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A B S T R A C T   

The trade-off between transformation-induced plasticity (TRIP) strengthening and the intrinsically brittle nature 
of deformation-induced α′-martensite (DIM) has been a long-standing dilemma in optimizing the 
strength–toughness synergy of austenitic steels. This has limited their potential use, particularly in energy ab
sorption applications. Here, we propose a new strategy to minimize the negative effect of intrinsically brittle 
α′-martensite without limiting the TRIP. In this study, austenitic 321 stainless steel samples with different 
austenite grain sizes (AGSs) were fabricated to tailor the DIM morphology. The effect of the DIM morphology on 
the crack propagation energy was simultaneously evaluated. Electron channeling contrast imaging (ECCI) and 
selected area electron backscattered diffraction (EBSD) of the Charpy fractures reveals that lath-like α′-martensite 
effectively deflects cracks and increases the crack propagation energy (Ep). As a consequence, coarse-grained and 
ultra-coarse-grained (CG/UCG) steels with lath-like α′-martensite can simultaneously achieve high strength and 
crack propagation resistance, while ultra-fine-grained (UFG) steel with blocky DIM exhibits the lowest Ep. 
Furthermore, the morphology of DIM is controlled by its nucleation sites and adjacent crystallographic/phase 
boundaries. The twins or ε-γ boundaries promote the formation of lath-like α′-martensite. The γ→ε→α′ trans
formation sequence can be explained by the change in stacking fault energy (SFE), which provides further 
guidance for the design of austenitic steels with high strength and high toughness.   

1. Introduction 

Austenitic steels with high impact toughness are ideal candidates for 
energy absorption applications, such as liquefied natural gas (LNG) 
tanks [1], pressure vessels [2], and offshore structures [3–5]. However, 
for safety-critical applications, their lower yield strength has limited the 
widespread use of austenitic steels in these applications [6]. However, 
the development of high-strength steels has traditionally involved a 
trade-off between strength and toughness [6]. With the increasing de
mand for steels with combined high strength and toughness, optimizing 
the microstructure of austenitic steels to achieve strength-toughness 
synergy has drawn significant attention in the past few years. 

In the case of mechanical strength, previous studies have shown that 
deformation-induced martensitic transformation (DIMT) results in the 
transformation-induced plasticity (TRIP) effect which can provide 

significant strengthening [7–13]. Aiming to further increase the 
strain-hardening rate (SHR) of the alloys, considerable effort has been 
focused on the optimization of the TRIP effect. The first and most 
common is to change the alloy chemistry. Min et al. [14] demonstrated a 
positive relationship between the deformation-induced α′-martensite 
volume fraction and strength. Specifically, an increase of ~20 vol% 
α′-martensite led to a rise of ~200 MPa in strength. In addition to 
alloying methods, service temperature was also used to tailor the ki
netics of DIMT [15]. As the temperature decreased from 60 ◦C to − 40 ◦C, 
the volume fraction of the deformation induced martensite increased 
continuously from 0 to 75 vol%, resulting in a considerable increase in 
strength (from 700 to 1100 MPa). Therefore, the strength of austenitic 
steel is closely related to the amount of deformation martensite formed 
during loading. 

The total Charpy impact energy (Et) can be divided into two parts: 
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the energy for crack initiation (Ei) and the energy consumed by crack 
propagation (Ep). The high strain rates during the Charpy impact tests 
(102–103 s− 1) make it hard to study the effect of DIMT on Ei. Thus, the 
relationship between the Ep and DIMT has been the main focus of pre
vious studies [16,17], and it is often found that the decrease in 
deformation-induced ε/α′-martensite (DIM) results in an increase in Ep 
[18–21]. In austenitic steels, the negative impact of DIM on toughness 
[22,23] demonstrates that the brittle DIMT products are the source of 
cracks or fast crack propagation in martensite or the martensite/aus
tenite interface [24,25]. As a consequence, various studies have focused 
on microstructural development that suppresses the formation of 
ε-martensite and α′-martensite and improves Ep and Et. For example, 
Kim et al. [26] and Lee et al. [27,28] studied the impact toughness of 
high-Mn austenitic steels with different Mn contents. An increase in the 
martensite (ε/α′) volume fraction led to a decreased Charpy impact 
energy. Based on experimental results, Antolovich et al. and Zhang et al. 
[29–31] proposed models to describe the quantitative relationship be
tween the martensite phase fraction and toughness. Their models pro
vided preliminary guidance for the design of high-toughness austenitic 
steels. Generally, a decreased volume fraction of DIMT products 
(ε-martensite/α′-martensite) leads to an increased toughness. 

