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Abstract 

 

 High-strain rate response of low C steel/304 stainless steel (SS) laminates was 

characterized by hat-shaped specimen using Hopkinson-bar technique at a strain rate of 

about 7×104 s-1. Better dynamic shear properties were observed in the laminates, 

compared to the plain low C steel plate and the plain 304 SS plate. The laminates were 

found to postpone the nucleation of adiabatic shear band (ASB) in the hard zone and to 

delay the propagation of ASB from the hard zone to the soft zone. The conventional 

maximum stress criterion on ASB nucleation was found not valid any more in the 

laminates. The hardness difference between the hard zone and the soft zone in the 

laminates was found to have great influence on the patterns of ASB evolution. 

Nanotwins were formed in the 304 SS and grain refinement was observed in the 

martensite low C steel for strain hardening under dynamic shear loading. The 

mechanical incompatibility across the interfaces was observed to result in strain 

gradient and geometrically necessary dislocations at the interfaces under dynamic shear 

loading, contributing to extra strain hardening. The extra hardening was also found to be 

triggered at the propagation tip of ASB, which helps for achieving better dynamic 

ductility in the laminates.  

 

Key words: Laminates; Twinning; strain gradient; geometrically necessary dislocations; 

Dynamic fracture; Shear band. 
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1. Introduction 

 Superior combination of strength and ductility in metals and alloys has been 

pursued by scientists and engineers for several decades [1-8]. While these two 

properties are mutually exclusive in general, i.e., high yield strength usually results in 

limited ductility. In the last two decades, several heterogeneous microstructures have 

been proposed to produce both high yield strength and large tensile ductility in metals 

and alloys, such as bimodal/multimodal structures [1,9], gradient structures [10-13], 

lamella structures [8,14,15], and bimetallic laminates [16-26]. These heterogeneous 

microstructures generally have various domains with different mechanical properties, 

and the plastic deformation incompatibility can occur among these domains [8,27-29]. 

Thus, stress/strain partitioning and back stress hardening have been reported to play 

important roles in the plastic deformation of these heterogeneous microstructures 

[8,17,27-29]. Among these heterogeneous microstructures, bimetallic laminates have 

great advantages for structural applications due to the fact that superior tensile 

properties can be achieved by regulating microstructural parameters, such as 

microstructures across the interface, hardness difference between plates, and interface 

spacing [16-26].  

 The mechanical properties and the deformation mechanisms in bimetallic 

laminates have been widely studied and  well understood under quasi-static conditions 

[16-26], while their plastic deformation behaviors under high strain rates are still 

unclear until now. As we know, the flow and facture behavior of materials under impact 

loading should be dramatically different from that under quasi-static conditions since 

thermal softening induced by adiabatic heating, strain rate effect and inertia effect can 

significantly affect the plastic deformation and fracture mechanisms [30-35]. The 

mechanical behaviors under high strain rates in metals and alloys with homogeneous 
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microstructures have been investigated extensively [36-43]. Typically, the metals and 

alloys with high dynamic yield strength have low critical strain for onset of adiabatic 

shear band (ASB) and low impact toughness, in other words, there still exits a strength-

toughness contradiction under dynamic loading for metal and alloys with homogeneous 

microstructures. In previous work [44-46], heterogeneous microstructures, such as 

heterogeneous grain structure and gradient structure, have been reported to have 

superior dynamic strength-toughness combination under dynamic shear loading that is 

not accessible to homogeneous materials.  

 In heterogeneous grain structure and gradient structure, the dynamic shear 

properties can be significantly improved by the stress/strain partitioning among 

different domains with various grain sizes and the back stress hardening [44-46], while 

no obvious interfaces exist in these heterogeneous microstructures. The interfaces have 

been reported to significantly strengthen and toughen bimetallic laminates under quasi-

static conditions, the strain gradient and the pile-up of geometrically necessary 

dislocations (GNDs) near the interface zone  have been found to play important roles in 

the strengthening and toughening [16,17,25,26]. While, how the interfaces affect the 

dynamic shear properties and the evolution of ASB in bimetallic laminates is still in 

vague. Moreover, the hardness difference between the hard zone and the soft zone in the 

laminates might have great impact on the evolution pattern of ASB, and this effect is 

needed to be symmetrically investigated. In this regard, low C steel/304 stainless steel 

