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Abstract 

The excellent corrosion-resistance of metastable AISI 321 austenitic stainless steel makes it a 

choice material in the fabrication of nuclear and chemical plants, pressure vessels, automobile and 

aircraft components, etc. However, AISI 321 is characterized by low-yield strength and poor 

tribological properties that hinder its widespread application. Therefore, it is important to improve 

its yield-strength to expand its structural applications without compromising its excellent corrosion 

resistance. 

In this study, the effect of grain refinement via cryo-rolling followed by annealing on the strength 

and corrosion resistance of AISI 321 austenitic stainless steel is investigated. The mechanical 

behavior of the as-received coarse-grain and refined alloy (fine-grain and ultrafine-grain) were 

investigated at high (dynamic impact) and low (quasi-static compression) strain rates using the 

split Hopkinson pressure bar and Instron R5500 mechanical testing machine, respectively. The 

corrosion resistance of coarse-grained (CG), fine-grained (FG), and ultrafine-grained (UFG) 

specimens were also investigated using electrochemical methods. Scanning and transmission 

electron microscopy (SEM, TEM), X-ray diffraction (XRD), and electron-backscattered 

diffraction (EBSD) were used for the microstructural and textural characterization of various 

specimens of the alloy before and after plastic deformation. 

The optimum thermomechanical process conditions for developing UFG structure in the AISI 321 

steel is cryo-rolling to 50 % reduction of plate thickness followed by process annealing at 1023 K 

(750 ᴈ) for 600 s (10 minutes). The hardness of the UFG steel specimens is determined to be ~195 

% higher than that of the as-received (CG) AISI 321 steel. The developed UFG specimens have 

strong intensity of ɕ-fibre ({110}<uvw>) texture, which is attributed to pseudo-texture memory 

effect in AISI 321 steel. The mechanism for pseudo-texture memory in AISI 321 steel is proposed.  

The yield strength of the UFG AISI 321 steel is ~400 and ~200% higher than those of the CG 

specimens under both quasi-static and dynamic deformation conditions, respectively. Slip and 

twinning are the active deformation mechanisms in CG specimens. Both are highly suppressed in 

the UFG specimens due to spatial restriction effect. During plastic deformation, ɔ-FCC to 

martensite (Ŭᾳ-BCC) phase transformation occurred, which is more favored in the UFG specimens 

and at low strain rates. The co-existence of martensitic phase transformation paths with and 
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without an intermediate phase (HCP ὑ-martensite) is confirmed in AISI 321 steel during plastic 

deformation under both quasi-static and dynamic loading conditions. Irrespective of grain size, 

Shoji-Nishiyama, Kurdjumov-Sachs and Burgers orientation relationships exist between the ɔ and 

ὑ, ɔ and Ŭᾳ, and ὑ and Ŭᾳ phases, respectively. Thus, the phase transformation sequence follows both 

FCC ɔ Ÿ BCC Ŭᾳ and FCC ɔ Ÿ HCP ὑ Ÿ BCC Ŭᾳ path. The stable end-orientation of the austenite 

phase in compression is [110]||CD texture while that of the martensitic phase is [100]||CD with 

spread towards [111]||CD texture.  

Under dynamic impact load, UFG specimens exhibit lower critical strain and strain rate at which 

shear strain localization (adiabatic shear bands) occurs. EBSD analysis revealed the development 

of equiaxed ultrafine-grained structure (average grain sizes of ~0.17 ɛm in CG and ~0.14 ɛm in 

UFG specimens) inside transformed shear bands by rotational dynamic recrystallization 

mechanism. The five strengthening sources that contribute to strain hardening in AISI 321 steel 

are determined to be: (a) grain boundary strengthening, (b) deformation-induced martensite 

transformation, (c) deformation twinning acting as a barrier to dislocation motion (d) dislocation-

dislocation interactions, and (e) dislocation interaction with titanium carbides. On the stability of 

the austenite phase in AISI 321 steel, EBSD analyses confirmed the evolution of both thermally- 

and deformation-induced martensite that is grain size and orientation-dependent. The results of 

corrosion studies show that the excellent corrosion resistance of AISI 321 steel is not compromised 

by strength enhancement through grain refinement. Although the presence of TiC particles in AISI 

321 is not detrimental to its corrosion resistance, that of TiN particles is. 
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Chapter 1 

Introduction  

This chapter focuses on the motivation behind this study. It also documents the existing problem with 

the structural use of AISI 321 austenitic stainless steel and the need to address it. The research questions 

to answer, the overall and specific objectives of this study are presented. An overview of the content 

of this thesis is also presented. 

1.1 Motivation  

Over the years, many countries have experienced some major nuclear/chemical plant explosions. 

Examples of such explosions in Canada include the boiler explosion at the Cliff Central Heating 

and Cooling Plant in Ottawa in 2009 and the Neptune Technologies and Bio Resources factory 

explosion (Sherbrooke, Quebec) in 2012. Canada is one of the worldôs leading uranium producer 

with nuclear power as one of her sources of energy. The energy industries in Canada and the rest 

of the world, therefore, require high-performance materials to generate, transport and store energy. 

Metastable AISI 321 austenitic stainless steel is a choice material in the energy, automotive, 

aerospace, and chemical process industries, where it can be subjected to extreme service 

conditions. The extreme conditions include highly corrosive environments, high temperature and 

cryogenic environments, and environments where engineering materials are exposed to external 

loading conditions at high and low strain-rate regimes.  

Since the austenite phase in AISI 321 steel is metastable, it can be affected by extreme service 

conditions. For instance, in a cryogenic environment, thermally induced Ŭ'-martensite may form 

from the austenitic phase. Under external load, deformation-induced martensitic phase 

transformation could also occur at a strain level greater than a critical strain. The stability of the 

austenite phase in deformed AISI 321 will be different under quasi-static compression (low strain 

rate) and dynamic impact loading (high strain rate) conditions. Furthermore, the selection of AISI 

321 steel for application is corrosion-driven with less attention paid to improvement of its inherent 

low yield strength and poor tribological properties. To this end, it will be of interest to investigate 

the prospect of improving its yield strength by grain refinement. 
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The condition under which metastable austenite phase in AISI 321 stainless steel becomes unstable 

(e.g. through phase transformation) is not well understood. The question of how this will affect the 

established excellent corrosion resistance of the alloy needs to be addressed. Besides deformation-

induced martensitic phase transformation, what other strengthening mechanisms occur when AISI 

321 steel is subjected to mechnnical loading? What is the role of strain, strain rate, crystallographic 

texture, and grain size on the stability of the austenite phase and, by extension, the mechanical, 

and corrosion behavior of the AISI 321 steel? These are some of the research questions that are 

addressed in this PhD work since, to the best of the authorôs knowledge, not much research has 

been done to answer these questions for AISI 321 steel. The microstructural and mechanical data 

generated from this study can be used for future alloy development to enhance failure resistance 

under different service conditions.  

1.2 Research objectives 

The overall goal of this research is to expand the structural application of AISI 321 stainless steel 

through grain refinement to UFG structure to areas where low yield strength hinders its application. 

To realize this goal, the following specific objectives were pursued; 

I. Determine the dynamic mechanical behavior and texture evolution across the thickness 

of as-received hot-rolled AISI 321 steel.  

II.  Develop ultrafine-grained (UFG) structure in AISI 321 stainless steel via cryogenic 

rolling and annealing and characterize the refined alloy.  

III.  Determine the effect of grain size on the mechanical response of AISI 321 stainless 

steel over a wide range of strain rates. 

IV.  Determine the effect of grain size and prior deformation on the corrosion behavior of 

AISI 321 steel in saline environment. 