In this regard, the martensitic transformation behavior has two 
opposing effects on the strength and impact toughness: TRIP increases 
the strength, while the brittle DIMT products (both α′-martensite and 
ε-martensite) decrease the toughness [23,24]. To achieve high strength 
and high toughness, an optimized DIMT behavior is required. Two 
feasible strategies have been used to address these mutually exclusive 
problems. The most common is to suppress the DIMT process, thereby 
ensuring an ideal toughness and then achieving additional strength
ening by back stress hardening [32], and twinning-induced plasticity 
(TWIP) [33]. However, limiting DIMT usually needs a high weight 
percent of an alloying element (Ni, Mn, etc.), which unfavorably in
creases the cost. The second method is more promising, without limiting 
the TRIP behavior while weakening the negative influence of the DIMT 
product on the impact toughness. Thus, it is necessary to systematically 
evaluate the internal relationship between the DIMT products and Ep. 

Tailoring the austenite grain size (AGS) is considered an effective 
method to control the DIMT product without changing the alloy 
chemistry. Tiamiyu et al. [34] and Huang et al. [35] studied austenitic 
stainless steels with various grain sizes and found that the grain size 
significantly affected the morphology of DIM under dynamic loading 
tests. The coarse austenite grain size resulted in the increase of the 
aspect ratio of α′-martensite. The change in α′-martensite morphology is 
attributed to the martensitic transformation sequence, which influences 
the boundaries that limit the growth of α′-martensite [35]. In the case of 
mechanical properties, Matsuoka et al. [34] reported that coarse grains 
with lath-like α′-martensite exhibit highly desired working hardening. 
Kwon et al. [36] also believed that lath martensite significantly 
contributed to strengthening. In this study, austenitic steel samples with 
different grain sizes are fabricated to tailor the DIMT products after 
Charpy impact loading. Based on the microstructural investigation of 
the fracture surface, the relationship between the DIM morphology and 
Charpy crack propagation path is revealed. 

2. Experimental work 

2.1. Materials and test specimens 

The material studied in this work was supplied as SUS 321 austenitic 
stainless steel plates with a thickness of 12 mm. The chemical 

composition of the austenitic stainless steel is shown in Table 1. To 
obtain different grain sizes, different cold rolling and annealing pro
cesses were conducted. Multi-pass cold rolling was performed to 60% 
reduction at room temperature. The cold-rolled specimens were subse
quently annealed with various temperatures and times: 900 ◦C for 90 s, 
900 ◦C for 30 min, 1000 ◦C for 2 h, and 1100 ◦C for 2 h. Sub-sized Charpy 
impact specimens used in the present study were 3 mm thick, 10 mm 
wide, and 55 mm long and were machined along the rolling direction of 
the cold-rolled sheets. 

2.2. Microstructural and mechanical characterization 

The microstructures of the specimen were observed by scanning 
electron microscopy (SEM) using a field-emission scanning electron 
microscope (GeminiSEM 300) equipped with an electron backscattered 
diffractometer (EBSD; Oxford Instruments NordlysNano). The EBSD 
results were processed using an Oxford Instruments AZtecCrystal 2.0 
EBSD software. After the Charpy tests, microstructures near the cracks 
were observed by EBSD and electron channeling contrast imaging 
(ECCI). ECCI was performed using a solid-state four-quadrant back
scattered electron (BSE) detector at an accelerating voltage of 30 kV and 
a probe current of 10 nA. Microbeam X-ray diffraction (XRD; Smar
tLab9KW with Cu Kα radiation, Rigaku Corporation) tests were used to 
determine the volume fraction of α′-martensite after the Charpy tests. In 
detail, a flow chart that shows the characterization process and char
acterization region of microbeam XRD is shown in Fig. 1. The phase 
volume fraction based on the microbeam XRD results was calculated 
based on the review of Mirzadeh et al. [37]. The specimens used for 
XRD, ECCI, and EBSD observation were lightly ground with sandpaper 
and then electropolished at 20 V for 20 s in a mixture of 700 ml glacial 
acetic acid (CH3COOH) and 100 ml perchloric acid (HClO4). 