(SS) laminates by hot-rolled (HR) bonding (commercially produced in Baosteel, China) 

were used in this work as a studying case to investigate the dynamic shear response 

using the hat-shaped specimens in Hopkins bar. The microstructures can be "frozen" at 

some specified dynamic strain using controlled height of the stop ring during the 

dynamic shear testing. The microstructure observations at the interrupted shear 
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displacements were also conducted for the "frozen" specimens to study the dynamic 

shear deformation mechanisms.  

 

2. Materials and experimental methods 

 The low C steel has the chemical composition of 0.2C-1.0Mn-0.02Ti-0.04Nb, 

while the chemical composition for the 304 SS is 0.05C-1.2Mn-19Cr-10Ni (all in mass 

% and with the balance of Fe). The laminates are composed of two 304 SS plates at the 

two sides and one low C steel plate in the center. The plates were combined into the 

laminates by hot rolling (HR) between 1423 K and 1173 K. The resultant HR laminates 

have a thickness of 3.3 mm, and the thickness ratio is 1:8:1 (304 SS to low C steel to 

304 SS). Three different samples with different heat treatment conditions were used in 

the present study: the first one is the sample manufactured by HR (identified as HR 

sample), the second one is the sample annealed at 1073 K for one hour after HR 

(identified as AN sample), and the third one is the sample annealed at 1193 K for 15 

min followed immediately by water quenching (identified as WQ sample).  

 The set-up of hat-shaped experiments in Hopkinson bar, the geometry and 

dimensions of the hat-shaped specimens and the specimen holders are displayed in Fig. 

1. The design of hat-shaped specimens have advantages to reveal the ASB evolution in 

metals and alloys [30,38,40], compared to other methods for dynamic shear loading 

[32,42]. Due to the nature of laminates, flatted specimens were used in the present study 

for dynamic shear testing, thus cylindrical maraging steel holders with ultra-high 

strength were also used to ensure a nearly pure shear deformation by constraining the 

lateral expansion of two legs and control the specific shear displacement to "frozen" the 

microstructure by changing the height of the holders. The other details for the dynamic 
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shear testing can be referred to [43-45]. Based on the one-dimensional elastic stress 

wave theory, the shear stress and the shear displacement in the specimens under 

dynamic shear loading can be calculated as follows: 

 

( )s T
s

A
E

A
τ ε=       (1) 

 

0

0

2
t

s RU C dε τ= ∫       (2) 

 

Where Tε  and Rε  are the transmitted and reflected strain signals measured on the input 

and output bars by strain gauges, respectively; 0C , E  and A  are the longitudinal elastic 

wave velocity, Young’s modulus and the cross-sectional area of the input/output bars, 

respectively; sA  is the area of the concentrated shear zone in the specimens. 

 In order to compare the dynamic shear properties of laminates with those for 

their homogeneous constituent plates (i.e., the plain low C steel plate and the plain 304 

SS plate), the homogeneous low C steel plates (2.35 mm thick) are obtained by 

polishing away the two 304 SS thin layers from the laminates. While the homogeneous 

plain 304 SS plates (2.40 mm thick) are manufactured by annealing at 1193 K for 15 

min followed immediately by WQ for a HR 304 SS plate with the same chemical 

composition. Three tests were conducted for each sample to check the repeatability. 

Schematics of sample extraction for microstructural examination was also displayed in 

Fig. 1, i.e., cross-section with shear zones for all three layers was observed. Micro-

hardness distributions across the shear zone on the polished sample surfaces before and 
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after dynamic shear testing were obtained using a Vickers diamond indenter at a load of 

5 g for 15 s dwell time. For each position, ten groups of tests were taken and error bars 

for the micro-hardness were also calculated and provided.  

 

 

Fig. 1 (a) The set-up of Hopkinson bar experiments with hat-shaped specimens; (b) 

Schematics of hat-shaped samples for the laminates; (c) Illustration of sample extraction 

for microstructural examination. 