1.3 Research contributions 

The combined improvement of the yield strength and corrosion resistance of AISI 321 stainless 

steel by grain refinement was accomplished. The optimum thermo-mechanical processing 

conditions for developing UFG structure of ~0.31 µm grain size were determined. For the first 
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time, AISI 321 stainless steel was determined to be a texture memory alloy with associated 

mechanism proposed. Results obtained in this study indicate that the operational deformation 

mechanisms in AISI 321 steel under mechanical load are complex (i.e. slip and twinning occur 

concurrently, alongside deformation-induced phase transformation). It is also established that 

strain, strain-rate, grain size, and crystallographic texture influences which of the three 

mechanisms dominate. The possible co-existence of martensitic phase transformation paths with 

and without an intermediate phase (HCP ὑ-martensite) during plastic deformation is established. 

Five strengthening sources that contribute to strain hardening in the AISI 321 steel are identified. 

They are: grain boundary strengthening, deformation-induced martensite transformation, 

deformation twinning acting as barrier to dislocation motion, dislocation-dislocation interactions, 

and dislocation interaction with titanium carbides. This work also revealed that the evolution of 

both thermally- and deformation-induced martensite is orientation-dependent in both fine- and 

coarse-grained specimens, while the austenite phase in UFG specimens is highly stable in 

cryogenic environment. The thermal and mechanical instability of the austenite phase was 

observed to be highest in the RD/CD||[100]-oriented grains (RD and CD are rolling and 

compression directions, respectively), followed by grains oriented near RD/CD||[110] and 

RD/CD||[111], in that order. In conclusion, the results have demostrated that the strength of AISI 

321 steel can be significantly improved without compromising the excellent corrosion resistance 

of this alloy. The list of publications that reports all the research contributions from this study is 

presented in APPENDIX A 

1.4 Thesis organization 

The thesis contains twelve chapters. Chapter 1 contains the overview, motivation, and objectives 

of the research while the review of literature is presented in Chapter 2. Chapter 3 contains the 

details of the material and methodology used in this study. The experimental results from various 

aspects of this study have been published in reputable peer review journals. They are presented in 

Chapter 4 (Objective #I), Chapters 5 and 6 (Objective #II), Chapters 7, 8, 9 and 10 (Objective #III) 

and Chapter 11 (Objective #IV).  

In Chapter 4, the dynamic mechanical behavior and high-resolution EBSD investigation of the 

microstructural evolution in deformed AISI 321 stainless are presented. The emphasis is on the 

variation in the dynamic impact response of the as-received steel across the thickness of the steel 
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plate in comparison with the mechanical response under quasi-static lading condition. This work 

has been published in Materials Science & Engineering A. In Chapter 5, the optimum thermo-

mechanical process conditions required to develop UFG structure in AISI 321 austenitic stainless 

steel is presented. The Ŭ'-martensite to ɔ-austenite reversion behavior and the associated texture 

development are discussed. The content of this chapter was published in Metallurgical and 

Materials Transactions A. In Chapter 6, the observed texture memory effect in this alloy is reported 

and the mechanism for its occurrence is proposed. To the best of my knowledge, this is the first 

time that this effect is being reported for AISI 321 steel. This work was published in the IOP 

Conference Series Materials Science and Engineering (ICOTOM 2017). 

In Chapter 7, the dynamic impact responses of coarse (37 ɛm) and ultrafine-grained (0.24 ɛm) 

AISI 321 austenitic stainless steel are presented and discussed. The dynamic failure, along with 

the underlying deformation and strengthening mechanisms in both coarse and ultrafine-grained 

specimens, is explored. The content of this chapter was published in the Materialia journal. Based 

on the findings in Chapter 7, it became necessary to study the behaviour of the steel under low 

strain rate condition. This is because the results in Chapter 7 cannot be generalized for all strain 

rate regimes. Hence, the effects of grain refinement on the behavior of AISI 321 steel when 

compressed in the low strain rate regime was investigated, the results of which are presented in 

Chapter 8. FCC-austenite to BCC-martensite transformation paths in the investigated AISI 321 

austenitic stainless steel are also discussed. This work was published in the International Journal 

of Plasticity.  

In Chapter 9, the effect of grain size on the strain rate sensitivity and activation volume of 

metastable AISI 321 austenitic stainless steel at high strain rate regime is discussed. The content 

of this chapter has been published in the Materials Characterization journal. In Chapter 10, the 

roles of grain size, texture, strain and strain rate on the thermal and mechanical stability of austenite 

in AISI 321 metastable austenitic stainless steel is discussed. These findings could open a new 

window for engineering the initial texture of metastable austenitic stainless steel to either suppress 

or promote both isothermal and deformation-induced martensitic phase transformation. This work 

was published in the Metallurgical and Materials Transactions A journal. The role of grain size 

and prior deformation (and deformation rate) on the corrosion behavior of AISI 321 austenitic 

stainless steel in 3.5 wt.%-NaCl solution is discussed in Chapter 11. This work was published in 
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the Scientific Report journal. Finally, highlights of research findings and the major conclusions 

drawn from this research work are presented in Chapter 12. This chapter also includes some 

recommendations for future work.   
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Chapter 2 

Literature Review 

A comprehensive review of previous studies on stainless steels and their applications is provided 

in this chapter. The plausible conditions that can result in the instability of the austenite phase in 

austenitic stainless steel are highlighted. Previous works on plastic deformation of stainless steel at 

different strain rates and the associated failure mechanisms are also reviewed.  

2.1 Stainless steels: composition, microstructure and properties 

Generally, stainless steels are corrosion resistant iron-based alloys with a minimum of 12 wt.% 

chromium (Cr) content. In terms of composition, microstructure and mechanical properties, they 

are the most complex among all steel types [1]. Stainless steels resist corrosion by the formation 

of a thin passive film of Cr2O3; the corrosion resistance increases with Cr content [2]. They find 

applications in chemical, pharmaceutical, oil industries etc. [3]. Alloying elements in stainless 

steels can be divided into two major groups. The first group promotes the formation of austenite 

(called austenite former) during hot rolling or solution treatment at elevated temperatures while 

the second promotes the formation of ŭ-ferrite (called ferrite former). While Cr, the principal 

alloying element promotes ŭ-ferrite formation at high temperatures, Fe can accommodate about 13 

wt.% Cr at a temperature of about 1050 ᴈ and still remains completely austenite. An increase of 

Cr from ~12 to 17 wt.% could stimulate a progressive change from an austenitic structure to ŭ-

ferrite at elevated temperatures with the ferrite remaining as the stable phase on cooling to room 

temperature [1]. This can be observed in the Fe-Cr equilibrium diagram (Fig. 2.1a) that is also 

characterized by the presence of both sigma phase at about 50 wt.% Cr and the constrained 

austenite phase fields (called gamma-loop). As Cr content increases beyond 13 wt.%, duplex 

austenite and ferrite phase field evolves at the expense of a single-phase austenite at 1050 oC. It is 

necessary to mention that while FCC austenitic structure within the gamma-loop transforms to 

martensite on cooling to ambient temperature, ferrite formed at elevated temperature undergoes 

no phase change on cooling. Stainless steel becomes completely ferritic when the Cr is increased 

above 18 wt.% for carbon content of about 0.1 wt.% C [1]. Low volume fraction of ferrite is 

considered beneficial under certain conditions such as in welds, while high volume fraction can 

promote cracking and decrease corrosion resistance [4]. The nomenclature ŭ-ferrite is used to 

differentiate the high temperature BCC ferrite phase from Ŭ-ferrite (a transformed product from 
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austenite). Sigma phase is a hard and brittle intermetallic compound produced in alloys containing 

less than 50 wt.% Cr. Formation of the sigma phase retards corrosion resistance. As such, the 

temperature range (about 750-820oC) that promotes its formation in Fe-Cr alloys should be 

avoided in service. 