Charpy impact tests were performed on the SANS ZBC2452-C impact 
tester. The load-deflection curves were obtained in accordance with the 
GBT 229–2007 standard. Tensile tests were performed at room tem
perature with a nominal strain rate of 1 × 10− 3 s− 1 using a Shimadzu 
AG-X tensile machine. Three specimens were tested for each heat 
treatment condition, and the mean and standard deviation of the 

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. 1. Schematic diagram of the microbeam XRD test flow.  
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mechanical properties were reported. 

3. Results 

3.1. Microstructure of the specimens with various AGSs 

Fig. 2(a–d) shows inverse-pole-figure (IPF) maps that include grain 
boundaries (black line) with misorientation angles (θ) > 15◦. The AGS of 
each specimen is presented in Fig. 2(e). Specimens with AGSs of 2.2 μm, 
31 μm, 72 μm, and 129 μm were obtained by annealing at 900 ◦C for 90 
s, 900 ◦C for 30 min, 1000 ◦C for 2 h, and 1100 ◦C for 2 h, respectively. 
For clarity, specimens with AGSs of ~2.2 μm, ~31 μm, ~72 μm, and 
~129 μm are referred to as ultrafine-grained (UFG), fine-grained (FG), 
coarse-grained (CG) specimens, and ultra-coarse-grained (UCG) speci
mens, respectively. 

3.2. Mechanical properties of the specimens with various AGSs 

The tensile behavior of the four specimens with different grain sizes 
investigated in this study is shown in Fig. 3(a), and the mechanical 
properties are summarized in Table 2. Grain size has a significant in
fluence on the yield strength of steel, which is clearly seen in the 
Hall–Petch relationships [38]. The yield strength (YS) increases with 
decreasing grain size. The total elongation (TEL) decreases with 
decreasing grain size. Tensile strength is mainly governed by the strain 
hardening capability of the material after yielding. In the case of 321 
stainless steels, strengthening can be achieved by enhancing the 
martensitic transformation. To obtain increasing tensile strength and 
uniform elongation, the maximum point in the work-hardening curve 
should reach an appropriate strain [37,39–41]. The change in the 
strength and ductility can be explained with the strain hardening 
rate-true strain plot shown in Fig. 3(b). It is seen that the strain hard
ening behavior of the UFG sample is very different to the samples with 
coarser grains. It consists of an increase in strain hardening up to 2–3% 
strain and then a shaper decrease compared to the other samples. Based 
on the reviews of Chen et al. [40] and Mirzadeh et al. [37,41], the higher 
strain hardening capability in the beginning and shaper decrease can be 
attributed to the faster TRIP kinetics when the grain size in austenic steel 
is vastly reduced. Specimens with larger grain sizes demonstrate more 
sustained strain hardening caused by the TRIP effect, resulting in better 
mechanical properties. 

As discussed in the introduction, a higher YS often leads to a lower 
Charpy V-notch (CVN) energy [42]. Thus, the relationship between the 
strength parameters (both YS and UTS) and Charpy impact energy is 
shown in Fig. 3(c). Generally, the YS increases with the reduction in 

AGSs, and the Charpy impact energy decreases accordingly. In the range 
of UFG ~ CG with increasing AGSs, the Charpy impact energy increases 
correspondingly. It is worth noting that the Charpy impact energy shows 
limited changes when CG transitions into UCG, indicating a steady state 
of CVN toughness for coarse-grained austenitic steels. Therefore, the CG 
and UCG samples display the best strength-toughness combinations 
among all samples tested in this study (Fig. 3(d)). 

