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A B S T R A C T   

For the mechanical behavior of steels with metastable austenite, it was widely accepted that high strain rates 
could weaken deformation-induced martensitic transformation (DIMT) and reduce work-hardening behavior. 
This limits the application of these steels for energy-absorption applications, e.g., impact conditions. However, 
the mechanism of strain-rate dependent DIMT is still not well understood and it greatly limited the further alloy 
design. Thus, with the aim of revealing the intrinsic relations between strain rate and martensitic transformation, 
quasi-in-situ EBSD (Electron Backscatter Diffraction) tests were performed under different strain rates in this 
study. The influence of the martensitic transformation sequences on the DIMT volume fraction was investigated. 
With increasing strain rate, the γ→ε→α’ transformation was inhibited, and the γ→α’ transformation sequences 
dominated. The martensitic transformation sequences firstly affect the nucleation behavior. The α′-martensite 
nucleation sites changed from ε or twin to twin only, and thus, the α′-martensite nucleation barrier increased. In 
addition to nucleation, the variant selection phenomenon caused by the absence of ε-martensite under high strain 
rates increased the elastic strain energy, which inhibited the growth of α′-martensite. By affecting both nucle-
ation and growth, high strain rates suppress the γ→ε→α’ transformation, and inhibit DIMT kinetics. Thus, by 
tailoring the martensitic transformation sequences, two methods are proposed to enhance DIMT behavior via 
suitable control of the stacking fault energy. This work provides a comprehensive explanation for the strain-rate 
dependence of DIMT, which can be used to tailor the mechanical properties of steels with metastable austenite.   

1. Introduction 

Transformation-induced-plasticity (TRIP)-assisted steels are mainly 
characterized by metastable austenite microstructure, and have both 
high strength and plasticity [1]. These steels have garnered significant 
attention owing to the deformation-induced martensitic transformation 
(DIMT) process that increases their work-hardening ability and delays 
necking during deformation processes [1,2]. Particularly for 
TRIP-assisted steels used in the automotive industries, dynamic testing is 
of significant practical importance [3]. Studies have reported that DIMT 
behavior is suppressed under high strain rates [4–6], where limited TRIP 
effects correspond to a weakened work-hardening index and unfavor-
able mechanical properties [7,8]. Hence, to facilitate the informed 
design of TRIP-assisted steel, further study is required on DIMT behavior 
under dynamic loads, which would then assist the development of 
tailored metastable austenite. 

Martensitic transformation behavior under different strain rates has 
been extensively studied, both experimentally and through modeling. 
Because the growth of α′-martensite occurs through repeated nucleation, 
many studies have focused on the martensite nucleation sites [9,10]. It 
has been shown that the number of effective nucleation sites for 
α′-martensite decrease with increasing strain rate, thus reducing the 
volume fraction of α′-martensite. Although various studies have reached 
the same conclusion, they propose quite different causes. It has been 
claimed that an increase in temperature caused by the high strain rate 
negatively affects the shear band intersections [11,12], which are the 
primary nucleation sites for α′-martensite [13,14]. Similarly, a modeling 
study showed that increasing temperature decreases the rate of shear 
band formation, and suppresses driving shear band crossing [15]. Other 
studies [16,17] claimed that stacking faults (SFs) must overlap signifi-
cantly before α′-martensite nucleation occurs, and thus, increasing the 
temperature may hinder the formation of shear bands of sufficient 
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thickness [9]. Furthermore, the relationships between SF characteristics 
and the nucleation sites of α′-martensite, which influence the DIMT 
behavior kinetics, have been studied [17,18]. In addition to the nucle-
ation sites, the chemical driving forces (ΔGγ→α′) [9,19,20] caused by 
adiabatic heating [1,21–24] during the loading process have been 
reviewed by H Mirzadeh et al. These driving forces also play a key role in 
explaining the suppressed DIMT behavior under dynamic loading. As 
this previous studies [21–24] elaborated, the DIMT behavior under 
various strain rates is consistently related to adiabatic heating. 