Nickel is a strong austenite-former that is usually added to steel to preserve austenite in the 

presence of high ferrite-forming Cr content [5]. Its addition to the Fe-Cr alloy helps negate the 

restriction imposed by Cr content on the formation of austenite. Figure 2.1b shows an expanded 

austenite phase in Fe-Ni equilibrium phase diagram. Therefore, in a high Cr steel with substantial 

ferritic microstructure, it is possible to reverse the process and re-establish an austenitic structure 

by the addition of a large amount of Ni. Steels containing 17 wt.% Cr and 0.1 wt.% C have a 

microstructure comprising 65% ŭ-ferrite and 35% austenite at a solution treatment temperature 

(Fig. 2.2a). At 1050 oC, stainless steels become fully austenitic with the addition of 5 wt.% Ni as 

shown in Fig. 2.2b where the percentage of ŭ-ferrite is near zero.  

Ni addition depresses Ms-Mf transformation range. However, Ni content above 4 wt.% depresses 

the Mf temperature below room temperature. Therefore, the addition of larger amount of Ni will 

result in a drop in hardness owing to an incomplete transformation to martensite and a large amount 

of retained austenite (Fig. 2.2b). This implies that a 18 wt.% Cr 9 wt.% Ni will be fully austenitic 

at 1050oC but with a depressed Ms-Mf temperature range to sub-zero temperatures. This is due to 

the high Ni addition and influence of other alloying elements. Hence, this steel retains its austenitic 

structure when cooled to room temperature and has a low strength but high formability. 

Other ŭ-ferrite forming elements include silicon (Si), molybdenum (Mo) and titanium (Ti) at high 

temperature whereas carbon (C), nitrogen (N), manganese (Mn) and copper (Cu) promotes 

austenite formation. Both ferrite- and austenite-forming elements will lower the Ms-Mf temperature 

range, thereby influencing the evolved microstructure on cooling to room temperature. Therefore, 

the composition of stainless steel is governed by [1]: 

a. the balance between ferrite- and austenite-forming elements that eventually controls the 

structure of a hot rolled and solution treated stainless steels, 



8 

 

b. the overall content of alloying elements which controls the Ms-Mf temperature range and 

the eventual structure and properties at room temperature.  

 
Fig. 2.1. (a) Fe-Cr and (b) Fe-Ni equilibrium diagrams. Exploded view in (a) is a simplified 

illustration of the marked region for Fe-Cr alloys containing 0.1% C [1]. 

For the various classes of stainless steels, there exists a compromise between corrosion resistance 

and other properties such as mechanical strength, formability etc. [1]. For example, Abreu et al. 
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[6] observed that as the volume fraction of martensite increases, pitting and general corrosion 

resistance decrease.  

 
Fig. 2.2. (a) Percentage of ŭ-ferrite with respect to Cr content in 0.1 wt.% Carbon steels solution-

treated at 1050 ᴈ and (b) effect of Ni content on the Ms temperature, % ŭ-ferrite and hardness of 

0.1 wt.% C 17 wt.% Cr steels [1]. 

Depending on its chemistry, the microstructure of stainless steel constitutes mainly of ferrite, 

austenite, and martensite. Based on these microstructures, stainless steels are classified as ferritic, 

austenitic, martensitic, duplex or precipitation hardening (PH) stainless steels [7-9]. While the 

ferritic and martensitic stainless steels are ferromagnetic, austenitic stainless steels are non-

magnetic [9]. The 200 series contains Cr, Ni and Mn as major alloying elements while the alloys 

belonging to the 300 series contains mainly Cr and Ni, and are both (200 and 300 series) austenitic 

[10,11]. The alloys in the 400 series that cannot be hardened by heat treatment are ferritic, the 
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hardenable 400 series type is martensitic [11]. Duplex steels mainly belong to the 2000 series. 

Meanwhile, the PH stainless steels, which contains Cr, Ni and small amounts of various additions 

of Cu, Co, Al, P, Ti, Mo and Nb belongs to the 600 series [12,13]. As useful as equilibrium phase 

diagrams are, they are sometimes not sufficient to predict the dominant microstructure after 

solidification [5]. To this end, Schaeffler [14] developed an empirical equation, termed chromium 

equivalent and Nickel equivalent, that constitutes some of the ferrite and austenite formers listed 

above. These are used to plot a constitution diagram called Schaefflerôs diagram. Although 

Shaefflerôs approach did not take into account the cooling rate and aging heat treatments, it permits 

the prediction of microstructure as a function of composition [5,15]. Schneider [16], however, 

developed a modified-Schaefflerôs diagram (Fig. 2.3a) using Cr equivalent (Eqn. 2.1) and Ni 

equivalent (Eqn. 2.2) that considers a wider range of compositions. The modification of 

Schaefflerôs diagram is a continuous effort as new grades of stainless steel are being developed. 

For instance, Klueh et al. [17] reported that Shaefflerôs diagram that was established to predict 

phases in Fe-Cr-Ni-C stainless steels could not predict the phases in Fe-Cr-Mn-C stainless steels. 

The authors observed that Mn has lower austenite-stabilizing effect against the formation of ŭ-

ferrite than Ni (i.e. Ni is a stronger austenite former than Mn). Hence, they propose a modified 

diagram that is superimposed on the Schaefflerôs diagram as shown in Fig. 2.3b. 

ὅὶ ὩήόὭὺὥὰὩὲὸὅὶ ςὛὭ ρȢυὓέ υὠ υȢυὃὰ ρȢχυὔὦ ρȢυὝὭ

                                  πȢχυὡ                                                                                                       é2.1 

ὔὭ ὩήόὭὺὥὰὩὲὸὔὭ ὅέ πȢυὓὲ πȢσὅό ςυὔ σπὅ                             é2.2 

2.1.1 The 300 series austenitic stainless steel 

The AISI 321 selected for investigation in this PhD work belongs to the 300 series (FeïCrïNi) of 

austenitic stainless steels which have good ductility and excellent overall corrosion resistance [3]. 

However, they possess relatively low yield strength (250 to 350 MPa) [18] which limits their use 

in structural applications [18]. Some examples of alloys in this series are indicated in Fig. 2.3a. 

Another major disadvantage of stainless steels belonging to the 300 series is their low hardness, 

which leads to very poor tribological properties [3]. They have a face-centred cubic (fcc) structure 

[19] with low stacking fault energy (SFE) [20]. Austenitic stainless steels (ASS) are produced on 

solidification by peritectic reaction [21]. One of the major problems of cast and welded ASSs is 

hot cracking which is usually induced by severe microsegregation of trace elements such as 
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phosphorus and sulfur when austenite dendrites form instead of ferrite dendrites. Regulating the 

content and morphology of ferrites in austenitic stainless steels becomes a problem [21]. 

 
Fig. 2.3. Schaeffler diagram modified by (a) Schneider [1] and (b) Klueh et al. [17]; (b) also shows 

the original Schaeffler diagram superimposed on the diagram modified by Klueh et al. 
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2.1.2 AISI 321 austenitic stainless steel and applications 

An age-long problem associated with ASSs is the frequent occurrence of sensitization. 