3.3. Load–displacement curves under impact loading 

It is seen that the AGS has a direct influence on the Charpy impact 
energy. Thus, the load (L) vs. deflection (d) curves of different grain sizes 
were analyzed to further understand which stage is affected the most 
when AGS is changed. As shown in Fig. 4(a), the overall shape of the L- 
d curve of the UFG steel is quite different from those of the other steels. 
The UFG steel possesses a relatively high dynamic YS, as seen in the peak 
load. After the peak load, the load immediately decreases and forms a 
narrow Ep region. Instead, the FG, CG and UCG samples all display a 
much larger Ep region. Notably, the CG and UCG steels have similar L- 
d curves, meaning that the AGSs in the CG-UCG region have a limited 
influence on the impact energy. 

From the load–displacement curves, Ei and Ep were calculated by 
integrating the area below the curve. The initiation energy (Ei) repre
sents the area to the left of the peak load, and the propagation energy 
(Ep) represents the area to the right of the peak load. The addition of Ei 
and Ep equals the total Charpy impact energy. As shown in Fig. 4(b), 
both Ei and Ep have a significant effect on the impact toughness, and the 
propagation energy demonstrates a more dominant effect (i.e., Ei = 0.45 
Et; Ep = 0.55 Et). In the UFG-CG region, Ep increases linearly with 
increasing AGSs, while Ei shows a limited increase during the transition 
between FG and CG. Both Ep and Ei are relatively constant when the AGS 
coarsens further to the UCG region. These results imply that when the 
AGS exceeds 40 μm, a further increase in the AGS has a limited influence 
on the impact energy. 

For 321 austenitic stainless steel, the reason why CG and UCG steel 
possess relatively high Ei might be attributed to the relatively low yield 
strength and the long-lasting working-hardening behavior before crack 
initiation [43]. This enables the materials to be plasticized easily before 
the crack is initiated. In the case of crack propagation, it is generally 
accepted that grain refinement would effectively improve the Charpy 
impact toughness and crack propagation resistance for most steels 
without the TRIP or the TWIP effect [44,45]. Grain refinement provides 
a high density of large-angle grain boundaries, which is beneficial for 
crack deflection. However, for austenitic steel with complex deforma
tion behavior, crack propagation energy usually increases with the 

Fig. 2. SEM-EBSD IPF Z maps of specimens with (a) ultrafine grains, (b) fine grains, (c) coarse grains, and (d) ultra-coarse grains. (e) Quantified AGSs of various 
specimens. RD, TD, and ND represent the rolling direction, transverse direction, and normal directions, respectively. 
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increasing grain sizes [46–49]. Wang et al. [46] claimed that the impact 
toughness is independent of the austenite grain size in high-Mn steel, 
and the crack propagation energy is related to the density of 

∑
3 special 

grain boundaries (i.e. twinning boundaries). Chen et al. [47–49] studied 
high-Mn austenitic steels and claimed that the high toughness of the 
coarse grain steel is related to the more twinning systems that occur in 
CG steels, which brings significant dynamic grain refinement and rela
tively homogeneous plastic deformation. Similar observations can be 
found in the present CG and UCG steels where the change in grain sizes 
has a minimal influence on Ep. Therefore, the superior resistance to 
crack propagation in CG and UCG should be attributed to the change in 
martensitic transformation and its transformation products, and not 
specifically to the change in AGS. 

Since the relationship between grain size and mechanical stability 
confirms that larger AGSs result in less stable austenite [50,51]. The 
volume fraction of α′-martensite in the specimens was characterized by 
microbeam XRD, as shown in Fig. 4(c). In general, with increasing AGSs, 
the volume fraction of martensite increases. The CG and UCG steels have 
more DIM but a higher Charpy impact energy than the UFG/FG steel 
with less DIM, contradicting the statement that more DIM results in 
smaller Ep [22,23]. 

Therefore, the AGS has a complicated influence on crack propaga
tion, which cannot be measured by the YS alone or the classical rela
tionship between the DIMT and toughness. The CG and UCG steels 
exhibit unexpectedly high crack resistance, although the volume 

fraction of DIMT products is higher than that of the FG steel. To explain 
the high crack resistance (Ep) of CG and UCG steel, additional factors 
that influence DIMT and its sequential effect on Ep must be determined 
in more detail. 