In contrast, Vázquez-Fernández et al. [10] argue that suppressed 
DIMT under dynamic loading is almost temperature independent. In that 
study, α′-martensite variant selection was observed under dynamic 
loading conditions. It was proposed that α′-martensite primarily nucle-
ates on a single habit plane (limited α′-martensite nucleation sites), 
finally resulting in an inhibited DIMT process. The conflicting conclu-
sions in the literature make it difficult to accurately tailor the austenite 
microstructure, mainly due to a lack of characterization data obtained 

during the martensitic transformation process. Thus, further study of 
martensitic transformation behavior under various strain rates and 
temperatures is required. 

In this paper, further study of the mechanisms behind the observed 
relationship between DIMT and strain rate, and its effect on TRIP- 
assisted steel design, is considered. Based on previous researches, this 
study express the effect of strain rate on the martensitic transformation 
sequences and the resulting volume fraction of martensite. Through 
quasi-in-situ tracking of martensitic transformation behavior under dy-
namic and quasi-static loading, the change in martensite volume frac-
tion was examined. Additionally, the study proposes a strategy for 
optimizing the dynamic mechanical properties through controlling the 
stacking fault energy (SFE). 

2. Materials and methods 

In this study, a commercial 321 stainless steel sheet with 15 mm in 
thickness was selected as the experimental material due to its mechan-
ically metastable characteristic. The commercial steel sheets were cold 
rolled to 12 mm thickness and then tempered at 1173K for 0.5h. This 
resulted in a homogeneous microstructure, as shown in Fig. 1. In which 
black represent for austenite phase and the white line represents grain 
boundaries. The chemical compositions of the present sheets are listed in 
Table 1. 

For the dynamic (Charpy loading) and quasi-static three-point 
bending tests, the stainless steel was machined into standard V-notch 
Charpy impact specimens (dimensions: 10 × 10 × 55 mm3). The three- 
point-bending rig comprised supports and indenters, as shown in Fig. 2, 
with the two lower supports 40 mm apart, while the upper indenter was 
the same size as the impact pendulum (blade radius 2 mm). To observe 
the microstructural evolution, interrupted Charpy testing was conduct-
ed. For the loading tests, the Charpy impact tests used an MTS impact 
tester (SANS ZBC2452-C) with 1 J resolution; the quasi-static three- 
point-bending tests used a universal testing machine (Shimadzu AG-X) 
at a constant strain rate of 2 mm/min. 

For ease of microstructural characterization, before the loading tests 
were conducted, the samples were meticulously electropolished at 
− 20 ◦C with a voltage of 20 V for 20 s. Microstructural characterization 
focused on the root of the V-notch area, using quasi-in-situ microbeam 

Fig. 1. Austenite phase map of the tempered 321 stainless steel (white lines 
represent grain boundaries). 

Table 1 
Chemical composition (wt.%).  

C Si Mn Cr P S Ni N Ti Fe 

0.021 0.578 1.384 17.56 0.033 0.0004 9.337 0.004 0.252 Balance  

Fig. 2. (a) Quasi-static three-point-bending test setup. (b) Schematic diagram of quasi-static three-point-bending test and characterization region.  
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X-ray diffraction (XRD; D8 Discover) and quasi-in-situ electron back-
scatter diffraction (EBSD; Zeiss Ultra55 equipment with an EBSD de-
tector of Oxford Instruments Aztec). The phases volume fraction based 
on micro-beam XRD results was calculated based on the review of H 
Mirzadeh et al. [20]. The EBSD data was interpreted using AZtecCrystal 
analysis software. 

Charpy V-notch causes strain and stress concentration on the root of 
V-notch, which makes it hard to measure the strain during the test. To 
determine the extent of deformation in the quasi-in-situ test, the quan-
tification of nominal strain was carried out. In detail, two Vickers in-
dents with 100 μm distance were located at the root of V-notch before 
loading tests, as shown in Fig. 3(a). And then tested under the MTS 
impact tester with a given energy, as shown in Fig. 3(b–g). Which were 
used to accurately monitor the changes in the plastic strain, as in our 
previous study [25]. Thus the nominal strain was obtained through the 
displacement increment between two Vickers indents divide by the 
initial distance between two Vickers indents (100 μm). 