 

 Before and after dynamic shear testing, the microstructures have been 

characterized by Optical Microscope (OM), Scanning electron microscope (SEM) with 

back-scattered electron (BSE) mode, electron backscattered diffraction (EBSD) and 

transmission electron microscope (TEM). The sample preparations for OM, SEM, and 

EBSD observations can be referred to [26]. In EBSD observation,  the scanning step 

was set to be 100 nm. The first nearest neighbor was used to calculate Kernel average 

misorientation (KAM), without considering the misorientation larger than 3 degrees 

[17,47]. For TEM observations, thin disks were first mechanically polished down to 
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about 20 µm, then the specific location (near the interface) is finally thinned by ion 

milling or focused ion beam.  

 

3. Results and discussions 

3.1 Initial microstructures 

 Fig. 2 displays the microstructures (EBSD images) of the area near the interfaces 

for varying samples (HR, AN, WQ samples). The inverse pole figures (IPF) of varying 

samples are shown in Figs. 2a-2c. The interfaces can be clearly identified as straight 

lines for varying samples, and the highly heterogeneous microstructures across the 

interfaces can be observed. For the side of 304 SS, the microstructure and the grain size 

are similar for varying samples, which is also verified by the hardness distributions near 

the interface for varying samples later (The hardness for the side of 304 SS is nearly 

identical for all samples). There exists a gradient distribution of grain size near the 

interface for the side of 304 SS, and the grain size is smaller at the interface for all 

samples. The side of 304 SS shows a phase of austenite, and the average grain size in 

Fig. 2 is about 19, 22, 22 µm for the HR, AN and WQ samples, respectively. Lath 

martensite are formed during WR on the side of low C steel for the WQ sample, while 

the low C steel has a phase of ferrite for the HR and AN samples. The inset of Fig. 2c 

displays a quality chart with a higher magnification for the low C steel in the WQ 

sample, lath martensite can be clearly observed. The grain size for the side of low C 

steel is relatively uniform for the HR sample (with an average grain size of 15 µm), 

while the AR sample has an inhomogeneous microstructure for the side of low C steel 

(the area close to the interface has a larger average grain size of 75 µm, while the area 

away from the interface has a smaller average grain size of 11 µm). The microstructure 
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for the homogeneous plain 304 SS plate is shown Fig. 2d, it is observed that the 

microstructures (grain size and misorientation distribution) are very similar to those in 

varying laminates (as shown in Figs. 2e and 2f). This indicates that the made plain 304 

SS plate can be considered as the homogeneous constituent plate for varying laminates.  

 

 

Fig. 2 IPF images near the interface for varying samples: (a) HR sample; (b) AN 

sample; (c) WQ sample. (d) The IPF image for the prepared plain 304 SS sample. (e) 

The IPF image and  the quality chart with a higher magnification at the side of low C 

steel for the WQ sample. The lath martensite can be clearly observed. (f) The grain size 

distributions for the 304 SS in the HR sample, the AN sample, the WQ sample and the 
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plain sample. (g) The misorientation angle distributions for the 304 SS in the HR 

sample, the AN sample, the WQ sample and the plain sample. 

 

 TEM image for the 304 SS in the WQ sample is shown in Fig. 3a, while Fig. 3b 

displays TEM image for the martensite low C steel in the WQ sample. The TEM image 

for the 304 SS was taken nearly at the interface, while the TEM images for the low C 

steel were taken at a distance of about 100 µm away to the interface. Most grains are 

equi-axed in the austenite phase of 304 SS, while lath martensite can be easily identified 

for the martensite phase of low C steel in the WQ sample. For the locations where the 

numerical TEM images were taken, the statistical distributions for the grain size of the 

304 SS austenite phase and the width of the lath martensite phase are displayed in Fig. 

3c. Then the average grain sizes or feature sizes at the corresponding locations can be 

estimated to be about 323 nm for the 304 SS austenite phase and 249 nm for the lath 

martensite phase, respectively. 

