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A B S T R A C T   

In the present study, the heterogeneous low C steel/304 austenite stainless steel (SS) laminates were observed to 
have exceptional tensile properties under cryogenic temperature, i.e., the yield strength and the uniform elon
gation were found to be significantly elevated simultaneously compared to these under room temperature. The 
underlying deformation mechanisms have been revealed by a novel tensile testing method coupled with in-situ 
digital image correlation imaging under cryogenic environment, and subsequent microstructure observations. 
Strain localization was found to initiate from low C steel, propagate across the interface and then towards 304 SS 
side. While the formed localized strain zone (LSZ) was observed to be delocalized at larger tensile strain due to 
the propagation of LSZ towards the un-deformed region along the gage length. Martensite transformation was 
found to be concentrated in the LSZ of 304 SS to regain strain hardening ability and reduce severity of strain 
concentration. Strain partitioning between 304 SS and low C steel was found to be more significant in the LSZ 
than that out of the LSZ. The non-uniform martensite transformation along the gage length should be the origin 
for the strain delocalization in the LSZ, resulting in large ductility in the laminates under cryogenic temperature.   

1. Introduction 

Structural materials have been designed for cryogenic applications, 
such as liquid Nitrogen/Hydrogen storage tanks and cryogenic pro
cessing [1–19]. For example, high manganese twinning-induced plas
ticity (TWIP) steels [1–7] and stainless steels (SS) [8–17] have been 
widely accepted as ideal candidate materials for cryogenic applications 
due to the excellent mechanical properties with high strength, enhanced 
strain-hardening rate and good tensile ductility at cryogenic tempera
tures. In these steels, the deformation mechanisms of 
transformation-induced plasticity (TRIP) and TWIP usually become 
more dominant with decreasing temperature due to the even lower 
stacking fault energy (SFE) at cryogenic temperatures, resulting in more 
obvious strain hardening [1,9]. These TWIP steels and SS generally show 
a significant discontinuous strain hardening phenomenon at the cryo
genic condition: After initial yielding, a gentle slope of first hardening or 
a plateau stage continues until the critical tensile strain for the onset of 

the second hardening induced by TWIP/TRIP effects [8,9]. 
Although the yield strength and the strain-hardening rate have been 

found to be elevated for TWIP steels and SS with decreasing tempera
ture, the uniform elongation has been observed to be lower at cryogenic 
temperatures compared to that at room temperature [1,2,8,9,17]. 
Moreover, the yield strength is relatively low for the TWIP steels and SS 
with coarse grains, which limits their structural applications. It is well 
known that the strength of metals and alloys can be much elevated by 
cold-working or grain refinement [20,21]. While the elevated high yield 
strength through this way in homogeneous microstructures usually re
sults in significantly reduced tensile ductility [20–22]. In last two de
cades, extensive research have indicated that heterogeneous 
microstructures can be considered as a useful strategy to resolve the 
observed dilemma of strength-ductility trade-off [22–45]. Among these 
heterogeneous microstructures, bimetallic laminates have attracted 
extensive interests recently due to the fact that superior tensile prop
erties can be achieved and be optimized by tailoring microstructures 
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across interfaces in the laminates [25–32]. The enhanced tensile 
ductility in the laminates can be attributed to the extra strain hardening 
induced by the strain gradients and geometrically necessary dislocations 
(GNDs) at the interfaces, which are typically generated due to the me
chanical incompatibility and stress/strain partitioning between soft and 
hard domains under tensile loading [32–35,45]. 