3. Results 

3.1. Martensitic transformation behavior under quasi-static and dynamic 
loading 

Fig. 4(a) shows the load-displacement curves obtained at different 

strain rates, prior to crack initiation. As compared in Fig. 4(a), the value 
of load increases with the increasing displacement of the hammer for 
both quasi-static and dynamic loading conditions. However, the load 
increases sharply with the increasing displacement at quasi-loading 
conditions, while the load slightly increased with the increasing 
displacement at Charpy impact tests. The load-displacement curves 
directly reflect that the increasing strain rates resulted in a weakened 
work-hardening rate. The work-hardening behaviour shows a strong 
negative strain rates sensitivity, as indicated in previous studies [8]. As 
H Mirzadeh et al. [1] and P.Barriobero-Vila et al. [26] directly built the 
positive relations between work-hardening rate and strain-induced 
α′-martensite volume fraction. The volume fraction of α′-martensite 
takes a significant role in dynamic mechanical properties. Thus, the 
α′-martensite volume fraction during Charpy impact and quasi-static 
loading has been studied, as shown in Fig. 4(b). For similar strain con-
ditions, the quasi-static testing results showed a higher volume fraction 
of α′-martensite, resulting from an enhanced TRIP effect and 
work-hardening behavior. The volume fraction of α′-martensite under 
Charpy impact loading increased with increasing strain, and reached 
saturation (~20 vol%) at approximately 10% nominal strain. However, 
for steel deformed through quasi-static loading, the volume fraction of 
α′-martensite increased with the increasing strain until the metastable 
austenite almost fully transformed to α′-martensite. 

The tendency of α′-martensite volume fraction to change with 

Fig. 3. The determine of nominal strain near the root of V-nothc (a) 0% nominal strain; (b) 2% nominal strain; (c) 4% nominal strain; (d) 9% nominal strain; (e) 15% 
nominal strain; (f) 23% nominal strain; (b) 46% nominal strain. 

Fig. 4. (a) Load-displacement curves of SUS321 stainless steel at varying strain rates. (b) Martensite fraction as a function of nominal strain.  
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loading rates agrees with findings from previous studies. However, 
notably, the difference in α′-martensite volume fraction (~80%) 
observed between dynamic and quasi-static loading is larger than pre-
viously reported (~50% different in J. Talonen et al.’ study [5] or ~30% 
different in N.I. Vázquez-Fernández et al.’study [9]). Thus, the expla-
nations proposed by previous studies may not be valid in the present 
case. In summary, the limited DIMT behavior under dynamic loading is 
responsible for the lower work-hardening rate [20,26], although the 
considerable difference in α′-martensite volume fraction between dy-
namic and quasi-static loading needs further study. 

3.2. Effect of strain rate on the nucleation sites of α’-martensite 

To further study the observed reduction in the α′-martensite volume 

fraction with increasing strain rates, the nucleation of α′-martensite 
during plastic deformation was investigated in detail using the EBSD 
method, as shown in Fig. 5. In these maps, ε-martensite and 
α′-martensite are shown in white and IPF X (inverse pole Fig. X) colors, 
respectively, and the red lines indicate the twin boundaries. As seen in 
our previous studies, DIMT facilitates nucleation at the deformation 
bands and grain boundaries [25]. Thus, for α′-martensite nucleation, 
both the number and type of the deformation bands need to be consid-
ered. Talonen et al. [9] examined the influence of strain rate on the 
number of deformation bands, and suggested that an increasing strain 
rate decreases the number of effective α′-martensite nucleation sites. 
However, Fig. 5(a) and (b) show that, under dynamic loading condi-
tions, the α′-martensite nucleates at the grain boundaries and twinning 
boundaries. Additionally, under the quasi-static loading conditions, the 

Fig. 5. EBSD maps and loading schematic. EBSD of (a) colored BCC IPF X and (b) BC map of dynamic loading at 4% nominal strain; (c) Colored BCC IPF X, white 
ε-martensite phase, and (d) BC map of static loading at 4% nominal strain. (e) Schematic illustrations of the dynamic and static loading martensitic transformation for 
γ→ε→α′ and γ→α′ sequences. 