4. Discussion 

4.1. Relationship between the α′-martensite morphology and Ep 

Previous sections have shown that martensitic transformation has a 
complex influence on Ep. The fracture propagation energy absorbed 
during the Charpy impact test should be closely related to the crack 
propagation path. Thus, the crack propagation paths of samples with 
various AGSs are systematically examined in this section. 

Fig. 5(a) shows the low-magnification ECCI micrographs of the cross- 
sectional area of a fractured Charpy impact specimen of the UFG sample. 
After the Charpy impact test, the UFG steel completely failed, breaking 
into two parts, and one side of the fractured sample is shown in Fig. 5(a). 
The UFG sample exhibits cracks resembling brittle fracture, the crack 
path is flat despite the high-density grain boundaries, and significant 
TRIP occurred during the impact loading. It has been reported that a 
high density of grain boundaries can deflect cracks and improve the 
impact toughness [52]. However, in the present study, the grain 
boundaries seem to have a weak influence on crack propagation. This 
brittle fracture mode is responsible for the low Ep. 

Magnified graphs of the crack near the edge of the V-notch, along the 
middle section of the crack, and at the end of the crack are shown in 
Fig. 5(b), (c), and (d), respectively. Near the crack, the α′-martensite 
formed in the UFG steel is characterized by its globular-like shape (Fig. 5 
(e) and (f)), and its fracture surface corresponds to the quasi-cleavage 
fracture mode. This is because the globular-like martensite hardly 
changes the direction of crack extension [53–56]. Regardless, the cracks 
propagated to nearby α′-martensite/austenite phase boundaries or 
through the brittle α′-martensite. Therefore, quasi-cleavage facets were 
induced on the fractured surface. 

The crack path profile of FG steel was also carefully characterized by 

Fig. 3. (a) Engineering stress vs. strain curves, (b) strain hardening rate-true strain curves, and (c) relationship between the measured strength and Charpy impact 
energy of the specimens with various AGSs. (d) Product of strength and toughness change with various AGSs. 

Table 2 
Mechanical properties of the different specimens in this study.  

Specimen UFG steel FG steel CG steel UCG steel 

YS (MPa) 367.1 ±
12.8 

266.9 ±
17.8 

252.8 ±
18.7 

229.8 ±
2.18 

UTS (MPa) 668.3 ±
16.4 

564.5 ± 4.3 604.9 ± 4.3 615.9 ± 1.7 

Vickers hardness 
(HV) 

261.5 ± 8.7 239.4 ±
13.4 

200.3 ± 1 156.6 ± 6.3 

Et (J) 33.1 ± 2.6 42.4 ± 3.3 45.7 ± 2.2 45.1 ± 0.1  

M. Huang et al.                                                                                                                                                                                                                                 
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ECCI and EBSD, as shown in Fig. 6. In region a, lamellar microstructures 
are observed (Fig. 6(a1)). The lath-like microstructure is further iden
tified as α′-martensite in the EBSD phase map (Fig. 6(a2)), in which red 
represents α′-martensite and green represents austenite. The crack 
propagation paths are frequently deflected due to the influence of 
lamellar α′-martensite, thereby forming a zig-zag pattern. In contrast, 
straight crack propagation is observed in region b (Fig. 6(b1)). Further 
characterization of the microstructure with EBSD shows that the 
martensite formed in this region is in the shape of large blocks (Fig. 6 
(b2)), differing significantly with the one in region a. The results from 
crack propagation and martensite morphology indicate that the pres
ence of blocky α′-martensite is partly responsible for the cleavage-like 
crack propagation path. Characterization was also carried out near the 
crack-tip, as shown in Fig. 6(c), in which both lath-like and blocky 
α′-martensite is formed in the FG sample (lamellar and blocky 
α′-martensite rectangles with red and blue, respectively). Generally, 
when cracks encounter a lamellar microstructure, the cracks are more 
likely to bypass it, which leads to crack deflection and a much more 
tortuous propagation path and higher impact energy [53–55]. It can 
then be concluded that the presence of a lamellar microstructure in
creases the toughness of high-strength steel [57]. 