In our recent work [34], we have indicated that the 304 SS/low C 
steel (with martensite phase) laminates can have a much higher yield 
strength and an acceptable ductility at room temperature when 
compared to the single 304 SS sample. While no phase transformation 
was observed in the 304 SS during the tensile loading for the laminates 
at room temperature, thus the tensile ductility might be further 
improved if the phase transformation can be activated in the 304 SS at 
cryogenic temperature. Previous research also shown that the yield 
strength can be much higher and the uniform elongation was also 
observed to be slight higher for BCC single phase steels (martensite) or 
dual phase steels (ferrite and martensite) at cryogenic temperatures, 
compared to those at room temperature [18,19]. These observations 
give a hint that exceptional tensile properties might be achieved in the 
304 SS/low C steel laminate at cryogenic temperature due to its het
erogeneous nature, thus giving better performance under cryogenic 
applications. In this regard, the tensile properties and the detailed 
deformation mechanisms of the 304 SS/low C steel laminates at 77 K 
have been investigated by a novel well-designed tensile testing method 
coupled with in-situ digital image correlation (DIC) imaging under 
cryogenic environment and subsequent microstructure 
characterizations. 

2. Materials and experimental methods 

The laminates were produced by hot-rolling (HR) technique, and the 
constitute plates were two 304 SS steel plates (with chemical composi
tion of 0.05C–1.2Mn–19Cr–10Ni-69.75Fe, in weight percentage) and 
one low C steel plate (with chemical composition of 0.2C–1.0Mn-0.02Ti- 
0.04Nb-98.74Fe, in weight percentage) sandwiched in between. The 
thickness ratio between the 304 SS steel plate and the low C steel plate 
was 1:8, and the total thickness for the three sandwiched plates before 
HR was about 10 mm. The HR process was under the temperature range 
between 1423 K and 1173 K, and the resultant HR laminates had a 
thickness of about 3.34 mm. Then cold-rolling (CR) processing was 
utilized to further reduce the thickness of the laminates to about 1.5 mm. 
Finally, the CR plates were annealed at 1193 K for 15 min followed 
immediately by water quenching (WQ). The purpose of annealing and 
WQ is to obtain recrystallized austenite phase in 304 SS and martensite 
phase in low C steel. For comparison, the homogeneous standalone 304 
SS steel plate and the homogeneous standalone low C steel plate were 
also obtained by polishing away the other part of the laminates. 

The dog-bone shaped plate specimens for tensile testing had gauge 
section dimensions of 10 � 2.5 � 1.5 mm3. The longitudinal axis was set 
to be parallel to the rolling direction. Using a MTS Landmark testing 
machine, the quasi-static uniaxial tensile tests were carried out at a 
strain rate of 5 � 10� 4 s� 1 under displacement control at both room and 
cryogenic temperatures. For each experiment, three tests were applied 
to check the repeatability and provide the error bar. An extensometer 
was utilized in all tensile tests to monitor the displacement accurately. 
DIC imaging was performed on the surface 304 SS layer to measure the 
strain contours during tensile deformation at cryogenic temperature. 
The configuration for the in-situ tensile testing coupled with DIC im
aging under low temperature is shown in Fig. 1. The whole system 
mainly consists of a mechanical testing machine, a cooling system and a 
DIC imaging system. The universal machine provides tensile load to the 
testing sample, the cooling system provides cryogenic environment with 
tunable temperatures, whereas the DIC imaging system measures the 
strain contours during tensile deformation. The samples were cooled 
down by two Gifford-McMahon (G-M) cryocoolers, and the cooling 
process was characterized by cooling with recycled helium gas as heat 

transfer medium instead of liquid helium. The optimal temperature 
range for operation of G-M cryocoolers is between 12 and 120 K, the 
working principle of the G-M cryocooler is based on refrigeration by 
outglassing of adiabatic gas. Agilent SHI 110 dry scroll pump was also 
used to draw out helium gas in sample chamber in the decompression 
process in order to make sure that the sample surface is clean to be 
observed by the camera for DIC imaging system. The other details about 
the cooling system can be referred to the previous paper [46]. As shown 
in Fig. 1, the initial high-contrast stochastic spot patterns were created 
on the sample surface, a commercial software ARAMIS was utilized to 
analyze the DIC data and the used facet size for the strain calculation 
was 50 μm, and the other details for the DIC imaging system can be 
found elsewhere [47]. The micro-hardness distributions at the area close 
to the interface prior to and after tensile testing were measured on the 
well-polished specimens by a Vickers diamond indenter under a load of 
5 g for 15 s dwell time. Ten groups of indentations were conducted for 
each point, and the average value was used with a provided error bar. 