Sensitization is a phenomenon in which intergranular corrosion occurs when ASSs are exposed to 

heat at a temperature between 500 and 800 °C [22]. It is caused by the depletion of Cr in the 

vicinity of the grain boundaries due to the precipitation of Cr23C6 [5,22]. To circumvent this 

problem, metallurgist proposed the use of carbon content below 0.03 wt.% to suppress the 

formation of Cr23C6 [23]. This led to the development of L-type austenitic stainless steels such as 

AISI 304L and 316L type [5]. The grain boundary engineering of austenitic stainless steel to induce 

óspecialô coincidence site lattice boundaries of Ɇ3 and Ɇ9 by cold rolling has also been reported to 

be an effective way to prevent sensitization and intergranular corrosion [24]. Another approach is 

to add elements which have stronger affinity for carbon than Cr, i.e. the addition of carbide formers 

such as Nb and Ti, to the alloyôs system [5,23,25]. This is also to avoid the formation of Cr23C6 

through preferential formation of non-detrimental NbC and TiC, respectively, leaving Cr in the 

solid solution at high temperature [26,27]. While the Nb-rich stainless steel is named the AISI 347 

alloy, AISI 321 is the Ti-rich stainless steel. The chemical composition of AISI 321 austenitic 

stainless steel is presented in Table 2.1 while the influence of the alloying elements in stainless 

steel is presented in Table 2.2. Using the Eqns. 2.1 and 2.2, the Cr and Ni equivalents for AISI 321 

and some other ASS are estimated and indicated in Fig. 2.3a. AISI 321 austenitic stainless steel 

has excellent corrosion resistance [3], and find application in components design for aircraft 

exhaust stacks and exhaust manifolds, pressure vessels, nuclear power and chemical reactors, 

automobile exhaust systems, mufflers for engines, carburetors, expansion bellows, stack liners, 

etc. [28,29]. Due to the presence of nitrogen in AISI 321 ASS, TiN can form in this steel, which  

has been reported to act as passive film breakdown sites for pit initiation in an acyl chloride 

environment [30]. AISI 321 austenitic stainless steel is essentially non-magnetic, and can only be 

hardened by cold working [30,31].  

Table 2.1. Chemical composition of the AISI 321 austenitic stainless steel (wt. %). 

C Si Mn P S Cr  Ni Cu Mo Co N Nb Ti  Fe 

0.044 0.40 1.56 0.04 0.001 17.61 9.17 0.3 0.42 0.15 0.0117 0.008 0.36 Bal. 
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Table 2.2. Role of alloying elements in stainless steels [32] 

Element Description 

C 

It contributes to the strengthening of stainless steel. Content is deliberately low to 

obtain desired properties (such as prevention of sensitization) and mechanical 

characteristics. 

Si 
Improves oxidation resistance. It also confers hardenability on steel when present in 

small amount. 

Mn 
Prevents the formation of iron sulphide inclusions that cause hot cracking. It also 

promotes deoxidation of steel. 

Cr 
Promotes the corrosion-resistance of stainless steels through the formation of 

adherent, passive film that shields the steel from uniform and localized attack. 

Ni 

Promotes the corrosion-resistance of stainless steels especially in sulphuric acid 

environments and when passive layer is absent or damaged. It also imparts strength 

to stainless steel. 

Mo 
Improves resistance to pitting and crevice in chloride environments. It also decreases 

the breakdown tendencies of previously formed passive films. 

N 
Increases the resistance to pitting or intergranular corrosion due to the evolution of 

Cr2N instead of Cr23C6. 

Nb 
Prevents intergranular corrosion and contributes to strengthening due to the 

precipitation of fine NbC. 

Ti 
Used to stabilize stainless steel to promote the formation of TiC at the expense of 

Cr23C6. It also forms TiN in the presence of Nitrogen. 

2.2 Martensitic phase transformation in stainless steels 

Most of the austenitic stainless steels, including AISI 321, are metastable. This means that 

martensitic phase transformation could occur on exposure to any conditions that could result in the 

instability of its austenite phase. Some of these stability-deteriorating conditions include exposure 

to cryogenic environment and external load, either at low or high strain rates. This section, 

therefore, focused on the development of martensitic phase transformation in austenitic stainless 

steels that is thermally- or mechanically-induced. 
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2.2.1 Thermally -induced phase transformation  

Without an external load, the Ŭᾳ-martensite start temperature (Ms) of AISI 300-series austenitic 

stainless steels strongly depends on the alloy content. Among other empirical equations, Eqn. 2.3 

proposed by Eichelman and Hull [33] is most widely used;  

ὓ ᴈ ρσπςτςϷὅὶ φρϷὔὭ σσϷὓὲ ςψϷὛὭ ρφφχϷὅ Ϸὔ     é2.3 

where compositions are in wt.%. Using Eqn. 2.3, the estimated Ms for AISI 321 is ρυσ ᴈ. This 

suggests that the FCC ɔ-austenite phase in AISI 321 (and other austenitic stainless steels) will 

transform to Ŭᾳ-martensite when exposed to cryogenic environment. Unlike pearlite or ferrite 

formation, Ŭᾳ evolve due to the deformation of the ɔ lattice without atomic diffusion. This 

deformation induces a change in shape of the transformed region that now consists of a large shear 

and a volume change [34]. Austenite in metastable stainless steels can transform into two different 

types of martensite; the hexagonal close-packed (HCP) Ů-martensite and the body-centered cubic 

(BCC) Ŭᾳïmartensite [6]. Both martensitic phases tend to induce volume changes in comparison 

with the parent austenite. While the formation of Ŭᾳ-martensite generates a volume expansion of 

1-4 %, the Ů-martensite generates a volume contraction. Similarly, while the Ŭᾳ-martensite 

nucleates from austenites through dislocation reactions (at dislocation pile-ups) [6], Ů-martensite 

is formed at stacking faults [35]. Between the Ů- and Ŭᾳ-martensite phases, the transformation of 

the latter is of substantial interest, as it increases the work-hardening capacity and affects the 

ductility of the steels [19]. Apart from the chemical composition of the alloy, the occurrence of 

sensitization in stainless steel prior to exposure to cryogenic environment may also influence the 

amount of phase transformation [5]. This is because the formation of M23C6 carbide at the grain 

boundaries results in the depletion of chromium, carbon, and other alloying elements in the grain 

boundary area, which in-turn, leads to a higher Ms temperature. This makes the material more 

susceptible to the formation of Ŭᾳ-martensite close to grain boundaries during cooling than the 

unsensitized alloy [36]. Grain size can also affect the extent of phase transformation in stainless 

steel as reported by Matsuoka et al. [37]. The authors observed that the volume fraction of 

thermally-induced martensite decreased with a decrease in grain size in Feï16%Crï10%Ni 

metastable stainless steel.   
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Generally, martensitic transformation would occur athermally in steels, although an isothermal 

transformation is also possible depending on the transformation kinetics [38,39]. In athermal 

transformation, the amount of martensite formed depends only on temperature while that formed 

through isothermal transformation process is function of both temperature and time [40]. Although 

isothermal transformation has no definite Ms temperature, it occurs at an incubation time during 

isothermal holding. It is well documented that thermal activation is not necessary for athermal 

transformation to start and proceed [41]. This implies that only the thermodynamic driving force 

(that must overcome the elastic energy that opposes martensite initiation at specific sites at and 

below the Ms) obtained by lowering temperature is sufficient for athermal martensitic 

transformation. The Koistenen and Marburger [42] equation (Eqn. 2.4) that describes the 

transformation progress below Ms also affirm that the extent of transformation is independent of 

time. 

