec) slope, B,
(A/em?) (V/dec)
301SS
A 0 9.086 5.23E-04 8.72E-04 —0.052 31.23 —6.674 3.527
B 0.25 14.889 8.57E-04 1.43E-03 —0.064 16.17 —8.304 3.420
C 0.5 16.314 9.39E-04 1.57E-03 —0.051 14.37 —-7.676 3.231
D 0.75 14.681 8.45E-04 1.41E-03 —0.062 19.37 —8.498 3.600
E 1 14.976 8.62E-04 1.44E-03 —0.071 17.39 —7.692 3.513
F 1.25 15.306 8.81E-04 1.47E-03 —0.074 19.17 —-8.151 3.620
G 15 15.584 8.97E-04 1.50E-03 —0.068 13.11 —8.497 3.030
304SS
A 0 7.694 5.92E-04 7.49E-04 —0.092 53.57 —-10.89 5.289
B 0.25 16.766 1.29E-03 1.63E-03 —0.06 91.83 -11.117 5.433
C 0.5 18.066 1.39E-03 1.76E-03 —0.062 42.35 -10.49 5.146
D 0.75 21.315 1.64E-03 2.08E-03 —0.081 49.01 —-10.08 5.127
E 1 22.875 1.76E-03 2.23E-03 —-0.073 13.74 —-9.026 4.432
F 1.25 26.774 2.06E-03 2.61E-03 —0.067 9.77 —9.853 4.245
G 15 30.543 2.35E-03 2.97E-03 —0.062 742 -10.91 4.121
316SS
A 0 1.176 1.50E-04 1.13E-04 0.024 23.34 —6.971 2.486
B 0.25 2.249 2.87E-04 2.16E-04 —0.06 40.34 —8.721 —0.925
C 0.5 3.197 4.08E-04 3.07E-04 —-0.178 12.37 —9.826 -1.123
D 0.75 3.879 4.95E-04 3.72E-04 —-0.153 13.49 —8.203 2.725
E 1 5.337 6.81E-04 5.12E-04 —0.102 13.92 —8.581 6.976
F 1.25 6.403 8.17E-04 6.14E-04 —0.075 14.49 —8.585 2.033
G 1.5 7.273 9.28E-04 6.98E-04 —0.058 18.29 —8.691 5.979

Table 2. Potentiodynamic polarization results for 301SS, 304SS and 316SS in 2 M H,50,4/0-1.5% NaCl.

the steel surfaces with respect to chloride concentration. The observed variation in anodic
Tafel slope for 316SS compared to its cathodic Tafel slope with respect to chloride concentra-
tion is probably due to the slow electron transfer step resulting from changes in rate control-
ling step, influence of potential controlled conditions and the presence of molybdenum in its
metallurgical structure [47, 48]. This observation corresponds with significant changes in
corrosion potential of 316SS compared to 310SS and 304SS. The corrosion potential transits
to positive potentials after 0.25% NaCl due to release of fewer electrons which increases the
anodic reaction mechanism. The anodic-cathodic polarization scans for 301SS and 304SS
(Figures 2 and 3) were quite similar at all NaCl concentrations compared to 316SS (Figure 4)
which showed as a wide scatter over the potential domain. This observation shows that
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changes in NaCl concentration have limited influence on the polarization behavior and
redox corrosion reaction mechanisms of 301SS and 304SS as stated earlier from evaluation
of anodic and cathodic Tafel slopes.

2.2.2. Pitting corrosion evaluation

Study of the pitting corrosion resistance of 301SS, 304SS and 316SS was done through evalua-
tion of pitting, passivation and metastable pitting potentials, and their passivation range.
Theoretically the pitting potential is the potential at which pitting corrosion occurs, but below
which pits do not nucleate. The passivation potential is the potential value at which potentials
greater to or equal to this potential, pit do propagate, but below which the metal retains its
passivity. The stainless steel samples exhibited unique pitting corrosion resistance characteris-
tics that differ significantly from each other. 316SS showed the highest resistance to pitting
corrosion from observation of potentiostatic values in Table 3 at 0-1.25% NaCl. At 1.5% NaCl
concentration 316SS showed no pitting corrosion resistance behavior from observation of
Figure 3, as a result the steel failed immediately after anodic polarization. The passivation
range of 316SS which shows the extent to which stainless steels sustains their passive film
remain unchanged at 0.25% NaCl, after which it increased at 0.5% NaCl and remained

Sample 2 M H,S04/NaCl Metastable pitting potential Passivation potential  Pitting potential ~ Passivation

conc. (%) (V), Empint (V), Epass V), Epixe range (V)

310SS

A 0 —0.07 0.12 1.23 1.11
B 0.25 —0.02 0.23 1.27 1.04
C 0.5 0.01 0.23 1.30 1.07
D 0.75 0.00 0.24 1.29 1.05
E 1 0.02 0.26 1.24 0.98
F 1.25 0.05 0.26 1.24 0.98
G 15 0.13 0.28 1.24 0.96
304SS

A 0 0.55 0.62 1.18 0.56
316SS

A 0 0.08 0.32 1.33 1.01
B 0.25 —0.02 0.24 1.25 1.01
C 0.5 -0.13 0.13 1.16 1.03
D 0.75 —-0.07 0.17 1.20 1.03
E 1 0.00 0.23 1.26 1.03
F 1.25 0.58 0.66 1.29 0.63
G 15 0.00 0 0 0

Table 3. Potentiostatic results of pitting passivation and metastable potentials for 301SS, 304SS and 316SS in 2 M H,SO4/
0-1.5% NaCl solution.
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constant till 1.25% NaCl at 0.63 V. This observation shows that at a particular chloride concen-
tration 316SS instantaneously loses it passivity. In the presence of chlorides, the pitting poten-
tial of 316SS decreased with respect to concentration and remained at values below the pitting
potential of the control sample (0% NaCl) due to the action of chloride ions in destroying the
passivity of the steel. At 0% NaCl, 316SS passivated at 0.32 V, on addition of chlorides, the steel
passivated at lower potentials until 1.25% where it passivated at significantly higher poten-
tials. The phenomenon attests to the prevailing characteristics of the steel in chloride
containing environments. A corresponding observation was noted for metastable potential
values. Increase in chloride concentration caused a significant rise in the metastable region of
the polarization curves of 301SS and 316SS, an indication that the passive film is undergoing
localized but transient pitting due to temporary breakdown of the passive film, and the
creation and growth of small, occluded cavities before stable passivation. These events are
determined by the steels composition and strength of the passive film.

301SS showed generally uniform but narrower passivation behavior over the potentiostatic
domain at specific chloride concentrations and retained its passivation behavior at 1.5% NaCl
in comparison to 316SS. The passivation range of 310SS decreased after 0% NaCl due to the
action of chlorides on the steel, hence its passive protective film reduced in strength compared
to 316SS, however the pitting potential values of 301SS increased till 0.75% NaCl before
decreasing to values higher than 0% NaCl concentration. This observation do not mean 301SS
is more resistant to pitting corrosion than 316SS because in the presence of chlorides 301SS
passivates at higher potentials compared to 31655 which passivates at lower potentials hence
316SS has a wider passivation range than 301SS, signifying a more resistance passive film to
pitting corrosion. Despite these observations 301SS has better metastable pitting resistance
than 316SS as transient pits appears for the steel at higher potentials compared to 316SS.
304SS displayed no pitting corrosion resistance after 0% NaCl concentration. The weak resis-
tance of 304SS is due to excessive adsorption through diffusion of chloride ions at the metal-
film interface which induces the electrolytic transport of metallic cations to the acid/chloride
solution.

Elemental composition and metallurgical structure are the major factors responsible for the
differences in electrochemical behavior and passivation characteristics the three stainless steels
studied. Observation of Table 1 shows that steels have the same elemental composition
consisting of an austenite microstructure stabilized by their nickel content, but with the excep-
tion of Mo in 3165S. Molybdenum is an important alloy element widely used in metallurgy
and has been known to improve the corrosion resistance of stainless steel alloys, being a ferrite
former in the presence of manganese and nickel. In the acid/chloride solution it enriches Cr at
the metal/solution interface which stabilizes and thickens the passive film [49-57].

2.2.3. Pitting corrosion inhibition

Alloying elements have strong influence on the electrochemical behavior and pitting corrosion
resistance of stainless steels. Nickel, chromium, molybdenum and in some cases, titanium,
nitrogen, manganese, vanadium are responsible for the properties and strength of the passive
film formed on stainless steels [58-60]. Chromium content is one of the major criteria in
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categorizing austenitic stainless steels and has been observed to significantly change the
potentiostatic parameters used in studying pitting corrosion resistance of stainless steels
[61, 62]. Sufficient nickel within the iron matrix improves stainless steel resistance to pitting
as it stabilizes the austenite phase and limits the ferrite content which if too high may result in
lower rust resistance and ductility. Pitting corrosion can also be prevented in many cases with
similar methods used to control general corrosion. The most common method of which is the
use of chemical compounds to modify the environment during application [63-67]. Studies
have shown that inhibitor adsorption on metallic surface depends on the physicochemical
characteristics of inhibitor molecule such as functional groups, steric factors, aromaticity,
electron density of the donor atoms, m-orbital character of donating electrons, polymerization
resulting in formation of protective film and the electronic structure of the molecules [68, 69].
Most of the well-known corrosion inhibitors are organic compounds containing functional
groups of heteroatoms capable of chemically reacting through adsorption with valence elec-
trons of stainless steel surfaces at the metal solution interface [70, 71].