Optical microscopy (OM), electron back-scattered diffraction 
(EBSD), and transmission electron microscopy (TEM) were utilized to 
reveal the microstructures prior to and after tensile testing. The infor
mation of phase transformation for the 304 SS in the laminates during 
tensile deformation at low temperature were obtained on the polished 
samples by X-ray diffraction (XRD) measurements and EBSD observa
tions. The phase volume fractions were estimated from the peak inte
grated intensities Ihkl after background subtraction. The details for XRD 
measurements and the calculation method for the volume fractions of 
each phase can be found in previous papers [47,48]. The sample prep
arations for EBSD and TEM can be referred to our previous paper [34]. In 
EBSD observation, a small scanning step of 100 nm was utilized and 
grain boundaries (GBs) were only identified when the misorientation 
angles are larger than 15�. Calculation method for kernel average 
misorientation (KAM) can also be found in our previous research [34]. 

3. Results and discussions 

Microstructures of the laminate prior to tensile testing have been 

Fig. 1. Configuration for the in-situ tensile testing coupled with DIC imaging 
under low temperature environment. 
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characterized by OM, EBSD, and TEM. OM image for the whole laminate 
is displayed in Fig. 2a, in which two layers of 304 SS and one layer of low 
C steel can be clearly observed, and the straight layer boundaries can be 
obviously identified. EBSD image (phase distribution with GBs) for the 
area close to the interface is displayed in Fig. 2b. After WQ, a grain size 
gradient is observed at the side of 304 SS austenite phase, i.e., the grain 
size increases with increasing distance from the interface, which is 
consistent with the hardness distribution in Fig. 2c. The average grain 
size for the 304 SS at the interface is about 300 nm, which is much 
smaller compared to the average grain size of 20 μm at the position far 
away from the interface. No martensite phase is observed at the side of 
304 SS. While lath martensite (as shown in the inset of Fig. 2b and f) is 
formed in the low C steel after WQ, and the feature size of lath 
martensite is similar along the depth. The micro-hardness distribution 
across the interface for the laminate is shown in Fig. 2c, in which the 
hardness values at both sides of the interface show a gradient distribu
tion. The hardness decreases with increasing distance from the interface 
at the side of 304 SS, while the hardness gradually increases with 
increasing distance from the interface at the side of low C steel. For both 
sides, the hardness is observed to approach a plateau when the location 
is far away from the interface, and the plateau value of the low C steel 
side is much higher than that of the 304 SS side. The gradient distri
bution for the hardness near the interface at the side of low C steel can be 
attributed to the volume fraction gradient of martensite phase due to the 
C diffusion from the side of low C steel to the side of 304 SS during heat 
treatment [34]. 

The TEM image for the area close to the interface is displayed in 
Fig. 2d. The interface separating the low C steel and the 304 SS is marked 
by a dash line. The selected area diffractions (SAD) for the low C steel 
and the 304 SS (for two circled areas) are also shown in Fig. 2d. More
over, TEM images for the 304 SS side at the interface and the low C steel 
side are shown in Fig. 2e and f, respectively. The SAD for the 304 SS in 
the inset in Fig. 2e shows that the 304 SS has a austenite phase and 
consists of annealing twins. The grains in Fig. 2e are ultrafined grains 
and the annealing twins can be clearly observed. The lath martensite are 
also ultrafined grains, and the width of the lath martensite grains can be 
estimated to be about 250 nm based on the observations and the sta
tistical analysis of numerical TEM images. 