ρ ὠ ὩὼὴπȢπρρὓ Ὕ                                                                                                                          é2.4 

ὠ  represents the volume fraction of Ŭᾳ-martensite and Ὕ represents the quenching temperature 

that is below ὓ . The athermal character deduced from this expression (time independent) is a 

result of very rapid nucleation and growth of martensite that permits the time taken for growth 

completion to be negligible. The rate at which a martensite plate grows was determined to be 1100 

ms-1, a significant fraction of speed of sound in steel [34,43]. Apart from the fact that the 

composition of the product phase (martensite) is identical to that of the parent phase (austenite), 

the aforementioned observation also lends support to the general knowledge that martensitic phase 

transformation is diffusionless since the fastest diffusion process occur at about 800 ms-1 in pure 

Ni [34]. Based on the thermal activation model for the transformation kinetics, it has been 

predicted that isothermal transformation will occur when athermal transformation is suppressed 

[40,44]. However, the occurrence of both transformations in the same material has been reported 

[45,46].  

2.2.2 Mechanically-induced phase transformation 

The metastable austenite phase in austenitic stainless steels is known to undergo partial 

transformation to a martensitic microstructure during cold deformation [18,30]. This plastic 

deformation provides the required energy to promote martensitic transformation, thereby 
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increasing the martensite formation temperature to Md. Md is the temperature higher than Ms, below 

which martensite will evolve on application of an external load. The martensite produced via 

plastic deformation is called deformation-induced martensite (DIM) and the phenomenon is 

termed transformation-induced plasticity (TRIP) [47]. The empirical equations, for Md30/50 (i.e. the 

temperature (in oC) at which 50% of austenite will transform to Ŭᾳ-martensite due to 30% imposed 

true strain) is given by Nohara et al. [48] in Eqn. 2.5.  

ὓὨ Ⱦ ᴈ υυρτφςϷὅ Ϸὔ ωȢςϷὛὭ ψȢρϷὓὲ ρσȢχϷὅὶ ςωϷὅό

                              ϷὔὭ ρψȢυϷὓέ φψϷὔὦ ρȢτςὋ ψ                           é2.5 

where G is the ASTM grain size number of the investigated steel. With an ASTM grain size 

number of 6, the Md30/50 for AISI 321 steel is ρς ᴈ, a significant rise from the Ms ( ρυσ ᴈ). 

During deformation, the debate on whether the martensitic transformation followed FCC ɔ-

austenite Ÿ BCC Ŭᾳ-martensite or FCC ɔ-austenite Ÿ HCP ὑ-martensite Ÿ BCC Ŭᾳ-martensite 

sequence exists. Processing parameters such as the temperature, state of stress, chemical 

composition, stacking fault energy (SFE) and rate of deformation are reported to influence the 

amount of ὑ and Ŭᾳïmartensite formed [6,18]. SFE tends to play an important role in the stability 

of austenite since it controls the formation of shear bands and other DIM nucleation sites [19,49]. 

SFE () itself depends on factors such as chemical composition and temperature [50] and can be 

estimated using Eqn. 2.6 (Brofman and Ansell [51]), Eqn. 2.7 (Schramm and Reed [52]), and Eqn. 

2.8 (Rhodes and Thompson [53]). 

 ρφȢχ ςȢρϷὔὭ πȢωϷὅὶ ςφϷὅ                                                                               ȣςȢφ 

 υσφȢςϷὔὭ πȢχϷὅὶ σȢςϷὓὲ ωȢσϷὓέ                                                 ȣςȢχ 

 ρȢς ρȢτϷὔὭ πȢφϷὅὶ ρχȢχϷὓὲ ττȢχϷὛὭ                                                 ȣςȢψ 

Generally, TRIP becomes the dominant operative deformation mechanisms in stainless steels 

when the SFE is below 18 mJm-2 [54]. The decrease in temperature can cause a drop in SFE, which 

in turn, raises the chemical driving force (i.e. variation in the chemical free-energy difference 

between the austenite and Ŭᾳ-martensite phases) for the phase transformation. Similarly, increasing 

the temperature leads to an increase in SFE and thus nucleation sites for the Ŭᾳ -martensite decrease 
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[49]. Other relevant parameters to consider for the deformation-induced martensitic transformation 

are the deformation mode and the strain rate. Patel and Cohen [55] found uniaxial tension to be 

more beneficial for martensite formation than uniaxial compression or hydrostatic compression. 

Similarly, martensitic transformation is more favored at low strain rates than at high strain rates 

since the later will heat the sample and hinder martensitic transformation [43]. Eskandari et al. 

[18] observed that cross-rolling increased the volume fraction of martensite formed in cold rolled 

plates than the conventional unidirectional rolling since the former results in increase of 

intersections of shear bands that are preferential sites for martensite nucleation [18].  

In a previous study, the initial Ŭᾳ-martensite nucleus was reported to be coherent with the parent 

austenite [56], but there exited loss of coherency as the Ŭᾳ-martensite plate grew. On the other 

hand, ὑ-martensite remained coherent with the parent austenite. With enough driving force (i.e. 

decrease in Gibbs free energy), Ŭᾳ-martensite nucleus will rapidly grow as plates, which terminate 

at high angle grain boundaries or at other martensite plates. Therefore, prior austenite grain size is 

a factor that affects the growth of martensite plates. It should be noted that sometimes the 

martensite/austenite interface is not strong enough to prevent the growth of martensite, hence, the 

martensite continues to grow to form the martensite intersections [57]. Deformation-induced phase 

transformation occurs by two mechanisms: strain-induced and stress-assisted/induced phase 

transformation. Strain-induced martensite is known to occur at the intersection of shear bands [58]. 

This is because shear strains imposed by these intersections promote atomic arrangement that 

favors the nucleation of Ŭᾳ [59]. Shear band in this context is a collective term for the planar defects 

that form due to the overlapping of stacking faults (formed by the dissociation of perfect 

dislocations into Shockley partial dislocations during plastic deformation) on austenite {111} 

planes during plastic deformation [19]. This shear band could be an intersecting ὑ-martensite or 

twin band depending on the overlapping process of stacking faults. An ὑ-martensite is formed if 

the intrinsic stacking faults overlap regularly on every second {111} plane, while mechanical twin 

will develop by overlapping three stacking faults on successive {111} plane [60]. The formation 

of ὑ-martensite and twin and their respective bands are schematically shown in Fig. 2.4. Figure 

2.4a shows an isolated stacking fault of width, ὶ, that forms on a {111} plane from the dissociation 

of a perfect dislocation under an applied stress. The size of the stacking fault increases with applied 

stress until a critical width, ὶᶻ, is reached as shown in Fig. 2.4b. A number of stacking faults, ὲ 

[n is 1 and 3 for Ů (Fig. 2.4b) and twin (Fig. 2.4c), respectively], overlap in adjacent {111} planes 
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to form an embryo with a critical width ὶᶻ and length ὰᶻ. The length of the embryo, ὰ, then 

increases and propagates through the grain interiors by subsequent overlapping of stacking faults 

in adjacent planes (Fig. 2.4d). Once the structure is fully formed, its width ύ increases by forming 

adjacent embryos of constant width, ὶᶻ [ύ=ὶᶻὔ, where ὔ is the number of embro in a band] as 

shown in Fig. 2.4e. Finally, the increase in Ů/twinning volume fraction increases by the formation 

and overlapping of new embryos in various locations of a grain, leading to the formation of micro-

bands (Fig. 2.4f). 

 

 

Fig. 2.4. Schematic diagrams of the mechanism of Ů and twin formation and the formation of their 

respective band [60]. 

Stress-assisted phase transformation nucleation occurs predominantly at ɔ grain boundaries [59]. 