In line with the current trend on corrosion inhibition, two known corrosion inhibiting com-
pounds previously used for general corrosion inhibition of carbon steels was used to assess
their pitting corrosion potential of the 301SS, 304SS and 316SS under study (ROSO and ANL)
[72-74]. The potentiodynamic curve resulting from the use of ROSO compound on 301SS,
304SS and 316SS, and ANL compound on 304SS is shown in Figure 5. In the presence of
ROSO, the corrosion current densities of 316SS, 304SS and 301SS were significantly influenced,
as a result the general corrosion rates of the steel samples at 0.25 and 1.5% NaCl (Table 4)
reduced drastically due to the electrochemical action of the ROSO molecules in the acid
chloride solution. The electrolytic diffusion of chloride and sulfate ions were effectively hin-
dered by the interaction of ROSO molecules with the steel surfaces, which in effect hindered
the release of metal cations resulting from anodic oxidation. 31655 had the lowest corrosion
rates followed by 301SS. The corrosion potential of 301SS, 304SS and 316SS in the presence of
ROSO shifted to negative potentials signifying the dominant cathodic inhibiting property of
ROSO [75, 76]. Changes in the cathodic and anodic Tafel slopes were quite similar for 31655
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—— 30155 0.25% NaCl/ROS
0.10000 - — 30155 1.5% NaCl/ROS
0.01000 —— 30455 0.25% NaCl/ROS
—- i
5 000100 - f 30455 1.5% NaCl/ROS
'55' i — 31655 0.25% NaCl/ROS
= 0.00010 ~ ~ = 31655 1.5% NaCl/RCS
by - L
8 000001 - P 30455 0.25% NaCl/ANL
30455 1.5% NaCl/ANL
0.00000 -
ﬂﬂﬂmﬂ T T T T T 1
-100  -0.50 0.00 0.50 1.00 1.50 2.00
E(V) vs Ag/AgCl

Figure 5. Potentiodynamic polarization curves of 301SS, 304SS and 316SS in 2 M H,S0,4/5% ROSO at 0.25 and 1.5% NaCl.
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Sample 2 M H,SO4/ Corrosion  Corrosion Corrosion Corrosion Polarization Cathodic Anodic
NaCl conc. (%) rate (mm/y) current (A) current potential  resistance, Tafel slope,  Tafel
density (\%2) R, (Q) B. (V/dec) slope, B,
(A/em?) (V/dec)
ROSO
301SS  0.25 2.552 1.93E—-04 245E-04 —0.165 154.67 —8.416 5.107
301SS 1.5 2.684 2.03E—04 2.57E—04 —0.148 140.53 —8.407 5.012
304SS  0.25 8.817 5.15E—-04 8.59E—04 —0.161 653.39 —11.790 10.910
304SS 1.5 5.490 321E—-04 535E—04 —0.152 409.85 —11.010 9.230
316SS  0.25 0.234 298E—05 2.24E-05 —0.157 1527.33 —7.822 5.604
316SS 1.5 0.565 721E-05 542E—-05 —0.141 1078.19 —8.752 6.950
ANL
304SS 025 0.852 6.56E—05 8.30E—05 —0.204 392.00 —10.710 25.510
304sSs 15 1.604 123E-04 1.56E-04 —0.190 208.20 —11.700 22.470

Table 4. Potentiodynamic polarization results for 301SS, 304SS and 316SS in 2 M H,50,4/5% ROSO at 0.25% and 1.5%

NaClL

Sample 2 M H,S0,4/NaCl Metastable pitting Passivation potential Pitting potential Passivation
Conc. (%) potential (V), Epmpitt V), Epass V), Epine range (V)

301SS 0.25% —0.12 0.13 1.17 1.04

301SS 1.5% 0.03 0.15 1.20 1.05

316SS 0.25% —-0.10 0.11 1.14 1.03

316SS 1.5% —0.02 0.2 1.20 1.00

Table 5. Potentiostatic results of pitting passivation and metastable potentials for 301SS, 304SS and 316SS in 2 M H,SO,/
5% ROSO at 0.25 and 1.5% NaCl.

and 301SS, but contrast the values obtained for 304SS due to the higher degree of corrosion
reactions taking place on 304SS surface. Observation of the potentiostatic data of the three steel
samples in Table 5 showed some mild changes in their values. 316SS at 0.25% NaCl passivated
at lower potential of 0.11 V following metastable pitting activity to pit at 1.14 V resulting in a
passivation range of 1.03 V while at 1.5% NaCl concentration, pitting corrosion resistance was
displayed on the polarization curves resulting in a passivation range of 1.00 V compared to the
curve without ROSO compound (Table 4, Figure 4) where no resistance to pitting corrosion
was observed. 301SS passivated at lower potentials following metastable pitting and pitted at
higher potentials at 0.25 and 1.5% NaCl concentration resulting in a slightly higher passivation
range, thus higher pitting corrosion resistance. ROSO compound had no significant electro-
chemical influence of the pitting corrosion activity of 304SS despite improved general corro-
sion resistance. This confirms the earlier statement that metallurgical properties of stainless
steel alloys have significant influence on their pitting corrosion resistance. This observation
informed the use of ANL compound on 304SS. The corrosion rates of 304SS in the presence of
ANL compound significantly decrease further than values obtained in the presence of ROSO
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compound; however there was no noticeable change in the potentiodynamic polarization
curve depicting resistance to pitting corrosion though fewer pits were observed on the steel
from optical microscopy analysis which will be discussed later. The observations so far show
304SS has very weak resistance to the electrochemical action of chloride ions. Without chloride
304 displayed limited resistance to pitting corrosion as shown in (Table 3, Figure 3).

2.2.4. Thermodynamics of corrosion inhibition

The adsorption strength of ROSO on 301SS, 304SS and 316SS, and ANL on 304SS was calcu-
lated from the thermodynamics of the corrosion inhibition mechanism. Calculated results of
Gibbs free energy (AG,q,) for the adsorption process is shown in Table 6, and evaluated from
the mathematical relationship below [77]:

AG, 4, = —2.303RTlog[55.5Ka4s) (12)

where 55.5 is the molar concentration of water in the solution, R is the universal gas constant, T
is the absolute temperature and K,q45 is the equilibrium constant of adsorption. K,4s is related to
surface coverage (0) from the Langmuir equation. The presence of impurities, flaws, etc., on
studied stainless steel surfaces has a strong influence on results obtained for AG;ds [78]. The
amount of oxidized metal cations passed into the corrosive media is directly related to the
extent of coverage of ROSO and ANL compound. Negative AG, 4, results show the spontaneity
and stability of the adsorption mechanism. Values of AG,4, around —20 kJ/mol shows
physisorption adsorption reaction while values around —40 kJ/mol or higher involve charge
sharing or chemisorption due to chemical interaction among the reacting species [79]. The
AG, 4, values obtained for ROSO and ANL interaction on the 301SS, 304SS and 316SS shows
chemisorption adsorption of ROSO and ANL molecules on the steel surfaces in response to
competitive adsorption of chloride and sulfate ions.

Specimen NaCl concentration (%) Surface coverage (6) Equilibrium constant of Gibbs free energy,
adsorption (K) AG (kjmol )

ROSO

301SS 0.25 0.829 66825.7 —37.48

301SS 1.5 0.828 66439.8 —37.47

304SS 0.25 0.474 12463.8 —33.32

304SS 15 0.820 63082.0 —37.34

316SS 0.25 0.896 119302.8 —38.92

316SS 1.5 0.922 164090.6 —39.71

ANL

304SS 0.25 0.949 34792.7 —35.87

304SS 1.5 0.947 33608.3 —35.78

Table 6. Data for Gibbs free energy (AG,q,), surface coverage (0) and equilibrium constant of adsorption (K,4s) for ROSO
and ANL adsorption on 301SS, 304SS and 316SS.
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2.2.5. Optical microscopy analysis of 301SS, 304SS and 316SS morphology

The optical microscopy images of 301SS, 304SS and 316SS before corrosion and after the
corrosion test at 0, 0.25 and 1.5% NaCl are shown from Figures 6(a)-8(c) at mag. 40x. Figure 9
(a)-Figure 11(b) shows the images of 301SS, 304SS and 316SS after corrosion in the presence of
ROSO compound while Figure 11(a, b) shows the images of 304SS after corrosion in the
presence of ANL compound. Severe morphological deterioration is clearly visible on 304SS
(Figure 7(a—d)) due to the action of chloride and sulfate ions. At 0% NaCl (Figure 7(b)) the
serrated edges and lines on the steel surface are faintly visible due to corrosion. Significant
number of corrosion pits can be observed due to surface oxidation and release of metal cations
into the solution, though sulfate ions is solely responsible for these observations, however at
0.25% NaCl (Figure 7(c)) the number of corrosion pits have increased significantly and they
appear to be deeper due to the action of chloride ions. The corrosion pits in Figure 7(d) appear
to be smaller, while the surface morphology seems rougher then the image in Figure 7(c).
Results from potentiodynamic study shows the highest corrosion rate for 3045SS at 1.5% NaCl,
thus it is suggested that the presence of excessive chloride ions in solution does not necessarily

| - | -
| - | -
Figure 6. Optical microscopy image 301SS at mag. 40x (a) before corrosion, (b) at 0% NaCl, (c) at 0.25% NaCl and (d) at
1.5% NaCl.
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Figure 7. Optical microscopy image 304SS at mag. 40x (a) before corrosion, (b) at 0% NaCl, (c) at 0.25% NaCl and (d) at
1.5% NaCl.

mean more corrosion pits even though the general corrosion rate may be higher. There seems
to be a threshold level of chloride concentration responsible for the size of corrosion pits.

Corrosion pits are clearly absent from 301SS (Figure 7(b—d)) due to the resilience of its passive
film. What appears on its morphology (Figure 7(c)) seems to be shallow indentations and faint
appearance of the grain boundaries due to mild etching by the chloride ions. Figure 7(d) shows
a worn-out morphology compared to Figure 7(c) with the indentation larger and the grain
boundary much more visible. In general, the morphology of 301SS shows a highly resistant
steel to pitting. The morphology of 31655 remained unchanged or probably etched at 0% NaCl
(Figure 8(b)). In 0.25% NaCl, (Figure 8(c)) the surface morphology seems to have worn out
compared to Figure 8(b). These observations show the electrochemical action of chlorides and
sulfates have limited influence on the pitting corrosion resistance of 3165S. At 1.5% NaCl
(Figure 8(d)), significantly morphological deterioration occurred; the grain boundaries are also
faintly visible with numerous micro indentations. The morphologies of 301SS and 316SS at
1.5% NaCl (Figures 9(b) and 11(b)) in the presence of ROSO compound remained generally
the same even though there was significant improvement in the corrosion rate values from
potentiodynamic polarization test, however there seems to be mild improvement for the
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(a)

Figure 8. Optical microscopy image 316SS at mag. 40x (a) before corrosion, (b) at 0% NaCl, (c) at 0.25% NaCl and
(d) at 1.5% NaCl.

(a) (b)

Figure 9. Optical microscopy image 301SS in the presence of ROSO compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.
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(b)

Figure 10. Optical microscopy image 304SS in the presence of ROSO compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.

(@) (b)

Figure 11. Optical microscopy image 316SS in the presence of ROSO compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.

(b)

Figure 12. Optical microscopy image 304SS in the presence of ANL compound (a) at 0.25% NaCl and (b) at 1.5% NaCl.
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images in Figures 9(a) and 11(a). 304SS image (Figure 10(a)) showed significant increase in the
number of micro-pits despite improvement in general corrosion rate value from the corrosion
test. There appears to be smaller but more micro-pits compared to fewer but larger pits in
Figure 7(c), while Figure 10(b) showed no visible pits compared to Figure 7(d) in the presence
of ROSO. Comparing the observation on 304SS with Figure 12(a) and (b), the optical images of
304SS from the corrosive solution in the presence of ANL compound are quite different from
the images obtained in the presence of ROSO. There seems to be a remarkable improvement in
the morphology of 304SS at 0.25%NaCl/ANL compared to 304SS at 0.25%NaCl/ROSO. The
corrosion pits are significantly smaller and the steel surface is not as badly damaged like the
surface from ROSO compound. Quite the contrary observation was obtained for 304SS at 1.5%
NaCI/ANL compared to 304SS at 1.5%NaCl/ROSO. These observations show that chemical
compounds are specific in action during corrosion inhibition.