M. Huang et al.                                                                                                                                                                                                                                 



Materials Science & Engineering A 831 (2022) 142319

5

nucleation sites partially changed from the twinning boundaries to 
ε-martensite (Fig. 5(c) and (d)). Under quasi-static loading conditions, 
some of the deformation bands had an hcp structure, which is the most 
favorable for α′-martensite nucleation [20,27]. Because of the 
ε-martensite created during quasi-static loading, the nucleation barrier 
of α′-martensite changes from ΔGγ→α’ to ΔGε→α’. To quantify the 
nucleation barrier of α′-martensite, the difference in Gibbs free energy 
between bcc, fcc, and hcp phases (i.e., ΔGγ→α’ to ΔGε→α’) at 298 K was 
thermodynamically calculated by a commercial thermodynamics 
calculation program, ThermoCalc2017 with the TCFE9 database. The 

corresponding Gibbs free energy was found to decrease from 2795 to 
2202 J/mol. A schematic of the α′-martensitic transformation process 
under different strain rates is shown in Fig. 5(e). 

Under dynamic-loading conditions, the restricted ε-martensite for-
mation is responsible for the suppressed martensitic transformation 
behavior. Additionally, the martensitic transformation sequences are 
believed to play a significant role in DIMT behavior [28]. Since the SFE 
value is usually used to predict and evaluate the deformation behavior of 
fcc metals, this study uses a thermodynamics model [29] to calculate the 
SFE, as previous studies. As a result, SFE is linearly dependent on 

Fig. 6. Colored BCC IPF X, white ε-martensite phase, and BC map of specific areas subjected to dynamic loading conditions with (a) 0%, (b) 2%, and (c) 4% nominal 
strain, respectively; and static loading with (d) 0%, (e) 2% and (f) 4% nominal strain, respectively. 
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temperature, with a temperature coefficient of 0.103 mJ m− 2 C− 1. Under 
quasi-static loading conditions, and assuming a temperature of 25 ◦C, 
the calculated SFE is approximately 25 mJ m− 2. However, in the case of 
higher strain rates, the temperature increase (~150 ◦C)caused by the 
adiabatic heating during the Charpy test [30], increased the SFE to 37.9 
mJ m− 2. Varying the strain rates resulted in significant changes in the 
SFE, and accordingly, variations in the martensitic transformation se-
quences. Hence, the dominant deformation mechanism depends on the 
SFE value. Overall, when estimating the DIMT volume fraction, the SFE 
value should be considered, and it is especially significant at high strain 
rates. 

3.3. Influence of variant selection on the growth of α′-martensite under 
high strain rates 

Martensitic transformation behavior depends on the nucleation and 
growth of α′-martensite, which are both affected by varying the strain 
rate. From a thermodynamics point of view, previous studies [19] on the 
relationships between strain rate and the growth of α′-martensite pri-
marily focused on the chemical driving force caused by adiabatic heat-
ing. Similarly, based on the classical martensitic transformation theory, 
the elastic strain energy produced during the shear process of martensite 
formation is also drawing research attention. 

During martensitic transformation, variant selection is believed to 
play a significant role in determining the strain energy and trans-
formation kinetics. Vázquez-Fernández et al. [10] showed that high 
strain rates produce changed martensite variant selection, and similar 
phenomena are observed in this study, as shown in Fig. 6. The 
martensite variants are numbered based on Morito et al.’s study [31] 

and our previous study [25], and the statistical results are shown in 
Fig. 7(a) and (b). 

The strain energy densities for single-variant and multi-variant 
α’-martensite were calculated based on [32]: 

Gel
v =

∫∈ij(r)

∈0
ij(r)

σij(r)d∈ij(r) =
∫∈ij(r)

∈0
ij(r)

cijkl(∈kl(r) − ∈0
kl(r) − ∈

pl
kl(r))d∈ij(r) (1)  

where V is the total volume of the system, εo(r) are stress-free trans-
formation strains, ε(r) are actual strains,σij is the elastic stress,cijkl is the 
tensor of the elastic moduli, and εpl

kl(r) is the plastic strain. The results are 
shown in Fig. 7(c). At a given volume fraction of α′-martensite, the 
single-variant α′-martensite has a higher strain energy density than the 
multi-variant one. As the volume fraction of α′-martensite increases, the 
strain energy density difference between multi-variant and single- 
variant increases. Previous studies have demonstrated that increasing 
the strain energy density has a negative effect on the growth of 
α′-martensite [33,34]. The calculated strain energy density results 
clearly show that variant selection for dynamic strain tests can account 
for the limited α′-martensite growth. 