The tensile properties for the laminate and the corresponding 

standalone plates under low temperature (77 K) and room temperature 
are shown in Fig. 3. The engineering stress-strain curves are displayed in 
Fig. 3a, and the curves for the yield strength vs. the uniform elongation 
for all samples are shown in Fig. 3c. It can be clearly observed that the 
standalone 304 SS plate has a higher yield strength, a higher strain 
hardening ability and a lower uniform elongation under cryogenic 
temperature compared to these under room temperature. It is clearly 
shown that the yield strength is higher and the uniform elongation is 
also slightly larger for the low C steel under cryogenic temperature 
compared to these under room temperature. In sharp contrast, the yield 
strength and the uniform elongation are both observed to be signifi
cantly higher for the laminate under low temperature compared to 
these under room temperature. These observations indicate that 
exceptional tensile properties can be induced under cryogenic temper
ature in the laminate, as compared to the standalone plates. As shown in 
the close-up view of the engineering stress-strain curve for the laminate 
under low temperature, a stress plateau is observed after yielding, fol
lowed by a strong strain hardening stage (as shown in Fig. 3b). In order 
to understand the deformation mechanisms for the superior cryogenic 
tensile properties and the stress plateau phenomenon in the laminate, 
the in-situ DIC experiments on the sample surface, the microstructure 
characterizations by EBSD, XRD and TEM at various tensile strains by 
interrupting experiments were also carried out. 

A series of typical longitudinal tensile strain (εL) contour maps at 
various applied tensile strains (εapp, corresponding to the points marked 
by arrows in the engineering stress-strain curve in Fig. 4b) for the sur
face of 304 SS in the laminate are displayed in Fig. 4a. At εapp ¼ 2.6%, a 
relatively uniform strain contour can be observed in Fig. 4a since the 
stress is still rising at this applied stain as shown in Fig. 4b. While a 
localized strain zone (LSZ) is formed at the lower part of the gage-section 
when εapp ¼ 4.4%, which can be connected to the slight stress drop at 
this strain as shown in Fig. 4b. As observed, the LSZ carries the most 
plastic strain and accumulates plastic strain continuously, Fig. 4c dis
plays the heterogeneous εL distributions along the gage length at various 
applied tensile strains (εapp), as a result of the propagating LSZ. In 
Fig. 4c, εL is averaged along the width of the sample in each contour. 
Here, we define the LSZ as the zone with εL>εapp. Thus, the length of LSZ 
can be identified by the distance of two " � " marked in each curve of 
Fig. 4c. The normalized length of LSZ as a function of the applied tensile 

Fig. 2. Microstructure characterizations prior to tensile testing for the laminates. (a) OM image for the whole laminate; (b) EBSD phase image with GBs for the area 
close to the interface (the inset shows the lath martensite for the low C steel); (c) Hardness distribution across the interface; (d) TEM image for the area close to the 
interface (the interface is marked by a dashed line); (e) TEM image for the 304 SS side at the interface; (f) TEM image for the low C steel side at the interface. 
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strain is shown in Fig. 4d. Starting from εapp ¼ 2.6%, the length of LSZ 
first slightly decreases due to the initial strain localization until εapp �

9%, where the LSZ starts to propagate along the gage length. From εapp 
� 9%, the LSZ propagates fast first, and then slows down later, as 
indicated by the slope in the curve of Fig. 4d. Moreover, the ratio be
tween the average longitudinal strain in the LSZ and the applied tensile 
strain (εLSZ=εapp) can be considered as an indicator on the severity of the 
strain localization in the LSZ. Thus, εLSZ=εapp as a function of the applied 
tensile strain is plotted in Fig. 4e. It is clearly indicated that the strain 
localization starts at a very low applied tensile strain (~2%), reaches its 
maximum at εapp � 9%, and then decreases with increasing applied 
tensile strain until the ultimate strength (UTS) point. These observations 
indicate that the strain starts to concentrate in the LSZ at the low applied 
strain, while the strain localization starts to delocalize and the severity 
of strain concentration starts to alleviate in the LSZ at larger applied 
tensile strain due to the propagation of LSZ towards the un-deformed 
region along the gage length. 