3. Conclusion

Chloride concentration in 2 M H,SO, had strong electrochemical effect on the pitting corrosion
resistance and passivation behavior 301SS, 304SS and 316SS. 316SS showed the highest pitting
corrosion resistance with resilient passivation behavior while 304SS failed immediately after
anodic polarization in the presence of chlorides. The corrosion rates of the stainless steels
generally increased with increase in chloride concentration. ROSO compound significantly
reduced the corrosion rates of the stainless steels studied with notable improvement in their
potentiodynamic polarization and passivation behavior; however it had detrimental effect on
the pitting susceptibility of 304SS at lower chloride concentrations. ANL compound further
reduced the corrosion rates of the stainless steels with particular improvement in morphology
of 304SS but no changes in the potentiodynamic polarization and passivation behavior of
304SS was observed, hence limited pitting corrosion inhibition.
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Abstract

Austenitic stainless steels are most preferred over other types of stainless steel families.
Welding of stainless steel using friction welding is widely seen in the current scenario.
Since the time consumed for friction welding is very less, metallurgical defects are almost
reduced without pre- and postheat treatment. The problems encountered in friction
welding during joining of austenitic stainless steel are very limited when compared to
fusion welding process. The studies have undergone with joining of austenitic stainless
steel and copper material to evaluate the friction welding parameter for finding the good
bond strength.

Keywords: friction welding, AFM, copper, stainless steel, microstructure

1. Introduction to stainless steel

Among the various sources of materials available, selection of stainless steel is one of the
important classes of engineering materials considered in the past and present scenario.
According to chemical elements, the stainless steel is classified into different grades with
respect to microstructures such as ferritic, austenitic, martensitic and duplex stainless steel
(the combination of austenite and ferrite). These different grades have been used in various
applications. The most common uses are listed below:

* Automotive and transportation
e Architecture and construction

¢ Food and catering

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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* Medical
* Energy and heavy industries

It is the primary stainless steel used in aviation construction. The grades with 3xx series are
often referred as austenitic stainless steel. Each grade has followed with a specified letter that
represents chemical element information. Low carbon austenitic stainless steel is represented
with ‘L’; High carbon steel with ‘H’; Nitrogen bearing steel with ‘N’; some cases with modi-
fied composition say ‘LN’ from base alloy.

2. Friction welding and its importance

Friction welding is a metal-joining process made by continuous-rubbing action at the inter-
face of two different materials, which leads to heat dissipation. Due to continuous action of
rotation, the heat generated at the interface results in deformation to the plastic stage by the
conversion of mechanical energy into thermal energy under pressure resulting in good bond
strength of the material.

Friction welding is more economical and time-consuming, which requires a low input of
energy and high production rate with less material wastage in joining dissimilar metals or
alloys. During friction welding of steels, the weld interface produces heat with temperature
range of 900 to 1300°C.

3. Problems in fusion welding on stainless steel

In general, austenitic stainless steels are easily weldable [1]. Based on physical properties on
ferritic, martensitic and duplex stainless steels, austenitic stainless steel is considerably differ-
ent than others [2]. In fusion welding process, particularly in gas tungsten, electron beam and
laser welding, there is a possibility with unexpected phase propagation. Due to metallurgical
changes in weld interface, phase changes in delta ferrite formations, grain boundary corro-
sion and sigma phase will arise. For avoiding this, pre- and postheat treatment are needed to
prevent the metallurgical defects [3-7]. Moreover, joining of austenitic stainless steel under
cryogenic or corrosive environment, the ferrite quantity to be minimized or controlled to
avoid property degradation during service. It addition to this, it may also have a chance to
sensitization in fusion welds [8-10].

4. Effect of friction welding in austenitic stainless steel

Due to high ductility and excellent corrosion resistance, austenitic stainless steel is increased
in wide range of applications. Even though stainless steel is effectively used in commercial
applications, problems have often been reported during welding operation. Many of the
researchers are working.
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It is observed that publications of most of the research papers are concerned with similar
and dissimilar welding of 300 series grade of austenitic stainless steel. When comparing with
fusion welding process, joining of austenitic stainless steel is increased subsequently using
solid state process during the last decade. In metal joining process, wide categories of vari-
ables included in each circumstance and hence standardization of welding is difficult to find
out in industrial aspect for avoiding such difficulties, research work is carried out to set the
better performance in welding of austenitic stainless steel.

5. Research findings on friction welding of austenitic stainless steel to
other material combinations

Many researchers have worked in friction welding which focused on joining similar and dis-
similar combinations of austenitic stainless steel with different metal based alloys. Researchers
have worked on dissimilar combinations of materials by resulting good bond strength under
quality aspects in friction welding [11-14]. When a similar combination of austenitic stainless
steel is performed, the value of tensile strength is decreased with increase in friction pressure
[15]. Similarly, Paventhan et al. [16] studied a fatigue behavior by joining medium carbon
steel and austenitic stainless steel by conducting experiments using bending fatigue testing.
Further, experimental investigation was done on the friction welding of 6063 aluminum alloy
with AISI 304 austenitic stainless steel by Sammaiah et al. [17] to determine the correlation
between the microstructure and the joint strength. Similarly Fu et al. [18] investigated the
welded joint of T2 copper and 1Cr18Ni9Ti stainless steel under the external electrostatic filed
and the distributions of elements in weld zone (WZ) were analyzed in the welded joint. The
influence of welding parameters on hot corrosion was examined by Arivazhagan et al. [19]
to study the weldment and corrosion behaivor in elevated temperature on AISI 4140 and
AISI 304. Subsequently, Sahin investigated a characterization of plastically deformed austen-
itic stainless steel by friction welding using statistical approach [20]. During fusion welding
process of joining pure Ti to stainless steel, the formation of brittle intermetallic compounds
developed in the weld metal. This problems lead to degrade the properties of weld joints.
Muralimohan et al. [21] made an attempt to introduce thin Ni interlayer which overcomes the
problems between Ti-SS by avoiding direct contact between two base metals. Satyanarayana
et al. [22] studied the effect of austenitic-ferritic stainless steel combination in terms of micro-
structure and mechanical properties. The influence of strength and variations are compared
together and its fracture behaviors are evaluated. Winiczenko and Kaczorowski [23] investi-
gated the study of mechanical properties and microstructure of friction welded joint of duc-
tile iron with stainless steel and studied the fracture morphology and phase transformations
during friction welding. They also showed some enrichment of ductile iron with Cr and Ni
atoms near to the weld joint through energy-dispersive X-ray spectrometry.

Some studies on similar and dissimilar combination of stainless steel materials are undergone
to understand the impact and tensile strength behaviors using electron beam welding and fric-
tion welding [24]. The effect of tensile strength and impact at different loading rate was exam-
ined by Yokoyama et al. [25] on aluminum alloy and stainless steel using friction welding.
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However, the combination of austenitic stainless steel to copper is very limited. This chap-
ter shows a simple and novel approach to determine the welding parameters using Taguchi
design by studying its mechanical and metallurgical properties.

6. Experimental details

The dissimilar joint combinations of austenitic stainless steel (304L) to copper material are
taken into account for examination. The materials were chosen with a cylindrical rod of diam-
eter 24 mm and length 75 mm. The surface is well polished and cleaned by using acetone. The
chemical composition of base materials used for this experiment is shown in Table 1.

Element (%) C Si Mn P S Ni Cr Fe ZIn Cu
AISI 304L 0.03  0.39 1.63  0.042 0.027 8.99 19.05 71.12 - -
Copper - - - - - 0.01 0.11 013  99.59

Table 1. Chemical composition of base materials.

The factors such as friction pressure, upset pressure, burn-off length and rotational speed
is the main parameters involved in friction welding process. Taguchi's orthogonal array is a
simple and largely useful method, for conducting experiments in a systematic way using a
restricted number of experiments required for the investigation. The factors considered for
the experimentation are listed in Table 2.

Factors Levels

1 2 3
Friction pressure (MPa) 22 33 43
Upset pressure (MPa) 65 87 108
Burn-off length (mm) 1 2 3
Rotational speed (rpm) 500 1000 1500

Table 2. Experimental factors and their levels.

7. Surface appearance on weld

Figure 1 shows the appearance of 304L SS and copper combination made by friction welding.
The welded joint between 304L and copper material reveals the formation of flash regions
which contains predominantly copper, shown in Figure 3. This is has a result of the lower
flow stress of copper, the heat generated during welding temperature makes softer in copper
and starts flowing in terms of flash formation as compared to austenitic stainless steel side.
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Figure 1. 304L SS-Cu welded joints.

Due to the ductility in copper material, flash is produced on the copper side with reduced
length than stainless steel side.

8. Mechanical testing

8.1. Tensile testing

The mechanical test was carried out on the weld line by sectioning the welded samples. Tensile
test was carried out at room temperature using a WAW1000E universal testing machine hav-
ing the maximum load of 100 kN and 5 mm/min crosshead speed. The welded joints were
machined for tensile testing according to ASTM E8 standard and joint strength was analyzed
in the weld region. A scanning electron microscope (SEM) was used for observing the frac-
tured surface on tensile tested sample as well as the type of fracture obtained for the material.

The input parameters developed based on Taguchi method were utilized to evaluate the
friction welded joints by conducting experiments. The tensile strength results of the welded
joints are listed in Table 3. Most of the samples are fractured in copper side and not in austen-
itic stainless steel side (Figure 2). This is due to high ductility in copper material that fracture
results in copper material. Due to chemical in-homogeneity and microstructural changes, the
tensile strength values, might have some variations with all the input parameters.