Therefore, overall, there is a correlation between high strain rates 
and variant selection, which suppresses α′-martensite growth. Vázquez- 
Fernández et al. [10] suggested that high-strain-rate-based variant se-
lection results in α′-martensite nucleation in a restricted habit plane. 
Other studies suggested that martensitic transformation sequences have 
a significant influence on the α′-martensite variant [25,35]. Wang et al.’s 
study [25,36] found significant differences in variant selection between 
γ→ε→α’ and γ→α’ sequences. In that study, the α′ phase nucleated from 

Fig. 7. (a) and (b) Variant pairing distributions in α’-martensite for specimens deformed to a nominal strain of 4% under dynamic and quasi-static loading, 
respectively; (c) the calculated elastic strain energy density of α’-martensite. 
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ε forms with multi-variant instead of single-variant α′-martensite. 
Additionally, when α′ is directly nucleated at austenite thin slip-bands, a 
single-variant forms. For the γ→ε→α′ sequence, the α′ variant with the 
highest transformation priority forms first, but with increasing defor-
mation, the variant pair is formed, resulting in multi-variant 
α′-martensite. For the γ→α′ sequence, a single α′ variant nucleates at 
defective austenite, then continuously grows as the deformation in-
creases. Thus, based on the α′-martensite growth sites, the variant se-
lection caused by the high strain rate results in a higher elastic strain 
energy, which suppresses the growth of α′-martensite and reduces the 

final volume fraction of this variant. 

3.4. A further study for validate the results of quasi-in-situ EBSD results 

In-situ and quasi-in-situ EBSD technology has been widely used in 
the martensitic transformation field [37,38], due to its characterization 
directly and traceability. However, it also possesses some shortcomings, 
the most significant one is that the stress state of sample surface grains is 
quite different from the bulk body grains. I.e. the sample surface of the 
observed area in the in-situ test is under a free-standing condition. Thus, 

Fig. 8. (a) Schematic diagram of EBSD region; (b) Charpy specimen subjected to dynamic loading conditions with 2% nominal strain; (c) Charpy specimen subjected 
to quasi-static loading conditions with 2% nominal strain. 

Fig. 9. Colored BCC IPF X, white ε-martensite phase, and BC map of a specific area subjected to dynamic-loading conditions at − 25 ◦C with (a) 0% and (b) 2% 
nominal strain, (c) IPF X map of all phases, and (d) phase map (green for austenite phase, blue for ε-martensite phase, and red for α′-martensite phase). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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aims to prove and confirm the results in the in-situ study reliable and 
typically, a study about the deformation product at the bulk body grains 
has been carried out. 

Standards Charpy samples were fabricated and then deformed under 
quasi-static loading and Charpy impact loading to 2% nominal strain 
respectively. The tested samples were divided along the mid of Charpy 
samples, as schematically illustrated in Fig. 8(a). Then EBSD test was 
carried out, as shown in Fig. 8 (b and c) represented for Charpy impact 
and quasi-in-situ loading respectively. In which, the red line represents 
for twin boundary, white represents for ε-martensite and colored rep-
resents forα′ -martensite IPF X. It’s clearly shown that deformation twins 
and ε-martensite plays a dominant role in Charpy impact and quasi- 
static loading respectively. Consistent with the quasi-in-situ EBSD re-
sults, that γ→α′ occurs in Charpy impact test while γ→ε→α′ occurs in 
quasi-static loading condition. 