 

 

Fig. 3 TEM images near the interface in the WQ sample: (a) at the interface for the side 

of 304 SS; (b) with a distance of about 100 µm away to the interface for the martensite 

phase of low C steel. (c) The grain size distributions for both sides. 
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 The micro-hardness distributions across the interfaces for varying samples are 

displayed in Fig. 4. For all samples, the micro-hardness shows a steady value away from 

the interfaces at both sides, as indicated in Fig. 4. The steady value of hardness for the 

304 SS is similar for all samples due to the similar microstructures (as shown in Fig. 2), 

while the steady hardness for the low C steel shows different values for varying samples. 

The WQ sample has the highest steady hardness for the side of low C steel due to the 

formation of lath martensite, while the AN sample has the lowest steady hardness for 

the side of low C steel since the dislocation density is reduced in the ferrite phase after 

annealing. The hardness distributions across the interfaces are observed to be 

heterogeneous for varying samples due to the inhomogeneous microstructure near the 

interfaces. An interfacial zone (IZ) can be defined for varying samples, in which the 

hardness exhibits a heterogeneous distribution [26]. The hardness is observed to 

gradually decrease from the interface towards the edge of IZ at the side of 304 SS for all 

samples since the average grain size is smaller at the interface. For the HR and AN 

samples, the hardness is observed to show a slight increase from the interface towards 

the edge of IZ at the side of low C steel since the area at the interface has a larger grain 

size. While the hardness is observed to increase significantly from the interface towards 

the edge of IZ at the side of low C steel for the WQ sample, which has been revealed to 

be attributed to the decarburized process from the side of low C steel to the side of 304 

SS during the thermo-mechanical processing [26]. It can be observed that the hardness 

shows a discontinuity at the interfaces for all samples. The hardness difference between 

the steady values of the 304 SS side and the low C steel side is relatively small for the 

HR laminate, while this difference becomes larger for the AN laminate and is largest for 

the WQ laminate. Thus the effect of hardness difference between the hard zone and the 
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soft zone on the mechanical properties and the evolution of the ASB in the laminates 

can be investigated by comparing the dynamic behaviors of the HR, AN and WQ 

samples.  

 

 

Fig. 4 The distributions of Vickers micro-hardness near the interface for varying 

samples: (a) HR sample; (b) AN sample; (c) WQ sample. The hardness difference for 

the steady values at two sides of the interface is also shown in each figure.  

 

3.2 Dynamic shear properties 

 The dynamic shear properties for varying laminates are displayed in Fig. 5. Figs. 

5a-5c show the dynamic shear stress-shear displacement curves for the HR, AN, WQ 

laminates, respectively. In these figures, the curves for the laminates are solid lines. In 

order to compare the dynamic shear properties of laminates with those for their 

homogeneous constituent plates, the dynamic shear curves for the plain constituent 

plates (plain 304 SS and the low C steel plates) are also displayed by dash and dotted 

lines in each figure. In the inset of Fig. 5c, the curves with two tests for each condition 

are shown, and the good repeatability can be observed. For the HR laminate, the 

nominal dynamic uniform shear displacement (the displacement for the maximum 
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dynamic shear stress) is almost the same as those for its homogeneous constituent plates, 

while its dynamic shear yield strength is slightly higher than that for each homogeneous 

constituent plate. For the AN laminate (the hard difference between the hard zone and 

the soft zone is larger), it is observed that both the dynamic shear yield strength and the 

nominal dynamic uniform shear displacement are slightly higher than those for its 

homogeneous constituent plates. For the WQ laminate (the hard difference between the 

hard zone and the soft zone is largest), the dynamic shear yield strength is the same as 

that of the plain low C steel plate (martensite) while the nominal dynamic uniform shear 

displacement is much larger than that for the plain low C steel plate with martensite 

phase. Then, all data points with error bars for dynamic shear yield strength vs. nominal 

dynamic uniform shear displacement are summarized in Fig. 5d. It is observed that the 

heterogeneous laminate can have superior dynamic shear properties over those for their 

homogeneous constituent plates. 
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Fig. 5 Dynamic shear stress vs. shear displacement curves of varying samples: (a) HR 

sample; (b) AN sample; (c) WQ sample. In each figure, the curves for the plain 304 SS 

sample and the plain low C steel sample are also shown as dashed and dotted lines. (d) 

Dynamic shear yield strength vs. nominal dynamic uniform shear displacement for the 

data obtained in the present study (error bars are also provided). 