In order to connect the strain distribution to the phase trans
formation distribution along the gage length, and reveal the origin of the 
strain de-localization, the volume fraction distributions of martensite 
(measured by XRD or EBSD) along the gage length at various applied 
tensile strains, for the surface of 304 SS and the area close to the 
interface for 304 SS in the laminate, are shown in Fig. 5. The typical 

profiles for the evolution of XRD spectra at the fixed normalized position 
(0.4) on the surface of 304 SS are displayed in Fig. 5b. The profiles of the 
XRD spectra evolution for the other positions are not shown here due to 
the limitation of space. The volume fraction distribution of martensite 
along the gage length on the surface for the 304 SS were measured by 
XRD method (Fig. 5b), while the volume fractions of martensite for the 
304 SS in and out the position of the LSZ at the area close to the interface 
were characterized by EBSD (Fig. 5c). As shown in Fig. 5c, it can be 
clearly seen that the volume fraction distributions of martensite along 
the gage length on the surface are relatively uniform along the gage 
length when the applied tensile strain is 7%, while this martensite phase 
distribution starts to concentrate in the LSZ from εapp ¼ 10%. Due to this 
concentration of martensite transformation in the LSZ, and the strain 
hardening ability is regained in the LSZ to reduce the strain localization 
and force the LSZ to propagate towards the un-deformed region. Thus, 
the non-uniform martensite transformation along the gage length should 
be the origin for the strain de-localization in the LSZ. And this non- 
uniform martensite transformation induced strain de-localization in 
the LSZ should help to achieve large tensile ductility in the laminate. 

In the laminate, the low C steel layer has higher strength and lower 
strain hardening ability when compared to the 304 SS layer subjected to 
cryogenic tensile deformation. Thus, one may imagine that the strain 
localization should start at the side of low C steel first and propagate 

Fig. 3. (a) Engineering stress-strain curves for the laminate, the standalone homogeneous 304 SS plate, and the standalone homogeneous low C steel plate under 
room temperature and low temperature; (b) Engineering stress-strain curves for three tests of the laminate under low temperature are displayed to show the 
repeatability, and the inset shows the plateau stage followed by strain hardening stage; (c) The yield strength vs. the uniform elongation for all samples. 

Fig. 4. (a) Contour maps of axial strain (εL) at various applied tensile strains (εapp) for the surface of 304 SS in the laminate; (b) The corresponding engineering stress- 
strain curve, and the arrows mark the points when the measured contour maps were taken; (c) Averaged εL distributions along the gage length at various applied 
tensile strains (εapp); (d) The normalized length of LSZ as a function of the applied tensile strain (εapp); (e) εLSZ=εapp as a function of the applied tensile strain (εapp). 
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across the interface, and then towards the side of 304 SS. To verify this, 
we also check the volume fraction distributions of martensite along the 
gage length at various applied tensile strains for the 304 SS close to the 
interface (Fig. 5d, e1-5g1 and 5e2-5g2). The initial EBSD phase image 
for the undeformed sample is displayed in Fig. 5d. In Fig. 5e1-5g1, the 
EBSD phase images for the 304 SS close to the interface at the gage 
length position similar to the LSZ on the surface are displayed, while 
Fig. 5e2-5g2 show EBSD phase images for the 304 SS close to the 
interface at the gage length position far from the initial LSZ. It can be 
clearly observed that the non-uniform martensite transformation along 
the gage length in the 304 SS starts earlier for the area close to interface, 
when compared to the surface (7% vs. 10%, as shown in Fig. 5h). It is 
generally known that the phase stability of austenite increases with 
increasing carbon content [49,50]. This fact may delay to trigger the 
uniform martensite transformation in 304 SS for the area close to the 
interface compared to that at the surface. Indeed, as shown in Fig. 5h, it 
is observed that no martensite transformation occurs until tensile strain 
of 18% out of the LSZ at the area close to the interface. While the 

non-uniform martensite transformation should be induced mainly by the 
strain localization along the gage length. Thus, the non-uniform 
martensite transformation is observed to be triggered earlier for the 
304 SS close to the interface due to the earlier strain concentration, 
when compared to the 304 SS at the surface. These observations verify 
that the low C steel with higher strength and lower strain hardening 
ability should start strain localization first, and then this strain locali
zation should propagate across the interface and towards to the 304 SS 
side (from the interface to the surface). The differences of the volume 
fractions of martensite between in the LSZ and out the LSZ (ΔFM) can be 
considered as an indicator of severity of the non-uniform martensite 
transformation, which are plotted as a function of applied tensile strains 
for the surface and the area close to the interface in Fig. 5i. It can be 
clearly indicated that the severity of the non-uniform martensite trans
formation along the gage length is much larger for the area close to the 
interface compared to the surface, which can be attributed to the fact 
that the area close to the interface is adjacent to the more unstable low C 
steel layer. Thus, the more severe non-uniform martensite 