Additionally, there are still large areas without cracks. In the un
cracked region, adiabatic shear bands (ASBs) formed near the back of 
the specimen face, which is delineated by a red dotted line (region d). 
Fig. 6(d1-d3) shows the refined lamellar structures developed in the 
ASBs formed near the end of the band. Fig. 6(d3) identifies the lamellar 
structures as austenite phase. The ASBs in the FG specimen are far from 
the crack propagation path, which indicates that the ASBs has no impact 
on the crack propagation behavior. These findings reflect the insignifi
cant role of ASBs during crack propagation, which is quite different from 
previous studies that suggest that ASBs are easily crossed by cracks [26]. 

In contrast to the FG steel, the crack propagation path of CG steel 
appears to be more tortuous, as shown in Fig. 7. Close to the crack path, 
the high-magnification ECCI images (Fig. 7(a1 and b1)) clearly show the 

formation of lamellar structures and the corresponding zig-zag crack 
propagation path. Moreover, the EBSD IPF map (Fig. 7(a2 and b2)) 
scanned at region-a and b (adjacent to the crack path) reveals the 
lamellar structures are α′-martensite. Crack propagation in the CG steel 
is frequently deflected by the lath-shaped α′-martensite, resulting in a 
more tortuous propagation path. This result is consistent with the high 
Ep value observed in the CG steel. Although a higher volume fraction of 
α′-martensite is detected in the CG steel than in the FG steel, the 
morphology of the lath-like α′-martensite helps deflect propagating 
cracks and improve its crack resistance. Note that ASBs with refined 
lamellar austenite are also found in the uncracked region c (Fig. 7 (c1 
and c2)) The ASBs play a negligible role in influencing the crack energy, 
similar to the observation in the FG steel. This further confirms our view 
that ASBs have a negligible impact on crack propagation because the 
crack stops at the end of the Charpy impact process. 

Similar to the CG specimen, the tested Charpy UCG specimens 
exhibited tortuous crack propagation paths, resulting in a relatively high 
Ep. As stated before, the crack ends before reaching the ASBs (region c), 
and the ASBs are identified as lamellar austenite (Fig. 8(c1-c3)). Spe
cifically, following crack initiation from the V-notch tip, the extended 
crack tip is blunted due to the significant volume fraction of the lath-like 
microstructure. Close examination of the microstructures near the crack 
path (Fig. 8(a1) and Fig. 8(b1)) revealed that the extensive formation of 
a lamellar structure deflects the crack propagation. Correspondingly, the 
BCC phase IPF Z map of region-a and region-b identified the lamellar 
structures as α′-martensite (Fig. 8(a2) and Fig. 8(b2)). 

In summary, The CG and UCG steels exhibit superior Ep values and 
are characterized by similar crack path profiles and deformed micro
structures. The formation of lath-like α′-martensite is responsible for the 
good crack propagation resistance found in these steels. 

Fig. 4. (a) Load-displacement curves of the UFG, FG, CG, and UCG specimens obtained from instrumented Charpy impact tests at room temperature; (b) Impact 
energy results dissociated into Ei and Ep for the UFG, FG, CG, and UCG V-notched specimens; (c) Martensite phase fractions of the V-notched specimens after the 
Charpy test; (d) Character center of the microbeam XRD tests. 
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Fig. 5. Crack propagation captured on the UFG 
specimens. (a) Low-magnification ECCI micrographs 
of the cross-sectional area of a fractured Charpy 
impact specimen; (b) deformation structures near the 
root of the V-notch; (c) and (d) microstructure 
resulting from dynamic plastic deformation in the 
plastic-wake regions along the crack path; (e) and (f) 
colored α′-martensite IPF Z map for the yellow rect
angle in (c). (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   

Fig. 6. Crack propagation captured on the FG spec
imen. The ASBs profile is delineated by the red dotted 
line. Region a shows the film-like DIMT products 
formed near the crack edges. Region b shows the 
globular-like DIMT products formed near the crack 
edges. (a1) (b1) ECCI map near the crack edges; (a2) 
(b2) EBSD phase map (red represents α′-martensite; 
green represents austenite) of the yellow rectangle 
marked region in (a1) (b1), respectively; (c) Region c 
shows both the film-like and blocky DIMT products 
formed near the crack tip; (d1) (d2) Region d shows 
the refined lamellar structures developed in the ASBs; 
(d3) IPF Z map of the austenite phase of the yellow 
rectangle marked region in (d2). (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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4.2. Size-dependent α′-martensite morphology and its effect on crack 
propagation 