Among all the samples made by friction welding, the sample 521 and S7 are obtained as lowest
(183 MPa) and highest (205 MPa) of tensile strength values respectively. Though the UTS of 304L
and Cu base material has 647 and 232 MP%a, the friction welded joint results with a maximum of
205 MPa. It indicates clearly that, the maximum tensile strength is more or less equal to the base
material of copper. With higher the friction and rotational speed and low upset pressure, mini-
mum tensile strength was observed. Similarly, higher tensile strength was obtained by increasing
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S.No FP (MPa) UP (MPa) BOL (mm) Rotational speed UTS (MPa) Fracture location
(r/min)

1 22 65 1 500 201 Copper
2 22 65 2 1000 196 Copper
3 22 65 3 1500 192 Copper
4 22 87 1 1000 203 Copper
5 22 87 2 1500 198 Copper
6 22 87 3 500 197 Copper
7 22 108 1 1500 205 Copper
8 22 108 2 500 204 Copper
9 22 108 3 1000 199 Copper
10 33 65 1 500 196 Copper
11 33 65 2 1000 192 Copper
12 33 65 3 1500 187 Copper
13 33 87 1 1000 198 Copper
14 33 87 2 1500 194 Weld
15 33 87 3 500 193 Copper
16 33 108 1 1500 200 Weld
17 33 108 2 500 199 Copper
18 33 108 3 1000 195 Weld
19 43 65 1 500 192 Copper
20 43 65 2 1000 187 Weld
21 43 65 3 1500 183 Weld
22 43 87 1 1000 194 Weld
23 43 87 2 1500 189 Copper
24 43 87 3 500 188 Weld
25 43 108 1 1500 196 Copper
26 43 108 2 500 195 Weld
27 43 108 3 1000 190 Copper

Table 3. Taguchi's L,, orthogonal array.

upset pressure and rotational speed of the welded joint. When the rotational speed increases,
irregularities in faces are smoothed out by lowering frictional contact with increase in upset pres-
sure. As a result, the material becomes plastic and achieved with complete contact with interface
of the other material. Hence, any impurities present on interface remains trapped with increase
in quality of the welded joint. Fracture analysis was done by using scanning electron microscopy
(SEM) in tensile tested specimens are shown in Figure 3. It shows a dimple pattern in the whole
width of the specimen and confirms the ductile mode of fracture.
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Figure 2. Tensile tested samples on 304L-Cu joint.

Energy dispersive analysis of X-rays (EDAX) analysis was carried out to study the phases that
exist at the welding interface. The software permitted piloting the beam to scan along a surface
or a line in order to achieve X-ray cartography or concentration profiles by elements [20]. SEM
with EDAX analysis was carried out on the tensile fractured sample. SEM microstructure in the
friction-welded 304L-Cu joint and EDAX analysis results are given in Figure 4, while the distri-
butions of elements within the determined location are shown in Table 4. The analysis shows
that the diffusion zones consisted of Cu and O atoms at the fractured surface. The diffusion
zone is rich in Cu with a weight of 94.58%, followed by 5.42% O. Thus, the diffusion zone with
a different element was confirmed with a copper material.

8.2. Impact testing

Impact testing was done by using Charpy V notch impact test machine to measure the impact
toughness of joints at room temperature. The specimen size was 55 mm x 10 mm x 10 mm and
the samples were prepared with ASTM standards. The samples to be tested were machined
from the welded blocks. Notches were prepared precisely at the midpoint of the weld inter-
face. The fractured surface of the impact tested sample was examined by using scanning elec-

Figure 3. SEM image in tensile fractured sample on 304L-Cu.
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Spectrum 1

i

—T r [ r T T [ T T 7 1 71T 71 -
0 2 4 6 3 10 12 14 16 18
Full Scale 25154 cts Cursor: 0.000 ke

Figure 4. EDAX analysis on tensile sample in 304L-Cu.

tron microscope (SEM). Experiments are conducted using Taguchi's L, orthogonal array and
the impact test results are presented in Table 5.

It was found that, the impact sample 57 has extremely low value of 4 J/cm? and the impact
sample S2 has the highest value of 70 J/cm?. The impact tested samples are shown in Figure 5.
With high frictional pressure and a decrease in upset pressure, the impact toughness value is
much reduced in weld interface. Due to the low upset pressure, the interface having irregu-
larities and bonding toughness is much affected. At the same time, if increased with upset
pressure and decreased with friction pressure, the value of toughness is drastically increased.

Due to increase in heat during friction, the presence of intermetallic layers are formed which
results in poor weld strength. Based on the experiment, the energy absorbed by the mate-
rial results with accumulation of copper particles on stainless steel side rather than with low
energy absorbed by the material. The fractured surface of the impact tested sample was exam-
ined by using scanning electron microscope (SEM) to study the behavior of the material with
different magnifications. The fracture shows ductile mode of fracture with coarse dimple fea-
tures exhibited in the copper material by showing different magnifications shown in Figure 6.
Toughness is higher with the low friction pressure as a resulted of higher deformation and
failure occurs slightly away from the interface as evidenced by showing ductile failure. This
supports the argument that the joint has good interface, which is formed with good toughness.

Element Weight (%) Atomic (%)
OK 5.42 18.54

CuK 94.58 81.46

Total 100%

Table 4. EDAX analysis in tensile fractured sample on 304L-Cu joint.
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Experimental run Input parameters Impact strength
Friction Upset pressure  Burn-off Rotational speed (/em®)
pressure (MPa)  (MPa) length (r/min)

(mm)

1 22 65 1 500 16

2 22 87 2 1000 70

3 22 108 3 1500 66

4 33 65 2 1500 28

5 33 87 3 500 32

6 33 108 1 1000 8

7 43 65 3 1000 4

8 43 87 1 1500 30

9 43 108 2 500 38

Table 5. Impact test results on 304L-Cu joint.

SEM with EDAX analysis is shown in Figure 7 and their elements observed are listed in Table 6.
The diffusion zone observed on the impact tested samples and shows with rich Cu in the frac-
tured sample which is occurred in copper material rather than the stainless steel material.

Sample 1

Sample 3

Figure 5. Impact tested samples on 304L-Cu joint.

Sample 7
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Figure 6. SEM image in impact fractured sample on 304L-Cu joint.
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Figure 7. EDAX analysis on impact sample in 304L-Cu.

Element Weight (%) Atomic (%)
OK 3.61 12.90

SiK 0.32 0.65

CuK 96.07 86.45

Total 100%

Table 6. EDAX analysis in impact fractured sample on 304L-Cu joint.
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8.3. Hardness testing

Vickers micro-hardness measurements were made across the weld on all samples to identify
the strength in the three microstructural zones such as weld zone (WZ), base metal zone
(BMZ) and heat affected zone (HAZ) in the respective materials. Vickers micro-hardness test
was carried out across the weld interface using a load of 500 g and dwell time of 15 s along
the weld interface. Vickers micro-hardness measurements were carried out accordance with
ASTM E384-09 and ASTM E407-99 standards, respectively. The hardness values are taken at
each location while the average of three readings was taken for analysis.

In the case of hardness in welded joint of austenitic stainless steel and copper, it was not
possible to take the hardness in the weld zone, as the weld is just a sticky mushy zone.
Hardness variation was obtained using 500 g load by Vickers micro-hardness testing and
measuring locations with 0.5 mm intervals taken into consideration. The hardness varia-
tions in horizontal distance to the center in the welding interface of the joints are shown
in Figure 8.

It could be observed that, the hardness values of copper near to the weld interface are slightly
increased when compared to the base material of copper. At the same time, hardness value
of 304L SS slightly decreased near to weld interface when it compared to the base material of
stainless steel. Due to heat dissipation at weld interface, intermetallic layers and thermal dif-
fusivity occur which causes hardness variations.

Austenitic Stainless Steel
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Figure 8. Hardness graph in 304L-Cu joint.
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9. Metallographic examination

9.1. Optical microscopy

The optical microscope study was carried out to examine the grain behaviors in the interfaces and
heat-affected regions. The microstructures were examined by sectioning the weld samples, paral-
lel to the radial direction and the specimens were prepared according to standard metallographic
procedures. The welded surface of the samples was ground with 1200 grinding paper and pol-
ished with 1 um diamond paste and the samples were etched with a vilella's regent (5 ml HCI,
1 g picric acid, 100 ml ethanol and 2 drops zephiran). The specimen is well-polished and etched
by 10% oxalic acid. The welded joint was examined using a metallurgical microscope and micro-
structural behaviors were analyzed in base metal, heat affected zone (HAZ) and the weld zone.

Figure 9 shows the micrograph showing microstructures in weld region as well as heat-
affected zone and parent metal across the interface. Due to the heat applied during the welding
operations, the flash thickness was varied from one another resulting in plastic deformation
at the interface. Due to cylindrical rods with a circular geometry, the rotational speed affects
the frictional pressure from the weld center to the surface of the sample in radial directions.
The parent metal of copper was observed with coarse alpha grains and by heat-affected zone,
and the grains were recrystallized due to heat generated in the interface of weld region. In
austenitic stainless steel, the parent metal was observed with carbide particles and annealed
twin boundaries, whereas in the heat affected zone, recrystallized grains were appeared.

{a) (b)

Figure 9. Microstructural observation of welded samples (a) Austenitic Stainless Steel, (b) Copper and (C) Weld Interface.
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9.2. Atomic force microscopy

Atomic force microscopy (AFM) is a powerful technique which can allow direct spatial map-
ping of surface morphology having nanometer resolution. The roughness images were taken
over by the integrated optical microscope and operated in tapping mode using silicon probes.
Topographic and phase images were achieved concurrently by a resonance frequency of
approximately 300 kHz for the probe oscillation and a free-oscillation amplitude of 62 + 2 nm.
The microstructure of interphase layer of dissimilar material is seen in atomic force micros-
copy. The maximum roughness shows with 45 nm in 304L, 236 nm in copper and 246 nm on
the interface. The maximum roughness in the interface zone has more or less equal to the
same roughness as of copper.

From the roughness graph and 3D images (Figure 10), was observed that the difference
between the average roughness of dissimilar material is very less and negligible in the
interface region. When studying roughness size, the parent materials of 304L SS and cop-
per are having peaks in the range of 15-35 and 30-90 nm, respectively. In the welding
zone, the peak appeared is with a range of 60-130 nm showing considerable increase in
roughness.

{a)

(b)

()

Figure 10. AFM histogram and 3D image in 304L-Cu (a) Austenitic Stainless Steel, (b) Copper and (c) Weld Interface.
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10. Conclusion

In this study, the welding characteristics under different welding parameters are taken into
account. From the mechanical and metallurgical characteristics on friction welding of austen-
itic stainless steel and copper, the following conclusions can be drawn.

During friction welding, the metal tends to decrease in length of copper by showing a flash
formation rather than stainless steel side.

Tensile strength was achieved with a maximum of 205 MPa. The bond strength is achieved
nearing to base material of copper material with increase in upset pressure.

Energy absorbed by the welded sample is varied from 4 to 70 J/cm? The bond strength is
mainly depends upon one of the important welding parameter called upset pressure. This
kind of statement is well suites in current study of impact. When the upset pressure is low-
ered, the impact toughness is much decreased to 4 J/cm? But in case of high upset pressure,
the resulting value is drastically increased to 70 J/cm?