Fig. 5. (a) Illustrations for the phase measurements on the surface by XRD and at the area close the interface by EBSD; (b) The typical profiles for the evolution of 
XRD spectra at the fixed normalized position (0.4) on the surface of 304 SS; (c) The volume fraction distributions of martensite along the gage length on the surface 
for the 304 SS at varying applied tensile strains; (d, e1-g1, e2-g2) The volume fraction distributions of martensite for the 304 SS in and out the position of the LSZ at 
the area close to the interface at varying applied tensile strains; (h) The volume fractions of martensite for the 304 SS, in and out the position of the LSZ, on the 
surface and at the area close to the interface, as a function of applied tensile strain; (i) The differences of the volume fractions of martensite between in the LSZ and 
out the LSZ (ΔFM) as a function of applied tensile strain for the surface and the area close to the interface. 
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transformation for the 304 SS at the area close to the interface is needed 
to overcome the unstable plastic flow in the low C steel. ΔFM for both the 
surface and the area close to the interface start to decrease at larger 
applied strains and start to lose the advantage of non-uniform martensite 
transformation for helping ductility, thus resulting in final necking and 
fracture at the initial LSZ position at UTS point. 

The hardness increment after tensile deformation can usually be 
considered to be an indicator of strain hardening capability, thus the 
Vickers microhardness (Hv) distributions across the interface in and out 
of the position of the LSZ at varying applied tensile strains are provided 
in Fig. 6. For the side of 304 SS, the hardness of LSZ increases signifi
cantly at the applied tensile strain of 7% (due to the strain concentration 
in the LSZ), then increases slightly afterwards (the strain magnitude in 
the LSZ increases slightly due to the propagation of the LSZ towards the 
undeformed region) until UTS point. While the hardness for 304 SS out 
of the LSZ increases more or less equally before and after the applied 
tensile strain of 7%. For the side of low C steel, the hardness increment 
out of the LSZ is larger than that in the LSZ at the applied tensile strain of 
7%, which might be due to the fact that the strain partitioning between 
304 SS and low C steel is more significant in the LSZ (the low C steel in 
the LSZ carries much less strain) than that out of the LSZ (which will be 
confirmed by the KAM distribution maps in Fig. 7). Moreover, the 
hardness for the low C steel in the LSZ starts to decrease after the applied 
tensile strain of 7%, which might be due to the change of strain path and 
stress state [27,51] by the propagation of the LSZ along the gage length. 
Previous research have indicated that the change of strain path and 
stress state can cause dismantlement of existing dislocation substructure 
and reduce the dislocation density [27,51]. These observation will be 
further confirmed by subsequent TEM observations for low C steel. 

As indicated in the previous research [24,32–35], strain partitioning 
across the interfaces between hard layers and soft layers should result in 
strong strain gradient across the interfaces, which can be reflected by 
GND density distributions across the interfaces. Moreover, the local 
crystal orientations by the KAM method in the EBSD images can be used 
to calculate the GND density based on the strain gradient theory, which 