4. Discussion 

4.1. Relationship between high-strain-rate-induced variant selection and 
ambient temperature 

As claimed in the previous sections, the high-strain-induced variant- 
selection phenomenon plays a significant role in suppressing the 
nucleation and growth of α′-martensite, which is unfavorable for DIMT. 
However, the existence of ε-martensite was proven to benefit the for-
mation of multi-variants [25,36]. Thus, additional dynamic tests below 
− 25 ◦C were performed to tailor the martensitic transformation se-
quences. Similarly, the quasi-in-situ EBSD results (Fig. 9) show that 
decreasing the temperature promoted the formation of ε-martensite 
under dynamic loading conditions, as expected. The variant pairs are 

presented in ε-martensite laths, as observed in our previous studies [25, 
36], where the formation of variant pairs can be explained by their 
associated low transformation strain energy and interface energy [39]. 
The variant-selection phenomenon under dynamic-loading conditions is 
more likely to result in the γ→α’ transformation route than the γ→ε→α’ 
one. Compared to the same strain conditions at 25 ◦C, a lower ambient 
temperature significantly facilitates DIMT. In the case that the γ→ε→α’ 
transformation route occurs on the crystallographic sites, the existence 
of ε-martensite could less suppressed DIMT behavior in the condition of 
high strain rate. 

Based on the study of microstructural evolution at various condi-
tions, similar martensitic transformation sequences were observed 
under quasi-static loading and dynamic loading at − 25 ◦C, as summa-
rized by the schematic in Fig. 10. The relatively high nucleation energy 
of α′-martensite and elastic strain energy density under dynamic loading 
are more likely to be related to the γ→α’ martensitic transformation 
sequences. 

4.2. Design strategies to facilitate TRIP effect based on control of 
martensitic transformation sequences 

The suppressed DIMT behavior under dynamic loading conditions 
weakens the work-hardening properties, and thus, negatively influences 
the mechanical properties of TRIP-assisted steel. The volume fraction of 
DIMT largely depends on the martensitic transformation sequences, and 
the selection of the transformation sequences is generally a result of the 
SFE and Gibbs free energy. Thus, to facilitate TRIP behavior and opti-
mize the work-hardening effect under high strain rates, accurate control 
of the SFE value is required. The following design strategies are there-
fore proposed. First, to reduce the initial SFE value of the steel, it is 

Fig. 10. Schematic diagram of DIMT behavior related to strain rates and SFE.  

M. Huang et al.                                                                                                                                                                                                                                 



Materials Science & Engineering A 831 (2022) 142319

9

important to ensure that the γ→ε→α’ transformation occurs under high 
strain rates. This can be achieved by methods such as increasing the 
austenite grain size or reducing the fraction of the element (such as 
element Al, Ni, N, C, and etc). Second, to reduce the temperature 
sensitivity of the SFE, minimize the effect of the strain rate, and reduce 
the effect of adiabatic heating on the SFE; the Cr content can be 
increased based on the results of thermodynamics calculations (Fig. 11). 
In addition to precise control of the SFE, tailoring the Gibbs free energy 
should also be considered. Similar to a previous study of high-Mn steel 
[40], Mn-containing steel is more likely to form ε-martensite than 
Al-containing steel. 

5. Conclusion 

This study investigated the strain rate dependence of the 
α′-martensitic transformation in a metastable austenitic stainless steel. 
The α′-martensitic transformation sequences under dynamic (Charpy 
impact) and quasi-static loading tests were investigated by micro-beam 
XRD and quasi-in-situ EBSD. The role of the martensitic transformation 
sequence was identified as the key factor influencing DIMT behavior, 
which affects α′-martensitic nucleation and the elastic strain energy 
during the growth process. Based on the presented results, the following 
conclusions were drawn:  

(1) At low strain rates, α′-martensite nucleates on both ε-martensite 
and twin/grain boundaries, and γ→ε→α′ and γ→α′ trans-
formations occur. However, at higher strain rates, the nucleation 
favors the twin/grain boundaries, resulting in only γ→α′ trans-
formation. The transition between these two strain-rate- 
dependent deformation mechanisms is attributed to the changes 
in SFE.  

(2) The suppressed γ→ε→α′ transformation routes under dynamic 
loading conditions affects both nucleation and growth sites. First, 
it increases the nucleation barriers of α′-martensite, while during 
growth, variant selection occurred in the γ→α′ transformations 
sequences, resulting in unfavorably high elastic strain energy.  

(3) To eliminate the adverse effects of adiabatic heating caused by 
high strain rates, two feasible strategies are proposed based on 
the tailoring of martensitic transformation routes: (i) reducing 
the initial SFE value; and (ii) decreasing the temperature sensi-
tivity of the SFE. 
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