Micro-hardness measurements in 304L-Cu results with absence of hardness value in weld
zone. Due to sticky layer at the interface of stainless steel as well as copper joint, the weld
zone is negligible and measured values in the HAZ and their base materials, respectively.

Due to the absence of weld zone in 304L-Cu, surface roughness was studied using atomic
force microscopy to identify the weld region. Measurement of roughness values made in
weld interface is more or less equal to copper material.

Though austenitic stainless steels are used more than any other grades, the joining efficiency
is differed with respect to welding parameters. Finally, it is suggested that there is a large
scope in the research work on welding of 300 series grade with wide range of applications.
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Abstract

The presented work deals with the possible reasons of nucleation and propagation of
macro-, meso-, and microcracks after low-cycle fatigue (LCF) tests of stainless, austenitic
steels at room temperature. This research will also support the solution of some important
problems of steel modeling and their application to EURATOM, FUSION, TACIS, PHARE,
CORDIS, PERFECT, AMES, FP 7, and GEN IV programs. The scanning electron micro-
scopic (SEM), X-ray, and transmission electron microscopic (TEM) examinations and statis-
tical analysis of the samples which undergone the low-cycle fatigue (LCF) showed that the
average length of slip bands and micro-components of macrocrack are equal, and they are
always parallel to each other, indicating their crystallographic character. The microcracks
in these samples, caused by the residual stresses after the LCF, were studied in the TEM
samples after their preparation to reveal the features of microcrack initiation and nucleation.
It was shown that microcracks propagate along slip bands and change their propagation
direction at the boundaries of grains and subgrains. This confirms that microcracks, as well
as micro-components of mesocrack, are crystallographic. Mathematical calculations of elas-
tic-plastic model are also performed which showed that the length of plastic zone, according
to our assessments, is equal to 110-120 d, where d is a width of crack opening.

Keywords: fracture, fatigue, SEM, TEM, slip band, twin, microcrack, microstructure,
plastic zone

1. Introduction

Among others, the problem of low-cycle fatigue (LCF) fracture is of particular interest, and a
number of papers and monographs are dealing with this problem. It is known that nucleation
of microcracks in the austenitic, fine-grained steels was observed in slip bands. In the recent
publications, the key role in the destruction of the material is assigned to precipitates and grain
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boundaries as well, such as MC-type carbides that precipitate mainly on grain boundaries. It
was also shown that nucleation of fatigue cracks occurs at nonmetallic inclusions; however,
the trajectory of further propagation of the crack passes through the sites of local stresses with
equal magnitudes. The authors of [1] assumed that in stainless steel 304, at different fatigue
cycles, size of nucleated crack depends on the intensity of stress. Stress intensity factor (K), to
influences the plastic zone size as well, resulting in a complicated dependence of the latter on
K [2]. In work [2], it carried out a modeling of plastic zone behavior during a ductile-brittle
fatigue and found a certain correlation between the plastic zone size ahead of the arrested crack
and the stress intensity factor. Local and global anisotropy considerably affects mechanical
behavior of materials, mostly when the dimensions of microcracks and grains are comparable.
There are also indications that the cracks of the above dimensions propagate with consider-
able deviations and more intensively at the initial stage of crack growth. Notwithstanding,
this “anomalous behavior” is usually attributed to the crystallography of grains; its reasons
are not yet fully understood. The varying orientations of grains may create nonuniform stress
field. Generally, the influence of the fields is not taken into account for characterization of frac-
ture process. Usually, the growth of small cracks is described in terms of linear elastic frac-
ture mechanics (LEFM); the considerations of the latter are applicable for large cracks as well.
Therefore, the local anisotropy of grain is neglected in Ref. [3], and the influence of local altera-
tion of elasticity modulus on mechanical fracture of “microstructurally small” cracks has been
estimated, in particular, of the stress intensity factor (SIF) K and its variation with regard to
random crystallographic orientations of grains. The microcrack propagation process and its
correlation with the microstructure of the steel are also quite disputable. Despite numerous
experimental results on alteration of microcrack propagation direction, there is no convincing
hypothesis explaining the real reasons for the process. The main goal of the proposed work is
the careful study of the problems described above. For this purpose different grades of chro-
mium austenitic steels have been examined which are the prospective materials for structural
parts subjected to extreme cyclic loading and severe environmental conditions.

2. Experimental

2.1. Materials and their treatment

Standard cylindrical samples for cyclic tests were cut off from the thermally treated rods using
lath and milling tool. Some of the samples were of square cross section. Working parts of the
samples were polished for metallographic analysis. Austenitic grains were revealed by chemical
etching. After completion of 20, 30, 40, and 50% of cyclic deformation of fatigue tests, at differ-
ent amplitudes of deformation, +0.05 and +0.5, the evolution of slip lines was studied (Table 1).
The characterizations were carried out by scanning electron microscope. Fractographic charac-
terizations were carried out after rupture of the samples using a scanning microscope. The local
plastic deformation rate and the magnitude of the respective stresses within the micro-area of
a grain were determined. The samples for transmission electron microscopic (TEM) investiga-
tions were prepared by mechanical polishing and then electrolytic and/or ion bombardment
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Content wt%

Steel grades C Si Mn Cr Ni Ti Mo Nb S P
X18H10T-AISI-321  0.08-0.12  0.7-0.8 1-2 17-19 9-11 05-0.7 — - 0.015-0.02 0.03-0.035
X18H12Bb-AISI 347 0.06-0.08  0.8-1.0 1-2 17-19 11-13 - - 1.0-1.1  0.2-0.025 0.03-0.035

Table 1. Chemical composition (wt%) of the investigated steels.

techniques. In order to reveal the location of stress concentrations, electron beam defocusing
was applied. Via stereographic and crystallographic analysis and computer simulation of the
respective schemes, the following were determined: the direction of the slip lines, modes of
deformation twins, stacking faults, and microcracks. On the basis of the obtained experimental
results, some possible theoretical models of microcrack initiation mechanisms have been con-
sidered. The above heat treatments lead to the formation of big austenitic grains that supported
the study of plastic processes taking place within one austenitic grain.

2.2. Low-cycle fatigue (LCF) tests

LCEF tests were performed at room temperature. Two regimes were used: (1) The same ampli-
tude of deformation +0.05 mm and different frequencies of cycling, 0.33 and 0.45 Hz, and (2)
frequency, 0.45 Hz, and amplitudes +0.05 and +0.1 mm. The cylindrical samples were loaded
cyclically with the magnitude of loading 100-3000 kg. For scanning electron microscopic
(SEM) study, in some cases, the V-notched plate-like samples were also used. All samples
were subjected to continuous cyclic loading.

3. Results

3.1. Scanning electron microscopic (SEM) investigations

The SEM study of the samples revealed a peculiar polycrystalline structure of austenite. The
sizes of austenite grains vary from 30 to 70 um, depending on grade and treatment of the steel.
In some large austenite grains, the recrystallization twins and variety of shapes of grains were
also observed. The grains turn rounded; acute angles and joints between the grains become
smoother. The majority of the metallographic sections showed the austenite grains with the
diameters of 30-70 um. After cycling (n = 2000), a macrocrack was formed on the metallo-
graphic section, and a 150-250 um width zone with the plastic features was also detected at
the tip and the both sides of the macrocrack. After subsequent fatigue tests, the width of the
zone increased up to 250-300 um. Within the plastic zone, in addition to the heavily deformed
grains, some partially deformed or even non-deformed grains were revealed. As a rule, they
were formed at the boundaries of the large grains and twins and at joints of grains. In addi-
tion to the localized slip bands in the plastic zone of some grains, an intensive plastic flow was
detected in the form of parallel slip bands covering the part of the grain.

189



190 Austenitic Stainless Steels - New Aspects

Further cyclic fatigue deformation, in addition to the existing slip bands, caused the creation
of some new ones (Figures 1 and 2). The variation of lengths of the slip bands and the respec-
tive statistical curves (Figure 3(n,)) revealed that most of the bands are of 10-30 um length.
Further tests lead to the formation of the additional slip bands that, in contrast to the previous
ones, are shorter and less neat, while their maximal number remains the same (Figure 3(n,)).
Further fatigue tests caused a minor (20%) increase in the lengths of the slip bands. The widths
of the bands increased 2-3 times. However, in spite of the latter, the slip bands do not cover the
whole width of the austenite grain. The measurements of angles between the axis of loading
and the slip bands showed that the first slip bands are oriented at an angle of 30-70°. However,
the majority of slip bands were formed along the direction of maximal tangent stresses (45°).
The direction of the slip bands, formed at later stages of the test, nearly or completely coincides
with the direction of the macrocrack propagation.

3.2. Macrocracks

As it was noted above, at the crack tip and around it, the slip bands and isolated mesocracks
were observed. Most frequently, the isolated mesocracks were formed near the slip bands.
However, in some cases, they were observed inside small grains as well. It should be noted
particularly that deformation in plastic zone flows rather heterogeneously. In the places of
deviation, a plastic deformation takes place in the form of slip bands (Figures 2 and 4). The
macrocrack consists of individual micro-components.

In the 30-50 pum area near the crack tip, a plastic deformation of a higher rate than at both sides
of the crack was detected. The latter is exhibited in the form of the enhanced homogeneous slip
in the surface plain of the sample and in the direction perpendicular to it, and the localized
slip bands become coarser. The variation of the lengths of micro-components of the macro-
crack showed that after n, = 4000 cycles their lengths vary between 10 and 30 um. However,

Figure 1. Localized slip bands near the large carbides and other inclusions (X18H10T mode II).
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Figure 3. Statistical distribution of the lengths of slip bands (n, =2000 and n, = 4000 (X18H12E)).

the lengths of the micro-components decrease after subsequent tests. The angles of deviation
of the micro-components from the axis of cycling were also measured. As it is evident, the
majority of micro-components deviate at an angle of 80-90°. The macrocrack passes through
the twin/matrix boundaries without any significant deviations as well. It was also revealed
that the dimensions of micro-components of a macrocrack and microstructure elements of the
steel better coincide in the lower range of lengths. Thus, in the growth and propagation, the
macrocrack correlates with the microstructure elements of the steel. Thus, one may assume
that micro-components of macrocrack are influenced by the crystallography of the material.