 

3.3 Evolution patterns of ASB in various laminates 

 The propensity of strain localization for materials is generally related to the 

strain hardening rate and the strain rate sensitivity. For example, the flow instability 

under quasi-static tension is predicted fairly well by the well-known Considére 

criterion , and the necking starts when 
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1

( ) 1ε
σ

σ ε
∂ ≤
∂ &

      (3) 

  

where σ  and ε  are the true stress and the true strain, ε&  is the true strain rate. 

 

 while the flow localization under quasi-static compression is generally 

controlled by a material parameter α that is a function of two materials parameters [39]: 

 

         ( 1) / mα γ= −       (4) 

 

where 
1

( )ε
σγ

σ ε
∂=
∂ &

 and m is the strain rate sensitivity. 

 

 Under dynamic loading, the susceptibility for ASB in metals and alloys is 

quantitatively determined by the following equation proposed by Wright [48]: 

 

   
1

( / )min 1,
( / ) /

ASB a m
n m n m

χ
 

=  
+ 

   (5) 

 

where n  is the strain hardening exponent. While a is a non-dimensional thermal 

softening parameter which can be calculated by ( / ) /a T cσ ρ= −∂ ∂ ( T  is the 

temperature, ρ  is the density, and c  is the specific heat of the metal). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 
 

 According to Eq. (5), materials are prone to form ASB with an increased ASBχ , 

thus lower strain hardening ability and lower strain rate sensitivity should result in 

higher susceptibility for the flow instability. In general, metals and alloys with higher 

strength/hardness should have a lower strain hardening ability, thus ASB might nucleate 

in the hard zone first in the heterogeneous laminates and propagate from the hard zone 

to the soft zone. Here, the hard zone is defined as the area with higher strength and low 

strain hardening ability, while the soft zone represents the area with lower strength and 

higher strain hardening ability. This is checked by the nucleation and propagation 

patterns for various samples, shown in Fig. 6 (the cross-section along the depth). In Fig. 

6d, SEM with BSE mode was used to help to characterize the microstructures since 

FCC austenite and BCC martensite can't be etched and revealed under OM at the same 

time (the close-up figures are all pictures by SEM with BSE mode). 

 When the specimen is totally homogeneous (plain low C steel martensite sample) 

or the heterogeneity is small (the hardness difference across the interface is small, e.g., 

the HR laminate), no shear band is observed just right before the maximum stress points 

and shear band through the whole sample is formed right after the maximum stress 

point. As indicated in the literatures, the conventional maximum stress criterion 

suggested that the onset of ASB should be coincident with the maximum stress point for 

most of homogeneous materials [38,39,44,46] although some exceptions were also 

observed [34]. This means that the conventional maximum stress criterion still works 

for the laminate with small heterogeneity and the shear band propagation speed is very 

fast (soon after the maximum stress point, the shear band already propagate through the 

whole sample). While the shear band already nucleate and propagates in the hard zone 

(the 304 SS side in the AN laminate, the martensite low C steel side in the WQ laminate) 

before the maximum stress points for the laminates with large heterogeneity, and the 
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shear stress does not start to drop until a larger shear displacement. The laminates can 

be considered as a composite of low C steel layer and 304 SS layer, thus the dynamic 

shear flow stress of the laminates should at least be the sum of the shear flow stress of 

two different layers, as calculated using the rule of mixture (ROM). When ASB is 

nucleated in the hard zone of the laminates, the soft zone of the laminates still has the 

strain hardening ability. Thus, the overall flow stress of the laminates may still increase 

with increasing shear displacement and start to drop at a larger shear displacement. A 

diffusive shear band also forms in the soft low C steel side for the AN laminate before 

the maximum stress point. While for the WQ laminate, no shear band is formed in the 

soft 304 SS side at the shear displacement of 0.30 mm (after the maximum stress point), 

and the propagation speed in the martensite low C steel is very slow due to the large 