As mentioned in the previous section, the morphology of 
α′-martensite significantly affects the deflection of propagating cracks 
and plays a key role in influencing Ep. Therefore, the mechanism un
derlying the relationship between the AGSs and the morphology of 
α′-martensite needs to be further clarified, and preferably far away from 
the cracks to avoid the effect of localized plasticity. 

The different morphologies found near the propagating cracks 
highlight the difference in the nucleation and growth of α′-martensite in 
steels with various AGSs. Microstructural characterization of UFG, FG, 
CG, and UCG steels 200 μm away from the notch was carried out, and the 
results are shown in Fig. 9. The α′-martensite in UFG steel is severely 

limited by the austenite grain boundaries, leading to the formation of 
blocky DIMT α′-martensite, as shown in Fig. 9(a and e). As the grain size 
increases to FG sizes, pronounced twinning formation is observed (Fig. 9 
(b and f)), and both TWIP and TRIP behavior occurs in the FG sample. 
Consistent with the results observed in the fractured FG steel (Fig. 6), 
both block/film-like α′-martensite exist in FG steel. As the grain sizes 
further increase to CG sizes, ε-martensite and α′-martensite are formed 
in the CG steel, and only film-like α′-martensite is found in Fig. 9(c and 
g). As recognized in previous studies [58], the activation of different 
deformation mechanisms in austenitic steels is closely related to the 
stacking fault energy (SFE). The SFE of the UCG steel (24.99 mJ/m2) is 
similar to that of the CG steel (25.18 mJ/m2) according to classical 
theory [59]. Thus, the martensitic transformation behaviors of the CG 
and UCG steel are consistent, as shown in Fig. 9. It confirms that both CG 

Fig. 7. Crack propagation captured on the CG spec
imen. The ASBs profile is delineated by the red dotted 
line. Region a and region b show the film-like DIMT 
products formed near the crack edges. (a1) (b1) ECCI 
map near the crack edges; (a2) (b2) IPF Z map of the 
α′-martensite phase of the yellow rectangle marked 
region in (a1) (b1), respectively; (c1) Region c shows 
the refined lamellar structures developed in the ASBs 
that formed near the ligament end; (c2) IPF Z map of 
the austenite phase of (c1). (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 8. Crack propagation captured on the UCG 
specimen, in which the ASBs are delineated by the red 
dotted line. Region a and region b show the film-like 
DIMT products formed near the crack edges. (a1) (b1) 
ECCI map near the crack edges; (a2) (b2) IPF Z map of 
the α′-martensite phase of the yellow rectangle 
marked region in (a1) (b1), respectively; (c1) Region- 
c shows the refined lamellar structures developed in 
the ASBs that formed near the ligament end; (c2) (c3) 
band contrast map and IPF Z map of the austenite 
phase. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web 
version of this article.)   

M. Huang et al.                                                                                                                                                                                                                                 



Materials Science & Engineering A 844 (2022) 143191

8

and UCG steel consist of austenite, ε-martensite, and lath-like 
α′-martensite. Furthermore, Fig. 9(i) shows the quantified results of 
the distributions of the lath aspect ratio (c/a), revealing that the increase 
in AGSs benefits the formation of lath-like α′-martensite. 