3.3. Isolated mesocracks

In plastic zone, some individual, isolated mesocracks were also detected in addition to the slip
bands (Figure 4). They mainly nucleate at (or on) the grain boundaries with no apparent signs
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50pum

Figure 4. Plastic zone ahead of the fatigue macrocrack ((1) slip bands, (2) microcracks).

of plastic deformation (e.g., slip bands), while the isolated mesocracks were quite frequently
observed within the small grains as well. In some areas, they are grouped, while in the others,
the distance between them is 50-60 um. As the isolated mesocracks are located in the plastic
zone, the distance between the macrocrack and the utmost mesocrack is controlled by the
dimensions of a plastic zone (250-350 um). Here, we also have to note the experimentally
observed fact that the directions of the isolated mesocracks and the slip bands often (but not
always) coincide. In the grains in which the isolated mesocracks were formed, no localized
slip bands were observed. Thus, it should be supposed that the mesocracks were formed near
the border of plastic zone. In the majority of cases, the orientation of mesocrack coincides or
is close to the main direction of macrocrack [4]. Analysis of different areas of the zone and
measurements showed that the size of the plastic zone is related to that of macrocrack, and an
increase in macrocrack size increases plastic zone size. The maximal size of plastic zone ahead
of macrocrack tip detected in our experiments was equal to 250-350 um (Figure 4).

The macrocrack is localized in a narrow zone 600 pm wide in which isolated meso- and micro-
cracks and slip bands are observed. Clearly, the size varies depending on chemical composi-
tion and heat treatment of the steel; however, the correlation between macrocrack size and the
plastic zone size still exists. The shape of the plastic zone is close to a spherical or compressed
ellipse. Theoretical solution of this problem is foreseen in the proposed project based on an
elastic-plastic model using the linear theory of elasticity.

3.4. The elastic-plastic model

The simple assumption on fatigue failure mechanism in the conditions of plain strain leads
to the formation of a small plastically deformed volume ahead of microcrack, called the
crack tip plastic zone. The zone is cylindrical with the radius R and the axis is oriented as
shown in Figure 5. If the radius (R) of the relaxation zone is less than the crack length (L),
the stress in the middle of the crack practically will not be affected by the plastic relaxation.
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Figure 5. Theoretical scheme, of the cylindrical plastic zone, ahead of the crack tip. Here, 7 s a radius of destruction zone,
and [, I, and [, are dimensions of different plastic characteristics (slip bands, twins, and microcracks).

In addition, the crack width (d) remains the same. Our experiments show that the edges of
the cracks near the crack tip are parallel to each other. According to the linear elastic fracture
mechanics, the magnitude of the stress applied perpendicularly to the microcrack growth
direction in the vicinity of a crack tip is of the form

02 = K?/22R (1)

In order to evaluate the size of the plastic zone, let us suppose that on the interface between

the plastic and elastic zones the magnitude of stress (g,) is equal to the yield strength of the

material (0,). However, based on the above supposition, we are considering only the interface

between plastic and elastic zones. Here, it should be noted that the formula contains a stress

intensity factor (K), being quite difficult to determine
R = 55

- 2
2 no;

2)

unambiguously (in addition to the stressed state, the factor K depends on the shape of the
microcrack as well). In the present work, an attempt is made to exclude this factor from Eq.
(2). To characterize the material resistance to crack propagation, a critical value of crack open-
ing (d) may be used instead of K. According to the reported results of a number of authors, this
value may be used in the cases of substantial plastic deformations as well. When the material
with several slip systems (in our case of FCC crystal it has) is analyzed, the elastic stresses
occurred near the crack tip are almost completely relaxed in the plastic zone, while in the elas-
tic zone, they still exist, and K characterizes the stressed state. As a result, the crack tip turns
blunt, and the edges go parallel to each other, except the area at the very tip. In plastic zone,
the dislocations are in equilibrium state because of yield stress (0,) and the external stress (o)
applied from the side of the microcrack:
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I = nbo, 3)
Here, [ is a Rice integral [5] which determines the energy flow to the crack tip or the body
potential energy change after the crack length is varied. Especially, I determines a free energy
per unit length of the crack (I = -0w/dh). In the cases when R <« L, that is, for small plastic
zones, we arrive at the following expression for the planar stressed state:

I = K?/E 4)

Here, E is a Young modulus. However, as it follows from Rice integral, I determines the
energy dissipated in the process of crack propagation and is related to the crack opening (d):

d=1/o, )

I=do, 6)

The formulae (4) and (6) lead to the exclusion of I, and we arrive at the following formula
for K:

K? = dEo, )

From Egs. (7) and (2), we will also have for R

T2 7o, (8)

Thus, the plastic zone size can be determined this way, knowing E and o, of the material.
Calculations of R for the steel with E = 195,000 MPa and o, =280 MPa showed that for this steel
R=1104, that is, it is equal to 300-350 um that coincides with our experimental measurements
(r=0.1R) [6].

4. TEM examination structure changes after LCF

As it was shown above, the size of the plastic zone ahead of macrocrack amounts to 250-300 u
(spherical or ellipsoid). For TEM studies we used samples with the diameter of 3 mm and
initial thickness 200-250 u, which subsequently were mechanically ground to 200-250 u and
then electrochemically polished to 500-600 A. Comparison of this dimension with those of
the plastic zones makes it clear that we are not able to study the processes taking place ahead
of macrocrack. This means that all the processes in plastic zone can be detected and studied
except formation of meso- and microcracks, due to the dissolution of areas adjacent to micro-
crack during the electrochemical polishing. On the other hand, so big tension is concentrated
just ahead of microcrack that during thinning the sample is destructed. However, internal
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tensions still remain in some areas of the prepared thin film, and after relaxation, they can
be revealed in the places of peak tension. For example, in such places it may form structure
defects including nanocracks and microcracks. To understand the latter, one should take into
consideration that all kinds of fracture, brittle, ductile, and fatigue, flow via dislocation move-
ment that provides formation of slip bands, stacking faults, and deformation twins. Thus, the
reason for the formation of the above defects is microflow. In the cases when the microflow is
impossible because of sufficient tension, and when the possibility of formation of the above
defects is exhausted, a microcrack is nucleated. Subsequently, peak tensions relax in the places
of microcrack formation. That is why TEM samples were held for 0.5-1.0 hours at room tem-
perature for redistribution of internal tensions and formation of microcracks and only after
that they were examined in the TEM. The stacking faults, traces of dislocation movement, and
sometimes even slip bands are also present in addition to twins. The trace and stereographic
analysis showed that in all the investigated cases the slip is realized in {111} planes along <110>
directions. The microstructure of the steel is substantially changed, and the characteristic
polygonal structure of austenite occurs. In the beginning the polygon boundaries are thin and
then gradually thicken when deformation increases. The sizes of the polygons vary from 1 to
20 um. The average orientations of their elongations coincide with the slip direction (<110>).
However, disorientation between the polygons is easily observed which ranges from 2 to 4°.
The same is with azimuthal disorientation during cyclic deformation. The polygons also dif-
fer from each other by the dislocation density and are detected only at polygon boundaries.
Further study of fatigue plastic deformation of the investigated steels showed that increase in a
number of cycles causes intensive structural transformations in them. The trace and diffraction
analysis showed that the slip takes place along the common planes and directions for austenite
({111} and <110>) (Figure 7). In addition to the slip bands in some particular grains, a forma-
tion of cellular dislocation structure begins (Figure 8). At these stages, a dimension of some
carbide precipitates decrease. Here should be noted that according to the internal structure of
the steel (Figures 7-9 and 11-13), in addition to the regular spots, diffuse intensities occur as
well (Figure 9b). The firstly formed dislocation cells are larger; their dimensions vary from 0.02
to 0.25 um. The dimensions of dislocation cells gradually decrease after consequent deforma-
tions reaching 0.01 um and, consequently, transform into dislocation balls (Figure 8). In some
areas, dislocation bundles are formed in which particular dislocations cannot be distinguished.
On the one hand, it facilitates the strengthening of the material, and on the other hand, it indi-
cates at enabling other systems of stress relaxation. Along the formation of cells, the process of
deformation twinning is going on. Thus, while in one grain, bundles are observed, and in oth-
ers deformation twins may be observed. Each microstructure element deforms according to its
crystallographic orientation to the applied stresses. In the twins as well as in the areas between
them, a sufficiently high density of dislocation remains just after the area is completely covered
by twins which are almost uniformly distributed within the grain. However, later, an increase
of deformation rate increases the density of twins. Further increase of deformation rate pro-
vides formation of additional twins angularly with respect to the initial ones, that is, other twin
modes come to action. Therefore, in some grains only one mode is detected, while in others two
or three different twinning modes are operative. Obviously, just this twinning mode is most
probable, and one may suppose that another twinning system comes to action after strength-
ening of an active one. Thus, twinning provides relaxation of tensions. After the formation of
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twins in the majority of grains is over, their size reduction takes place, and thereby the process
of fragmentation of the structural elements of the steel starts. Along the directions <110> and
<112> (directions of slip and twinning), azimuthal disorientation approaches 20° and more.
This makes diffraction pattern complicated, and its indexing is ambiguous. In addition, on
the diffraction patterns, the extra reflections caused by twins and carbide precipitates appear.
At this stage nucleation of martensitic phase takes place, and the respective diffraction spots
emerge (Figure 10). As the martensitic phase nucleates in deformed austenite, the shape of mar-
tensite crystals are the same as of deformation twins. Moreover, they are aligned along the twin
propagation direction. To reveal them a the dark-field technique was used which showed that
the lengths of martensite crystals are comparable with those of twins. Their lengths are limited
by deformation twins and other martensite crystals. The latter becomes apparent through fur-
ther fining of martensite and deformation twin crystals. The martensite crystals in metastable
austenitic phase formed during deformation. The habit pole of the martensitic crystals is situ-
ated near the pole of deformation martensite.

5. Characterization of destruction zone ahead of microcrack

5.1. Interaction of microcracks with subgrains

As it was mentioned above, the TEM studies after low-cycle fatigue tests in the TEM samples
showed that microcracks are formed in the places of stress concentration and the nucleated
microcracks are of different sizes. Sometimes, the main microcrack stops growth along the ini-
tial direction, and branching occurs. As our researches have shown, it takes place in the cases
when (1) its size is ~5 um and more and (2) the microcrack rests at an obstacle. The next grains,
twins, or subgrains can be such obstacles. Electron diffraction, dark field, trace, and stereo-
graphic analyses were used. In Figure 11(a) micrograph of one interesting microcrack tip area,
with the characteristic defects, is shown. As it is apparent from the electron micrograph, the
maim microcrack growth along an initial direction is stopped. Ahead of the microcrack in
destruction zone, some defects are present. Let us consider them separately.

5.1.1. The main microcrack

TEM study shows that the main microcrack has long, parallel edges along the <6274 > direc-
tion detected in the zone axis [130]. One may suppose that ahead of the crack tip a relaxation
of stress occurs that causes the microcrack arrest. However, the relaxation passed through the
formation of defects of another type.