was proposed by Gao and Kubin [52,53], in which the KAM value is 
linearly proportional to the GND density. Thus, the KAM value can 
reflect directly the GND density. The KAM distributions in the 304 SS at 
the area close to the interface in and out of the LSZ are displayed in 
Fig. 7. The initial KAM distribution map for the undeformed sample is 
shown in Fig. 7a. As shown in Fig. 7a, a relatively low GND density also 
exists in the area near the interface for the sample prior to tensile testing. 
This GND distribution in the area near the interface could be attributed 
to the internal residual stress induced by the different thermal expan
sions between the 304 SS and the low C steel during heat treatment 
process. As indicated in our previous paper [34], these initial internal 
residual stresses should have impact on the nature of the elastoplastic 
transition stage and provide the initial back stress for strengthening. 
While, the back stress increment upon applied tensile strain (back stress 
hardening) should mainly be attributed to the plastic deformation in
compatibility between different layers during the tensile loading, 
resulting in extra hardening for improving ductility. The KAM distri
bution maps in and out of the LSZ at varying applied tensile strains (7%, 
18% and UTS point) are shown in Fig. 7b1-7d1 and 7b2-7d2, respec
tively. Then, the KAM value is averaged at the same distance from the 
interface, and this averaged KAM value is plotted as a function of the 
distance from the interface at varying applied tensile strains in and out 
of the LSZ in Fig. 7e and f, respectively. The mean KAM values for the 
whole map are also plotted as a function of applied tensile strains in and 
out of the LSZ in Fig. 7g. It is clearly observed that the mean KAM values 
are much higher in the LSZ than those out of the LSZ throughout the 
entire tensile deformation. This observation indicates that the GND 
density and the strain gradient adjacent to the interface should be much 
higher in the LSZ than those out of the LSZ throughout the entire tensile 
deformation, which confirms the aforementioned and proposed 
conclusion that the strain partitioning between 304 SS and low C steel is 
more significant in the LSZ than that out of the LSZ. 

TEM pictures for the 304 SS on the surface and out of the LSZ after 
tensile deformation are displayed in Fig. 8. Fig. 8a shows the martensite 
phase (indicated by the SAD pattern of the inset) after phase 

Fig. 6. Vickers microhardness distributions across the interface out of the LSZ for the applied tensile strains: (a) 0% and 7%; (b) 7% and UTS point. Vickers 
microhardness distributions across the interface in the LSZ for the applied tensile strains: (a) 0% and 7%; (b) 7% and UTS point. 
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transformation, and the average size of martensite grains is several 
hundreds of nm. The transformation-induced plasticity (TRIP) effect and 
the nanoscale grain size of the martensite phase can have a great positive 
impact on the strain hardening behavior of 304 SS [54]. Multiple 
deformation twins (DTs) with twin boundary (TB) spacing of several 
hundreds of nm at two different slip systems can be clearly observed in 
Fig. 8b, and the TBs for multiple DTs are not coherent due to the accu
mulation of dislocations near the TBs. It has been reported that the in
teractions between dislocations and TBs in FCC metals can have three 
different ways due to the different relative orientations of the incoming 
dislocations, and two of them can contribute to strain hardening [55]. In 
general, the volume fraction of twins increases with the increasing 
tensile strain. Thus, the strong strain hardening as indicated by the 
hardness increment at the side of 304 SS can be attributed partly to the 
formation of DTs and the dislocations behaviors near the TBs. It has also 
been reported that multiple nanotwins with different slip systems and 
orientations can further enhance the tensile properties in metals and 
alloys with low SFE when compared to the single nanotwins, since 

hierarchical twins are more effective in obstructing dislocation move
ment and in accumulating dislocations [56–58]. It has also been 
observed that the DTs and the martensite phase with high density of 
dislocations can be formed at the same area, as indicated by the TEM 
picture in Fig. 8c. 

TEM pictures for the low C steel at the center of the samples in and 
out of the LSZ at two different applied tensile strains (10% and 25%) are 
displayed in Fig. 9a–d. As indicated in these TEM pictures, lath 
martensite are all observed, and the average widths of lath martensite in 
and out of the LSZ are plotted as a function of applied tensile strains in 
Fig. 9e. The average width of lath martensite was found to decrease with 
increasing applied tensile strain out of the LSZ until the UTS point, while 
the average width of lath martensite in the LSZ was observed to decrease 
with increasing applied tensile strain until 10% and then start to slightly 
increase with increasing applied tensile strain afterwards (which is due 
to the change of strain path and stress state [27,51] by the propagation 
of LSZ along the gage length). These observation indicate that the size of 
lath martensite is refined under tensile deformation at cryogenic 

Fig. 7. The KAM distributions in the 304 SS at the area close to the interface in and out of the LSZ. (a) The initial KAM distribution map for the undeformed sample; 
(b1-d1) The KAM distribution maps out of the LSZ at varying applied tensile strains; (b2-d2) The KAM distribution maps in the LSZ at varying applied tensile strains; 
(e) (f) The averaged KAM values as a function of the distance from the interface at varying applied tensile strains in and out of the LSZ, respectively; (g) The mean 
KAM values for the whole map as a function of applied tensile strains in and out of the LSZ. 