In summary, while the nucleation of strain-induced Ŭᾳ need the creation of new embryos such as 

the intersection of ὑ bands or the intersection of an ὑ band with a twin in the parent austenite by 



19 

 

plastic deformation, the nucleation of stress-assisted Ŭᾳ occurs at the grain boundaries with no need 

for new nucleation sites [58] as shown in Fig. 2.4. The result in Fig. 2.5 [61] also shows that Ŭᾳ 

developed via both strain-induced and stress-assisted mechanisms in coarse-grained stainless steel 

while stress-assisted was the dominant mechanism in UFG specimen. 

 

 

Fig. 2.5. Schematic diagram and TEM micrographs of deformed stainless steel showing the 

relationship between grain size and mechanism of deformation-induced martensite [61]. 

2.3 Deformation twinning in stainless steels 

Deformation twinning occurs in most austenitic stainless steels during plastic deformation. This 

leads to a phenomenon termed twinning-induced plasticity (TWIP). Apart from the 300 series 

ASS, special type of austenitic stainless steel that exhibits TWIP effect is the high Mn TWIP steels 
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that contain up to 25-35 wt% Mn with a minor addition of Al and Si [62]. They are attractive 

material for structural applications due to their unique ability to offer combine strength (up to 800 

MPa) and ductility (up to 95%) [63]. Although different mechanisms have been proposed, as they 

are well documented by Cooman et al. [64], the development of deformation twins is generally a 

process that proceeds by dislocation mechanism [65]. One of the accepted formation mechanisms 

of deformation twinning is already discussed in Section 2.2.2 since it is quite similar to that of 

HCP Ů-martensite [63] as shown in Fig. 2.4. As previously indicated, the operative deformation 

mechanisms in metals are strongly influenced by their SFE [66]. It is reported that deformation 

twinning will dominate at a SFE in the 18 - 35 mJm-2 range while slip occurs above 35 mJm-2 [54]. 

Regardless of the dominant deformation mechanisms, be it phase transformation or twinning, 

plastic deformation by slip of dislocations will still occur [67]. Deformation twins act as sub-

boundary-like obstacles to dislocation motion; leading to HallïPetch-type strengthening of the 

twinned-metal [68]. This phenomenon is termed dynamic HallïPetch effect [69] since twins 

nucleate as deformation proceeds and simultaneously resulting in a continuous grain refinement. 

Hence, the dislocation mean-free path is reduced and significant hardening rate is generated. 

Twinning stress, which is a combination of stresses required to nucleate and grow twins, is a 

necessary requirement to generate deformation twinning. The determination of the stress to 

nucleate a deformation twin is experimentally difficult [70]. As such, it is considered that the 

twinning stress determined experimentally is the stress required for twin growth. The assumption 

is that twin nuclei already exist within the metal, e.g. stacking faults [65]. Despite the experimental 

difficulty involved in determining twin nucleation stress, Rahman [65] determined the critical twin 

nucleation stress for an infinite grain size in a TWIP steel to be ~50 MPa, which increases with 

decrease in grain size (i.e. twinning becomes more difficult in fine grains). However, Bouaziz et 

al. [71] reported that twin nucleation stress is independent of grain size (in the grain size range of 

1.3-25 Аά though). Classical twinning theories for determining the critical stress for twinning 

have been proposed and documented [64]. The „  proposed by Byun [72] in terms of uniaxial 

stress is expressed in Eqn. 2.9 as a function of SFE and Burgers vector. 

„ φȢρτ ῲὦϳ              é2.9 
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where ũ is the SFE and b is the Burgers vector of the Shockley partials. Therefore, it implies that 

high SFE and/or low b will result in high critical true stress for mechanical twinning (i.e. nucleation 

of twins become more difficult). Other factors that may influence the evolution of deformation 

twinning are temperature, strain rate, level of pre-strain, specimen and/or grain size, specimen 

crystallographic texture, alloy composition, precipitates, etc. [70]. Some of these factors are 

interdependent and difficult to separate. 

2.4 Mechanical behaviour of austenitic stainless steels  

One of the very important factors that influence the mechanical behavior of metals, including the 

austenitic stainless steels, is the strain rate at which they are deformed. By classification, strain 

rates below 10-6 s-1 are in the creep domain while those at or below 10-3 s-1 represent quasi-static 

deformation conditions. Strain rates above 102 s-1 are classified as high strain rates, above 104 s-1 

are called very high strain rates, and strain rates above 106 s-1 are called ultra high strain rates 

deformation conditions [73]. For the purpose of this thesis, only the mechanical behavior of 

austenitic stainless steel under quasi-static and high strain rates deformation conditions are 

discussed further in Sections 2.4.1 and 2.4.2, respectively. Unlike the behavior under quasi-static 

condition where strain hardening dominates, plastic deformation in metals under dynamic impact 

loading is a complex phenomenon that is characterized by the competition between strain 

hardening and thermal softening. The thermal softening results from the conversion of impact 

energy to thermal energy, leading to a temperature rise in the impacted specimens [74]. It was 

suggested that 90 % of the kinetic energy of the striking projectile is converted to thermal energy 

[75]. The extent of thermal softening in a deformed specimen is influenced by this temperature 

rise, which can be estimated from the stress-strain data using Eqns. 2.6 [76].  

4 4  ɝ4  
 

 Ȣ  
                  é2.6 

where 4 and T are the temperatures of the specimen before and after high strain-rate deformation, 

ɼ is the fraction of plastic work that is converted into heat (assumed to be 0.9) and it is referred to 

as the Taylor-Quinney parameter (Eqn. 2.7-a), # is the specific heat capacity, ʍ is the density and 

7  is the plastic work of deformation which is expressed in Eqn. 2.7-b. 
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ɼ  
 

 
                                                    é2.7-a 

7  ᷿ʎ Ȣ  Äʀ                                        é2.7-b 

where ὗ , s and Ů are the heat converted from plastic work, stress and strain, respectively. The 

general description of deformation behavior in metals under different loading condition is 

illustrated in Fig. 2.6 [77]. Under quasi-static loading conditions where the temperature rise in 

specimen is negligible, deformed specimen exhibits continuous hardening to large strain in the 

stress-strain curve until the material fractures as shown in Fig. 2.6. Under dynamic loading 

conditions where the plastic work heats up the deformed metal, the flow stress first hardens up to 

a peak value ɔmax stress, followed by strain softening (the ñadiabaticò curve on Fig. 2.6). Still under 

the dynamic loading condition, a localized thermal softening may become extreme resulting in 

stress collapse that culminates to strain localization (the ñlocalizationò curve in Fig. 2.6).  

 

 
Fig. 2.6. Shear stress-nominal shear strain plot for a typical work-hardening material [77]. 

2.4.1 Under quasi-static condition  

As previously mentioned, the temperature rise in a specimen under quasi-static loading conditions 

is negligible. The implication of this for austenitic stainless steels is that the transformation of the 
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metastable austenite phase to martensite during plastic deformation can be spontaneous without 

being influenced by temperature rise within the specimen. It has been reported that martensitic 

phase transformation occurred in AISI 304 stainless steel under tensile load at room temperature, 

but was suppressed at 75 ᴈ [78]. The authors concluded that the presence of martensite increased 

the hardening rate in the specimens deformed at room temperature. The tensile deformation of 

selected stainless steel grades showed a decrease in deformation-induced martensite with increase 

in alloying content, temperature, strain rate (within the low strain rate regime) and SFE [19]. At 

room to cryogenic temperatures and at different strain rates also within the low strain rate regime, 

selected 300 series stainless steel showed an increase in yield strength and a decrease in fracture 

strain as the deformation temperature decreased [79]. Meanwhile, yield strength and fracture strain 

increased and decreased with increased strain rate, respectively. The evolution of deformation 

twinning in a high Mn austenitic TWIP steel under tensile load became more difficult as the grain 

size decreases [80]. Similarly, finite element simulation of AISI 304 ASS under uniaxial tension 

shows the activation and suppression of twinning in coarse and ultrafine-grained structures, 

respectively, while experimental results confirm the suppression of both the deformation twinning 

and martensitic phase transformation by grain refinement [81]. The EBSD analysis of the same 

selected area provided evidence of de-twinning during an interrupted reverse tension-compression 

loading of a TWIP steel [62]. It was reported that all deformation twins formed during forward 

tension loading were removed upon subsequent reverse compression loading. On the role of 

texture [82], deformation twinning occurred in grains oriented near [111]||TD (tensile direction) 

where the twinning stress is larger than the slip stress.  