5.1.1.1. Disorientation zone

The zone is characterized by dislocation structure, and the respective diffraction pattern cor-
responds to [130] zone axis. Its area is equal to 15 um?, the central part of which is surrounded
by peripheral areas. Crystallographic measurements show that the disorientation between
the central and peripheral parts reaches 15-16° and both have almost the same dislocation
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density. In the central part of the disorientation zone, some prolonged dislocations are
observed, parallel to the main microcrack. In addition to the above dislocations, some disloca-
tions, angularly oriented to the microcrack, are also observed in the peripheral parts.

5.1.2. Deformation twins

Two parallel twins with the distance between them 0.4 pum are observed in the direction of
the microcrack (Figure 11(b), zone axis [130]: upper (a) and lower (b)). The upper twin is two
times larger than the lower. The plane of twinning for both twins is (1'171), and the direction
of the trace is [6274]. The zone axis of the respective electron diffraction pattern is [5178].

5.1.2.1. Arch-like extinction contour

The detected contour is situated nearly in front of the main microcrack along the microcrack
growth direction, between the twins 3 and 5. The contour does not contain the lines of dis-
location outcrop. In addition, a dislocation cellular structure is revealed, having the archlike
shape in this particular case that may be caused by some non-compensated elastic stresses
in the contour. Tilting of the sample causes their widening and narrowing near the tip of
the microcrack. Thus, the contours serve as in direct signs of the internal stress localization.
However, if such case is observed, the curvature of the contours decreases, and short slip
bands and dislocation outcrops are detected.

5.1.2.2. Thin twins

Twins with the twin plane (1 1 ~1), direction of trace <62 8>, matrix zone axis [123], and twin
zone axis [1172. 17].

5.1.3. Short microcrack

The microcrack is oriented at an angle 37° to the main mesocrack and is almost parallel to the
thin deformation twins (5). Here, it should be noted that the angle 37° is the angle between the
directions <6728 > and <6274 > and the short microcrack is almost parallel to the deformation
twins (5), that is, to the direction <6728>, while the deviation between them amounts to ~5°.
The obtained results confirm that in the FCC structures the planes of cleavage, twinning, and
slip are the same, while the fracture direction is {111} and is deviated from the twinning shear
direction <111> by 6.6°. The above consideration and the analysis of micrographs lead to a
conclusion that the destruction zone ahead of the crack tip is confined by the defects (2-6) and
these defects practically compose a boundary of the plastic zone. One of the important rea-
sons of steel fracture is a reduction in their relaxation ability during plastic loading. Generally,
fracture as well as slip, twinning, fragmentation, disorientation, etc. are the relaxation pro-
cesses. The fracture (or microcrack propagation) takes place at high stresses, and it is realized
after all the above processes are exhausted. Moreover, at high stresses, some processes may
flow simultaneously, taking into account the crystallography and Schmidt factor. In the pro-
cess of stress relaxation in steels, the dislocations will slide along the crystallographic direc-
tions (along the planes of slip or twinning) [7].
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5.2. Crystallography of the microcracks

Slip bands of different lengths formed near microcracks. The microcracks with long, parallel
edges are mainly found inside grains. They are quite long (10-15 pm) and pass through some
subgrains, reaching in particular cases the size of some grain diameters. Propagation direction
may change within the grain as well while crossing some obstacle such as subgrain bound-
aries, twins, and carbide precipitates. In addition, to slip bands, near microcracks, stacking
faults and dislocation traces are also observed. As it is obvious from the micrographs (Figure
12), the microcracks, slip bands, and dislocation traces have the same direction. Moreover,
the microcrack propagation direction and the slip bands are always parallel (Figure 12). The
corresponding diffraction pattern taken from this micro-area shows two FCC zone axes [111]
and [114] present simultaneously. The respective stereographic projections show that in the
area with the orientation [111] the direction of microcrack propagation is parallel to the slip
band. Here, the gnomostereographic projection of the plane (111) is situated in the center of
the projection. The microcrack propagation direction and the slip band, in the area with the
orientation [114], remain parallel. However, in this case, the normal to the plane of the foil
does not lie in the center of the stereographic projection, and consequently the width of the
microcrack from the micrograph seems narrower than its real value.

Consequently, the widths of the microcracks in different parts of the subgrain differ. This
difference may be derived from the angle between the planes (111) [111] and (1171) [114].
The results of the calculations are in accordance with those measured experimentally in
the micrograph. The performed analyses (statistical, stereographic, and trace) show that the
plane of fracture is {111} and the microcrack propagation direction is <110>, in all the con-
sidered cases (Figure 12). The microcrack propagation direction within subgrain does not
vary; however, it changes when passing from one subgrain to another. Thus, the propaga-
tion direction is parallel to <110>. The slip bands and stacking faults as well, are oriented
along the same directions. This first of all was exhibited in the dislocation structure of the
steel. In other words, the stress relaxation occurs just through the formation of these defects.
As it was shown by TEM studies, stacking faults, slip bands, and microcracks of two or
three different directions were revealed in some grains. The microdiffraction studies and
trace analyses showed that the slip occurs along the slip system characteristic of the FCC
structure: on {111} planes along the directions <110>. Figure 12 displays microcracks besides
slip bands which are arranged along the slip bands. The microscopic cracks almost always
are comparable with the slip bands, both in length and in directions. The boundaries of the
micro-area seen in both slip bands and microcracks of three different directions are shown
in Figure 13. The internal stresses were distributed in the sample and how they relaxed.
The trace analysis and microdiffraction studies showed that the direction of propagation of
microcracks is <110>. This directly indicates that the microcracks are initiated either in the
slip bands or (on) along [8].

5.3. Interaction between microcracks and slip band

As follows from the experimental observations, in practice, only two cases are observed
upon the interaction of microcracks with a slip band: when a microcrack propagates in
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the slip band and when the microcrack is extended at an angle to the slip band. In the first
case, the growth of the microcrack will continue until the entire stored energy is spent for
its growth or until the microcrack encounters some obstacle after which the microcrack
stops. Naturally, during the growth of the microcrack, the possibility of its encounter with
another slip bands is not excluded, depending on the level of the accumulated energy.
The microcrack will either stop growing along the initial direction or propagate along
the direction of the encountered slip band (direction of propagation), or, finally, upon the
intersection with the encountered (intersecting) slip band, it initiates a new microcrack
into this band, while itself will continue growing along the initial direction of propagation
(Figures 6-13) [8, 9].

Figure 7. Polygonal structure of the steel after fatigue tests (on the grains of polygons, some carbide precipitates are
seen). Direction of polygonization, <110>, steel X18H12b.
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Figure 9. (a) Deformation twins. (b) Zone axis of the matrix [001] is parallel to the zone axis of the twin [2217] (steel X18
HI0T).

5.4. Interaction of microcracks with another microcrack

Upon the interaction of a microcrack with another microcrack also, two situations were observed.
First, the microcracks propagate along <110> directions as in the same slip band as well as in
the adjacent parallel slip bands. In both cases, depending on the level of the stored energy, they
can coalesce or stop at a specific distance from each other. However, in some cases, in order to
coalesce, they must cause splitting of the area that is located between the microcracks but for
this high stresses are required. We did not observe the coalescence of microcracks in this case.
In the second situation, when microcracks propagate toward each other at an angle, they almost
always unite. In our cases, they stop at small distances from each other. It is likely that in such
cases the internal stresses accumulated in the plastic zone are insulfficient for the microcracks
could continue growing and become coalesced. After the coalescence, the growth continues in
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Figure 10. (a) Twins and martensite crystals in the deformed austenite. (b) Zone axis [130] from austenite and reflection
(110) from martensite.

[130]

Figure 11. (a) Destruction zone in Cr-Ni-Nb steel. The main microcrack (1); disorientation zone (2); two twins (1) of the
direction of microcrack propagation (3); the archlike extinction contour (4); thin twins (5); short microcrack, deviated
from the main microcrack but parallel to the twins (6). (b) The indexed electron diffraction pattern, showing traces of
twins and microcracks. The scheme is oriented with regard the micrograph.

the direction of one of the microcracks (Figure 13). In all the cases examined, it is implied that
the direction of the propagation of microcracks remains a crystallographic direction <110>.

5.5. Interaction of a microcrack with carbide inclusions

As it is evident from Figure 13, carbide precipitates are also observed in the steel structure
together with slip bands and microcracks. In many works it is considered that these are pre-
cisely the inclusions of the stress concentrators which are the stacking faults, slip bands, and
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(311)[114]

(131)[114]

(022)[111]

Figure 12. Alteration of microcrack propagation direction at subgrain boundaries, within a grain. (a) A bright-field
image of microcrack propagation trajectory (negative image). (b) Electron diffraction pattern. Zone axes [111] (dashed
line) and [114] coincide. (c) Stereographic projection.

microcracks in a Cr-Ni-Nb austenitic steel. The electron micrographs show that this is not the
case. It is well seen that the inclusions are surrounded by a dislocation tangle (Figure 13) and
that the dislocation bands (“torches”) go out from the region where several inclusions are
concentrated. Based on the micrograph, it can be stated that in this specific case the group of
inclusions is a barrier to the growth of the microcrack. This follows from the existence of the
microcrack whose sharp end rests against the carbide inclusion and the “torches” of stresses
are seen apposite to it, which clearly emerge from the tip of the microcrack. They are most
likely to be the consequence of the relaxation of stresses that existed before the microcrack tip.
Of course, sometimes an opposite picture can be seen, that is, a microcrack that emerges from
an inclusion, but this does not make it possible to draw the conclusion that the inclusions
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Figure 13. (1) Stacking faults, (2) slip bands and microcracks in a Cr-Ni-Nb austenitic steel.

always initiate the formation of microcracks. The thing is that this process also can depend
on factors such as the size of inclusions and the magnitude of elastic stresses before the tip of
the microcrack, etc. [9].