Fig. 8. TEM observations for the 304 SS on the surface and out of the LSZ after tensile deformation (UTS point): (a) Martensite transformation; (b) Multiple DTs; (c) 
Mixed DTs and martensite phase with high density of dislocations at the same area. 
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temperature. This grain refinement should contribute to the strain 
hardening in the martensite phase under tensile deformation at cryo
genic temperature, which is very similar to the hardening in 
twinning-induced plasticity (TWIP) steels by DTs (so called dynamic 
H–P effect in TWIP steels) [54]. It also should be noted that the grain 
refinement out of the LSZ is more severe than that in the LSZ, which 
further confirms that the strain partitioning between 304 SS and low C 
steel is more significant in the LSZ (the low C steel in the LSZ carries 
much less strain) than that out of the LSZ. 

4. Concluding remarks 

In the present study, the low C martensite steel/304 austenite SS 
laminate was fabricated by hot-rolling followed by annealing and water 
quenching, and then the tensile behaviors and the corresponding 
deformation mechanisms of the laminate under both cryogenic and 
room temperatures were investigated by a novel tensile testing method 

coupled with in-situ DIC imaging and subsequent microstructure ob
servations (EBSD, XRD, and TEM), the main findings are summarized as 
follows:  

(1) Generally, CG 304 austenite SS has a higher yield strength and a 
lower uniform elongation, while low C martensite steel has a 
higher yield strength and a slightly larger uniform elongation, 
under cryogenic temperature when compared to these under 
room temperature. However, the heterogeneous laminate was 
found to show simultaneously much higher yield strength and 
significantly larger uniform elongation under cryogenic tem
perature when compared to those under room temperature, 
exhibiting superior cryogenic tensile properties.  

(2) The low C steel in the laminate has lower strain hardening ability, 
thus strain localization was observed to be formed first in the low 
C steel, and then the LSZ was found to propagate across the 
interface to the 304 SS side. While this LSZ was not exacerbated 

Fig. 9. TEM observations for the low C steel out of the LSZ at two different applied tensile strains: (a) 10%; (c) 25%. TEM observations for the low C steel in the LSZ 
at two different applied tensile strains: (b) 10%; (d) 25%. (e) The average widths of lath martensite in and out of the LSZ as a function of applied tensile strains. 

J. He et al.                                                                                                                                                                                                                                       



Materials Science & Engineering A 791 (2020) 139780

9

to cause severe necking and fracture, and delocalization was 
found to occur in the LSZ with increasing applied tensile strain 
due to the propagation of LSZ towards the un-deformed region 
along the gage length.  

(3) The severity of strain concentration in the LSZ was found to be 
reduced after 10% of applied tensile strain due to the concen
trated martensite transformation and the enhanced strain hard
ening ability in the LSZ. Thus the strain delocalization in the LSZ 
can be attributed to the non-uniform martensite transformation 
along the gage length, resulting in large tensile ductility in the 
laminate under cryogenic temperature. Moreover, strain parti
tioning between 304 SS and low C steel was found to be more 
significant in the LSZ than that out of the LSZ. Thus, higher 
density of GNDs should be accumulated in the LSZ to reduce the 
severity of strain localization for improving ductility.  

(4) After cryogenic tensile deformation (up to UTS point), high 
fraction of martensite phase and high density of multiple defor
mation nanotwins were found to be formed in the grain interiors 
of 304 SS, resulting in strong strain hardening and large tensile 
ductility in the laminates under cryogenic temperature. Cryo
genic deformation-induced grain refinement should contribute to 
the strain hardening in the low C steel. 
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