2.4.2 Under dynamic condition 

Unlike the quasi-static deformation condition, adiabatic heating in the specimen during dynamic 

deformation can influence the microstructure of the metal and by extension, its mechanical 

response during high strain-rate deformation. For instance, most austenitic stainless steels undergo 

martensitic phase transformation, and the fraction of transformed martensite can be different 

compared to those deformed under quasi-static condition. Under a compressive load, Sahu [83] 

also determined that the stability of austenite in austenitic stainless TWIP steels was low at lower 

strain rates, but phase transformation was suppressed during high-strain-rate deformation. The ease 

of Ŭᾳ-martensite formation and its suppression when adiabatic heating is not significant and 
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substantial,  respectively, have also been reported during the dynamic deformation of AISI 304 

steel [84]. The value of temperature rise in austenitic stainless steels calculated using Eqn. 2.6 is 

believed to be underestimated due to the generally-assumed value of ɼ (0.9). In fact, there exists a 

variability of the value of ɼ for austenitic steels that undergo deformation-induced martensitic 

transformation at high strain rates [85]. It is believed that latent heat released due to the exothermic 

nature of the martensitic transformation and the heat dissipated during the co-deformation of ɔ and 

Ŭᾳ contributes to the source of heat that results in the temperature rise in impacted specimens [85]. 

This can influence the value of ɼ.  

The implication of the aforementioned sources of heat is that the temperature rise is tied to the 

austenite grain straining alone at the onset of loading (since no phase transformation will occur at 

this time). When martensitic transformation is activated as deformation continues, latent heat 

associated with the martensite transformation and the straining of Ŭᾳ comes into play. Hence, ὗ  

in Eqn. 2.7-a is the summation of heat converted from plastic work and the heat due to phase 

transformation. Therefore, the use of a constant value of 0.9 for ɼ may lead to underestimation of 

the temperature rise in specimen. The temperature rise in a Fe-Cr-Ni austenitic stainless steel that 

was deformed under high strain rate condition (~5.8 x 105 s-1) was ~943 K [86]. For austenitic 

steels of different SFEs deformed in tension at strain rates ranging from the quasi-static to dynamic 

regime, Curtze [68] reported an upsurge in SFE at high strain rate due to adiabatic heating, which 

resulted in a drop in the suppression of deformation twin evolution. Other authors [87] have also 

reported the important role adiabatic heating play on the SFE of austenitic stainless steels. The 

dynamic mechanical behavior of high-Mn austenitic stainless steel specimens is different from 

those deformed under quasi-static condition. While strain-hardening that is followed by a strain 

softening is characteristic of the stress-strain curves of the specimens deformed under dynamic 

condition, curves of specimens deformed under quasi-static condition only show strain hardening 

due to negligible rise in specimenôs temperature [88]. 

2.5 Dynamic failure mode in metals 

Usually, the mode of deformation in metals exposed to high strain-rate loading condition is 

associated with formation of a thermally-assisted shear strain localization called adiabatic shear 

band (ASB). ASB is a narrow shear zone which is a preferential site for dynamic failure/fracture 

[89,90]. The intense shear strain localization is due to loss of load carrying-capacity from thermal 
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softening in the region of intense adiabatic heating. Zener and Hollomon [91] ascribed their 

occurrence to a competition between strain hardening and thermal softening. ASBs develop rapidly 

in impacted specimen due to lack of time for thermal diffusion such that the specimen which 

undergoes localized instantaneous heating is rapidly cooled by the relatively cool matrix around 

the ASB [92]. This suppresses work hardening and promotes localized softening [93]. Examples 

of dynamic loading conditions that metals can be exposed to are, ballistic or hypervelocity impact, 

friction stir welding, forging [90], high speed machining/cutting [94], dynamic punch test, 

explosive loading, shaped charge jet, torsion rolling, explosive welding, etc. [95,96].  

2.5.1 Initiation and propagation mechanisms of adiabatic shear band 

Several mechanisms for the initiation of ASB have been proposed, some of which are summarized 

in Fig. 2.7. These are grain-scale microstructural initiation mechanisms in single-phase 

homogeneous materials [97]. Figure 2.7a suggests that large grains in materials containing varying 

grain sizes will plastically deform at the expense of the small grains such that the large grains 

become initiation sites for shear bands. This is because the large grain exhibits low yield stress 

(ʎ) while the small grain possesses high yield stress (ʎ) in agreement with the Hall-Petch 

equation. The second possible mechanism (Fig. 2.7b) is related to the tendency for ASBs to initiate 

from localized softened grains that are caused by grain rotation. The increase in Schmid factor of 

a plastically deformed grain can also cause localized softening that have the propensity to initiate 

shear band. This mechanism suggests that localized deformation of one grain can propagate along 

a band as shown in Fig. 2.7c. Pierce et al. [98] and Anand and Kalidindi [99] modelled the 

mechanism of localization through cooperative plastic deformation between participating grains 

that supports model presented in Fig. 2.7c. Armstrong and Zerilli [100] also proposed another 

mechanism that is shown in Fig. 2.7d. The mechanism suggests that local temperature rise and 

necessary plastic deformation can be generated to initiate ASB when dislocation pile-up bursts 

through a grain boundary. In all, the initiation of shear band is an inherent and natural outcome of 

large deformation processes which is related to the concurrent evolution of crystallographic texture 

[99]. Due to these complexities of ASB being more of a physical phenomenon than most other 

failure modes in engineering materials, numerical simulations have been proposed to be the most 

efficient way to study shear band propagation [101].  
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Fig. 2.7. Possible shear-band initiation mechanisms in single-phase homogeneous materials. (a) 

grain-size inhomogeneity, (b) geometrical softening, (c) PeirceïAsaroïNeedleman textural 

localization and (d) dislocation pile-up release [97]. 

2.5.2 Types of ASB and their microstructural features 

It has been established that the formation of ASBs, which are characteristics of high strain rate 

deformation in a metal, is a precursor to the dynamic fracture of the metal. There are two type 

ASB: the deformed shear band (DSB) and transformed shear band (TSB) [95,102]. The onset of 

DSB and TSB in a metal depends on the critical strain and strain rates at which it is deformed [56]. 

The DSB contains elongated and distorted grains that develop at a lower critical strain and strain 

rates than the critical values at which TSB is formed [92,102]. This implies that TSBs are 

transformed DSBs and, in most cases, TSBs are flanked by DSBs; a hint that DSB is a precursor 

to TSB. TSBs on the other hand, are characterized by ultra-fine equiaxed grains formed as a result 

of dynamic recovery (DRV) or dynamic recrystallization (DRX) [92,96,102]. The hardness profile 

across a TSB showed higher microhardness values in the TSB than the matrix [103,104], which is 

attributed to grain refinement. Besides DRV and DRX, other microstructural changes such as 

phase transformations [105,106], melting and amorphization [93,107] and carbide fragmentation 

and redistribution [108] have been reported to occur within the TSB. 