6. Discussion

According to the experimental results obtained in the proposed work, a macrocrack is local-
ized within a narrow zone with the width of 600 pm, in which isolated individual mesocracks
and slip bands are also observed. To the opinion of the author, the presence of the slip bands
in the plastic zone, so that at the initial stage the majority of them are oriented at an angle of
45° to the loading axis and at an angle of 80° after subsequent tests, is not incident. Presumably,
when slip takes place at an angle of 45°, at the beginning, it coincides with the direction of
maximal tangent stresses. It is obvious to assume that within the plastic zone a local strength-
ening occurs. After strengthening, another system of slip begins to contribute that coincides or
is oriented close to the crack propagation direction. Consequently, the area of maximal defor-
mation shifts to the direction of the main crack. The latter leads to the nucleation of new slip
bands, orientated at different angles from the initial ones. This is the evidence of the fact that
the slip bands at initial stage of deformation are formed on large microstructure elements. At
subsequent deformations slip bands in smaller elements come into action as well [9]. As it was
pointed out above, deformation in the plastic zone flows heterogeneously. In addition to the
heavily deformed grains, some partially deformed or even non-deformed grains were also
observed. In addition, in the locations with no sign of plastic deformation, the isolated micro-
cracks were observed, partly nucleated on (or along) the straight boundaries of grains and
microstructure elements of the steel. The distribution and locations of the isolated mesocracks
show that the formation of the isolated microcracks is a consequence of stress relaxation. The
formation of isolated mesocracks requires at least the following conditions: (1) Grain bound-
aries should be crystallographic. (2) Slip bands should be oriented parallel to grain boundaries.
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(3) Slip should start at grain boundary and then stop. Obviously, the probability of simultane-
ous implementation of the above conditions is rather small and so is the probability of forma-
tion of mesocracks on grain boundaries, especially of their detection. Observation of the
isolated mesocracks within the austenite grains (not on the slip bands), in some cases, indi-
cates that the nucleation sites of the isolated mesocracks are the areas of concentration of
maximal internal stresses. Thus, during the fatigue tests, demonstration of the following
effects is expected: (1) External and internal stresses are summed. (2) External stress facilitates
relaxation of internal stresses. Obviously, in the places where the relaxation process is over,
the nucleation of microcracks is expected. It is also possible that the relaxation is not finished
for some certain reasons; nevertheless, the microcrack is nucleated, but the isolated mesoc-
racks are shorter than the observed slip bands. The latter is obvious from the curve of statisti-
cal distribution of the lengths of the isolated mesocracks (Figures 2-4). It is clear that there are
definite areas and the respective mesocracks with the less length than it was detected in our
experiments. It is also difficult because of the simultaneous presence of products of etching,
precipitates, grain boundaries, etc. on the polished surface of the sample. Nucleation of the
first slip bands on twin and grain boundaries, as well as of the isolated mesocracks, is not a
chance. As it is clear from the curves of statistical distribution, the lengths of the slip bands
and the microstructure elements are comparable. Therefore, the refinement of grains and the
respective microstructure elements of the steel cause the reduction of inhomogeneity of plas-
tic deformation. The number of dislocations in cluster and the amount of accumulated energy
are decreasing because the free path of dislocation and consequently the length of slip bands
are decreasing. The latter reduces the probability of microcracks’ nucleation under the given
conditions of fatigue deformation. As it was noted, we observed the macrocracks created after
20-30% of the entire deformation is accomplished. One may conclude that several structural
changes occur in the steel just in this period. Finally, some of them contribute to creation of the
first microcracks. The deformation flows inhomogeneously as in the plastic zone as well as in
the whole sample. From our experiments it follows that in the places of macrocrack deviation,
intensive formation of slip bands occurs. As it was shown in the experimental part of the pres-
ent work, the macrocrack does not preferably passes neither through grain boundaries nor
precipitates and does not touch the isolated mesocracks and slip bands as well. Thus, one may
suppose that its path, most likely, passes parallel to the elastically stressed microstructural
elements of the steel, while the microcrack is nucleated directly in or along the slip bands. It is
obvious that when the directions of slip bands are parallel to grain boundaries or to the
boundaries of microstructure elements, nucleation of microcracks is simpler. The comparison
of the samples undergone to different numbers of cycles but with the same amplitude showed
that the increase in frequency directly proportionally decreases the minimal number of cycles
leading to the complete destruction. The latter is characteristic to all the investigated steels
despite of heat treatment. Hereby, it may be assumed that the fatigue fracture depends on
both, the amplitude and the intensity of stress. Accordingly, our investigations showed that
fracture in the sample starts with a creation of microcrack. This means that before the forma-
tion of mesocrack, several structural changes (slip, twinning) take place in the steel. They initi-
ate creation of martensitic phase and microcracks as well. The microcracks are
crystallographically shaped and are nucleated along the slip bands and on grain boundaries,
under the favorable circumstances. They are found at a distance of 250-300 um from the tip of
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macrocrack [6]. This fact, once again, indicates that they are of deformation origin and are in
close relations with the structural transformations happening in the steel. The revealing of
martensite in plastic zone indicates a complexity of mechanism of relaxation of stresses.
Apparently, in the beginning, the plastic deformation flows through slip and twinning.
However, after strengthening of austenite, martensitic transformation becomes energetically
more preferable, or deformation of austenite and martensitic transformation are taking place
simultaneously (especially at high values of amplitudes of cyclic deformation)[4].
Consequently, the orientation of micro-cleavages should change while crossing the boundary.
The latter is detected experimentally. From our SEM investigations also follow that the mac-
rocrack in steel is created after 20-30% of the entire deformation is accomplished. The latter
indicates that at this stage (preliminary), preparatory process takes place in the steel, such as
the local and homogeneous slip, creation of dislocation clusters, cells, polygons, etc. Thus, it is
generally adopted that mesocracks are formed and propagated on grain and subgrain bound-
aries. According to our experience, frequently mesocracks and microcracks propagate past
subgrain boundaries not touching it. In addition, there are few examples when microcrack
passes along the grain or subgrain boundary (Figures 1, 2 and 4). Nevertheless, if the above
occurs, such grain or subgrain boundary is strongly linear and even crystallographic, oriented
parallel to <110> directions. It is also obvious that in such cases slip bands and dislocation
tracks, directions of which are well known for the FCC crystals, are always parallel to the
grain boundaries. As what follows from our experimental studies, within 0.5-5.0 hours after
preparation of thin foils of the investigated austenitic steel, a redistribution of internal stresses
occurs in them. The relaxation and redistribution of stresses occur in homogeneously. In the
limits of the examined micro-regions, as was shown above, stacking faults, slip bands, twins,
and microcracks are simultaneously observed. Fracture as well as slip, twinning, fragmenta-
tion, disorientation, etc. is the relaxation processes, and one of the important reasons of steel
fracture is the decrease in their relaxation ability under plastic (dynamic or fatigue) loading.
The elastic stresses decrease during fracture, and this leads to the formation of free surfaces.
At high stresses, fracture (or microcrack propagation) occurs and is realized after all the above
processes are exhausted. However, it does not mean that there is any sequence in the forma-
tion of defects. Moreover, some processes at high stresses may flow simultaneously, taking
into account the crystallography and Schmidt factor. Thus, the results confirm that ahead of
microcrack tip big elastic stresses are concentrated. However, it is quite problematic, and in
some cases even impossible, to reveal the field of elastic stresses. In the process of stress relax-
ation in steels, the dislocations will slide along the crystallographic directions. Therefore,
depending on the crystallographic orientation of the thin foil surface, different and nonsym-
metric defects will be seen in microscope. Rarely, the archlike extinction contours will also be
observed. This means that the observed contour exposes retained elastic stresses existing
ahead of microcrack tip. The damaged versions of the proposed model occur in different crys-
tallographic sections (while tilting the specimen), and the scheme projected on the surface of
the foil is not always symmetric. As shown in the previous works of the author, the exception
is a section through (111) of FCC lattice, taking into consideration the above argumentation.
Consequently, determination of plastic zone shape at the tip of a microcrack may be attributed
to the theoretical problems (Section 3.4), but for all that, the local crystallography of the mate-
rial should be taken into account (Section 5). Since slip directions in FCC structures are of
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<110> type, with 60° angles between them, and in the BCC of <111> type, with 70° angles
between them, the relaxation process in the first case may flow in the six equivalent directions
of <110> type, while in the second, just in four directions of <111> type. Taking into account the
other ways of relaxation such as twinning in all possible directions, the problem becomes
more complicated; in the process of microcrack propagation, the retained stresses are summed;
and the relaxation commences through the formation of the above listed defects [10]. On the
other hand, the trace analysis and microdiffraction studies inside grain showed that the slip
planes are of {111} type and the directions of slip are <110>. The directions of propagation of
microcracks are also <110> directions. TEM studies also showed that microcracks are oriented
along deformation twins which are crystallographically determined. The microdiffraction,
trace, and stereographic analyses of the steel showed that twin plane is a plane of {111} type.
The directions of the deformation twins are <6274 > [130] and <286 > [123]. The directions of
meso- and microcracks also are the directions of the deformation twins <6274 > and <286>. It
may be supposed from the above that plane of fracture and the plane of twinning {111} coin-
cide in this case. The directions of microcrack propagation coincide with the directions of
traces of twinning plane and the slip bands. Therefore, the crystallography of the material
plays an important role in fracture process and propagation of micro- and mesocracks.
Namely, crystallography of the material determines the location and nucleation process of
microcracks [8, 9]. On the scale of the entire microstructure, the changing crystallographic
orientations of grains, naturally, can create inhomogeneous stress fields. The magnitudes of
such fields and their influence, on the processes of crack formation, could not be taken into
account in the mechanical characteristics upon testing to failure. However, as our studies
showed, in the case of small cracks, especially on micro- and nano-level, the local anisotropy
cannot be neglected. The formation of slip bands obeys the crystallography of the material.
Microcracks are initiated in slip bands and grow along them. The formation and propagation
of microcracks are also governed by the crystallography and local anisotropy of micro-regions
and the entire grains. Therefore, as a microcrack grows, its shape and trajectory will always
depend on the anisotropy of the grains through which it propagates. To this factor, a not uni-
form distribution of stresses in the bulk of the sample is also added. All this will of course
affect the trajectory of the microcrack, in any case, during its growth to meso-dimensions.

7. Conclusions

1. The macrocrack in steel is formed only after 20-30% of the total deformation, and the
deformation process in the sample flows inhomogeneously.

2. In the zone of destruction, a martensitic phase is formed, and its volume fraction is directly
proportional to the amplitude and frequency of cyclic deformation.

3. The trace, stereographic analysis, and microdiffraction studies proved that the directions
of microcracks, slip bands, and deformation twins coincide. The trajectory of microcrack
and plane of fracture, within an austenite grain, are governed by the crystallography
of the material. A fracture plane is a plane of {111} type and a propagation direction
(<110>).
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4. The formation of microcracks in slip bands is a consequence of local plastic deformation,
whose energy advantageousness is ensured by the relaxation of peak stresses and by the
reserve of energy in dislocation cores.

5. Sometimes, inclusions can become barriers for the propagation of microcracks.

6. The study of the interaction of microcracks, with each other, showed that their coalescence
or stopping depends on the angle of their joining and on the internal stresses accumulated
in the plastic zone ahead of the tips of the microcracks.
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Stainless steel is still one of the fastest growing materials. Today, the austenitic
stainless steel with the classic composition of 18% Cr and 8% Ni (grade 304L) is still
the most widely used by far in the world. The unique characteristic of stainless steel
arises from three main factors. The versatility results from high corrosion resistance,
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range of environments, together with low maintenance costs compared to other
highly alloyed metallic materials. The retained value of stainless steel results from
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microstructure, plays a crucial role in achieving sustainable development nowadays,
so it is also important for further generations.
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