Based on the microstructural characterization in Fig. 9, the 
morphology of α′-martensite and martensitic transformation sequences 
as a function of the AGSs are schematically shown in Fig. 10. The 
morphology of α′-martensite is strongly determined by the limitation 
boundaries. In UFG steel, the formation of blocky α′-martensite is 
attributed to the absence of deformation bands (both deformation 
twinning and ε-martensite), which are limited only by austenite grain 
boundaries in the free growth of α′-martensite. The absence of defor
mation twinning and ε-martensite can be explained by the relatively 
high twin nucleation stress (τcritical~598 MPa) and SFE (~33 mJ/m2), 
respectively (twin nucleation stress calculated based on the references of 
Raabe et al. [60]). With the AGSs increasing to FG sizes, the formation of 
deformation twins provides additional obstacles to martensite growth, 
and the grain/twin boundaries are responsible for the block/lath-like 
morphology. In the case of CG/UCG steels, the formation of 

pre-existing ε-martensite reduces the nucleation barrier of α′-martensite 
[61], which leads to the preferential nucleation of α′-martensite at 
ε-martensite, and the growth of α′-martensite is limited by the γ-ε phase 
boundaries, thus resulting in lath-like α′-martensite. (Note: α′-martensite 
nucleation behavior in UFG steel based on the references of Wang et al. 
[62]). 

The negative relation between Ep and α′-martensite volume fraction 
has guided researchers to focus on suppressing the formation of 
α′-martensite. However, we demonstrate that the effect of the DIMT 
products on Ep is not only related to the volume fraction of α′-martensite, 
but also to the morphology of martensite formed during impact loading. 
The most effective morphology to deflect propagating cracks is 
α′-martensite with a high aspect ratio, which coincides with the classic 
theories for crack deflection [63]. Toughening arises primarily from the 
twist in the crack propagating front between hard and soft phases, as 
indicated by the deflection profiles shown in Fig. 11. Therefore, a 
tentative conclusion can be made that the formation of lath-like 
α′-martensite instead of blocky α′-martensite would weaken the disad
vantages of the intrinsically brittle α′-martensite on crack resistance. 

Fig. 9. Microstructural characterization of UFG, FG, CG, and UCG steels 200 μm away from the notch. Phase maps for (a) UFG steel, (b) FG steel, (c) CG steel, and (d) 
UCG steel, green, blue, red represent the FCC, HCP, and BCC phases; (e) (f) (g) (h) IPF Z maps of the BCC phase, red lines in (f) represent twin boundaries; (i) lath 
aspect ratio (c/a) distributions for different AGSs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 10. Schematic of the size-dependent transformation behavior and morphology of α′-martensite during the Charpy impact test.  
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The present study also enables the rational microstructural design of 
austenitic steels with good crack propagation resistance by controlling 
the morphology of the formed α′-martensite. It is demonstrated that the 
reduction of AGS results in the enhancement of yield and tensile strength 
but deterioration of the impact toughness. While the Hall–Petch effect 
stands for the improvement of strength, additional alloying methods 
[64] should be able to control the SFE of austenite to the regime in which 
the formation of ε-martensite/twins is more favorable than the direct 
formation of α′-martensite. As a result, the fine-grained austenite matrix 
can provide the base strength, and the controlled DIMT behavior should 
lead to the formation of lamellar martensite that can deflect cracks and 
enhance the impact toughness of the steel. Therefore, the design of 
austenitic steels with high strength and toughness properties should 
consider both the strengthening by grain refinement and the toughening 
by tailored DIMT. 

5. Conclusion 

This study presents a new approach to minimize the negative effects 
of the inherent brittleness of α′-martensite without limiting the TRIP 
effect. In addition, the influence of AGS-controlled α′-martensite 
morphology on the crack propagation energy of SUS321 is investigated. 
The following conclusions can be drawn from this investigation:  

1. The relationship between the DIMT products and Ep cannot be 
determined by the α′-martensite volume fraction alone. The 
morphology of α′-martensite also has a significant effect on the crack 
propagation energy. It is confirmed that compared to blocky 
α′-martensite, lath-like α′-martensite can more effectively deflect 
cracks. 

2. The morphology of α′-martensite is controlled by boundary limita
tions, in which intermediate deformation products (i.e., deformation 
twins and ε-martensite) are beneficial to the formation of lath-like 
α′-martensite. If austenite grain boundaries are the only obstacles 
for martensite growth, blocky α′-martensite will form.  

3. For austenitic steels that require both high strength and high 
toughness, tailoring the SFE of austenite to enhance the twining/ε 
formation can facilitate the formation of lath-like α′-martensite that 
promotes strain hardening without deteriorating the crack 
resistance. 
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