2.5.3 Dynamic recovery and dynamic recrystallization  

It has been postulated that the formation and propagation of ASB (in this case, the TSB-type) is 

directly related to and dictated by the occurrence of DRX inside the TSB [101]. In fact, the 

formation and propagation of TSB are sometimes described by the onset conditions of DRX inside 

the TSB. To this end, it becomes necessary to understand the mechanism of DRX inside the TSB. 
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The occurrence of DRX is usually preceded by DRV. DRV is a microstructural softening process 

that is characterized by the presence of lamellar boundaries and are usually observed at the 

interface between the inside and outside TSB region [109]. It involves the rearrangement of 

dislocation into a more energetically favorable configuration referred to as subgrain or cell 

structure. The cells are characterized by heavily dislocated boundaries with comparable orientation 

as the parent grains. As strain rate increases, subgrain size decreases but the misorientation 

between them increases [110]. The mechanism of recovery as schematically shown in Fig. 2.8a 

includes the annihilation of point defects such as vacancies and interstitials by diffusion to sinks 

(dislocations). This is followed by dislocation annihilation by attraction of mobile dislocations of 

opposite sign; a process promoted by temperature rise in specimen during deformation (Fig. 2.8a1 

and a2). The next is the polygonization stage that involves the coordination of free, random 

dislocations into dislocation walls/sub-boundaries (Fig. 2.8a3). The sub-boundary walls eventually 

coalesce as subgrain grows (Fig. 2.8a4).  

Over the years, researchers have proposed several mechanisms of DRX in TSB. However, Derby 

[111] classified the mechanism of DRX into migrational and rotational. While the migrational 

DRX (MDRX) mechanism involves diffusion and develops by nucleation and growth of 

recrystallized grains, rotational DRX (RDRX) is completed through self-rotation of subgrains [94]. 

Since the time of formation of TSB is extremely short, MDRX mechanism is not capable of 

explaining the equiaxed ultrafine grain (UFG) structure in TSB. The most accepted RDRX 

mechanism (that involves concurrent plastic deformation) model for explaining equiaxed UFG 

structure in TSB is proposed by Nesterenko et al. [112] as schematically shown in Fig. 2.8b. The 

first stage (Fig. 2.8b1) is the accumulation of random and homogenously distributed dislocations. 

This dislocation re-arranges to elongated dislocation cells as shown in Fig. 2.8b2. The elongated 

dislocation cells transform into elongated subgrains of fine boundaries (Fig. 2.8b3) as deformation 

proceeds. Figures 2.8b1-b3 completes a dynamic recovery process that is synonymous to the 

description in Fig. 2.8a. As deformation proceeds further, subgrains disintegrate into equiaxed 

subgrains because of the interfacial energy minimization (Fig. 2.8b4). The equiaxed subgrains are 

then rotated to complete the evolution of DRXed UFGs (Fig. 2.8b5). Using crystal plasticity 

theory, some authors have proposed another feasible model called the progressive subgrain 

misorientation recrystallization whose detailed description can be found in Ref. [110]. 
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Fig. 2.8. Schematic diagrams of (a) dynamic recovery (successive dislocation annihilation 

mechanism) [113] and (b) dynamic recrystallization [112] mechanisms.  

2.6 Dynamic fracture mechanism in impacted metals 

The formation of ASBs in shock-loaded specimens is often precursors to ductile fracture i.e. ASBs 

serve as potential sites for crack initiation and propagation [90,114,115]. Due to the condition for 

formation, DSB is usually first formed in an impacted specimen, followed by the TSB as 

previously described. As shear strain localization becomes intense, crack is then initiated and 

propagated through the TSB [116,117]. A typical micrograph showing the two types of shear bands 

are presented in Fig. 2.9 [118]. The mechanism of crack initiation and propagation in TSB that 

leads to dynamic fracture of impacted metals is generally reported to proceeds in five sequential 

steps [119,120]. As shown in Fig. 2.10, these steps includes; (i) the formation of micro-voids in 

TSB, (ii) amalgamation of the micro-voids to form elongated void-clusters, (iii) initiation of fine 

micro- cracks from opposite ends of the elongated void-clusters, (iv) growth and interconnection 



29 

 

of adjacent micro-cracks, and (v) crack propagation to dynamic failure. Several mechanisms have 

been reported to play a role in the nucleation of micro-voids in TSB. They include the presence of 

second phase particles [118,121], the existence of stress gradient between the inside and outside 

TSB that tends to generate tensile stresses, the vacancy accumulation at a high-stress region, void 

nucleation at the head of dislocation pile-ups and grain boundary sliding [119]. 

 

 

Fig. 2.9. Optical micrograph showing crack initiated and propagated along a transformed shear 

band on the longitudinal section of an impacted AA 2017-T451 specimen [118].  

 

 

Fig. 2.10. Microstructural model for crack initiation and propagation inside TSB [120]. 
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2.7 Summary 

This chapter is a comprehensive review of previous studies on stainless steels and their 

applications. It highlights the composition of stainless steels and specifically, the composition of 

AISI 321 stainless steel, its intended applications, and the current hindrances to its widespread 

applications. The review of the literature affirms that AISI 321 stainless steel is not well-studied, 

neither is its response to external loadings well-understood. There is a need to improve the 

mechanical strength of AISI 321 steel to expand its use to other structural applications, where low 

mechanical strength hinders their use. It is very important that whatever strengthening method is 

adopted for AISI 321 steel, it must not adversely affect the excellent corrosion resistance of the steel. 

It is, therefore, not clear in the literature how strengthening by grain refinement will affect both the 

mechanical and corrosion properties of AISI 321 steel. That is the focus of this PhD research study.  
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Chapter 3 

Material s and Methodology 

In this chapter, the material and methods used for developing ultrafine grain (UFG) structure and 

microstructural characterization are presented. The procedure for determining the mechanical 

properties of the as-received and refined alloy using hardness test, quasi-static compressive and 

dynamic impact tests are discussed. This chapter also contains detailed information on the 

materialsô characterization using optical and scanning electron microscopy, transmission electron 

microscopy (TEM), energy dispersive spectroscopy (EDS), electron-backscattered diffractometry 

(EBSD), X-ray diffractometry (XRD) and Feritscope. The procedure for electrochemical corrosion 

tests is also discussed in details. 

3.1 Material s 

 The nominal composition of the AISI 321 austenitic stainless steel used in this study is presented 

in Table 2.1. The investigated alloy was received from SANDMEYER steel company, PA, USA, 

in the form of a hot-rolled plate, 25.4 mm thick, as schematically shown in Fig. 3.1. The 

mechanical data are presented in Table 3.1 while the packing list and certified material test report 

can be found in APPENDIX B. The average grain size of the as-received steel is 37 µm on the 

ND-TD plane. The optical micrographs in Fig. 3.1 shows the as-received alloy is characterized by 

microstructural inhomogeneity across sample thickness; forming banding at mid-thickness. 

Table 3.1. Mechanical data of AISI 321 austenitic stainless steel provided by supplier. 

3.2 Solution heat treatment and cryo-rolling procedures 

Before rolling, the alloy was solution treated by soaking at 1373 K (1100 ᴈ)  for 30 minutes in a 

benchtop Muffle furnace (Fig. 3.2a), followed by quenching to room temperature in water to 

achieve chemical homogeneity. In a previous study [122], no additional formation of martensite 

was observed when a cold-formed austenitic stainless steel specimen was exposed to a cryogenic 

temperature, whereas prior exposure to cryogenic temperature before rolling led to a substantial 

Yield strength Tensile strength %Elongation Hardness 

242 MPa 554 47% in 51 mm RB 80 