heterogeneity across the interface. Thus, the nucleation and propagation patterns in the 

laminates are highly dependent on the heterogeneity across the interface. The larger 

hardness difference across the interface, the larger resistance for the ASB propagation, 

and the slower propagation speed of ASB will be. It is easy to understand that ASB may 

nucleate almost simultaneously in the hard and soft zones in the laminates when the 

hardness difference is small. While when the hardness difference is very large, ASB 

should be formed in the hard zone with very low strain hardening ability first and the 

soft zone with strong strain hardening ability should be still under homogeneous 

deformation. With increasing dynamic shear displacement, the formed ASB in the hard 

zone should propagate towards the soft zone. When the hardness difference is medium, 

concentrated shear band is formed in the hard zone with slightly lower strain hardening 

ability, while diffusive shear band is formed at the almost same time in the soft zone 

with slightly higher strain hardening ability. 
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Fig. 6 Microstructrual characterizations for the cross section of varying laminates right 

before the maximum stress point: (a1) Plain low C steel; (b1) HR laminate; (c1) AN 

laminate: (d1) WQ laminate. Microstructrual characterizations for the cross section of 

varying laminates right after the maximum stress point: (a2) Plain low C steel; (b2) HR 

laminate; (c2) AN laminate: (d2) WQ laminate. It should be noted that the hardness 

difference for the plateau values at two sides of the interface increases in the figures 

from left to right. SB: shear band; DSB: diffusive shear band. 

 

 In order to reveal the shear band propagation process along the depth for the 

WQ sample, the images at five different displacements (0.18, 0.20, 0.25, 0.30 and 0.36 

mm) are displayed in Fig. 7. Again, the close-up figures in the Fig. 7 are pictures by 

SEM with BSE mode since FCC austenite and BCC martensite can't be etched and 
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revealed under OM at the same time. The shear displacement at the maximum stress 

points is 0.22 mm for the WQ laminate (Fig. 5). In previous papers [49-51], it is 

indicated that once a shear band is nucleated in a specific location, the shear band can 

propagate with a fast speed (several hundred to several thousands of m/s) in 

homogeneous materials, which is determined by a number of material parameters and 

the applied shear impact velocity. The shear displacement is 0.12 mm at the maximum 

stress point for the plain low C steel sample (with martensite phase), which indicates 

that the shear band already exists in the plain low C steel sample after 0.12 mm of shear 

displacement (see Fig. 5c). While at the shear displacement of 0.18 mm (Fig. 7a), no 

shear band is observed in the whole cross-section for the WQ laminate. These 

observations indicate that the shear band nucleation is inhibited when the hard low C 

steel zone is in the laminate instead of in plain condition. A shear band is nucleated at 

the center of the low C steel zone (with martensite phase) and already propagates with a 

distance towards the interfaces at the shear displacement of 0.20 mm (at the time of 

about 33.6 µs after impact) in the WQ laminate (Fig. 7b). With increasing shear 

displacement, the shear band propagates further towards the interfaces. The shear band 

length increases from 1.56 mm to 2.06 mm at the shear displacement of 0.25 mm (at the 

time of about 40 µs after impact) and the shear band length becomes 2.36 mm at the 

shear displacement of 0.30 mm (at the time of about 46.4 µs after impact). Finally, at 

the shear displacement of 0.36 mm (at the time of about 51.6 µs after impact), the shear 

band propagates across the interface, and the shear band length covers the whole cross-

section. Then, the average propagation velocity of the shear band along the depth in the 

WQ laminate can be estimated by dividing the propagating distance by the time interval, 

which is about 63 m/s. This propagation velocity is very similar to that for gradient 

structure [45] and is an order of magnitude lower than that in homogeneous metals [49-
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51]. This delayed propagation of shear band can be attributed to the strain gradients and 

the strain partitioning between the hard zone and the soft zone [8,11,13,45]. 

 

 

Fig. 7 Microstructrual evolution for the cross section of WQ laminate at five different 

interrupted shear displacements: (a) 0.18 mm, (b) 0.20 mm, (c) 0.25 mm, (d) 0.30 mm 

and (e) 0.36 mm. 

 

 It should also be noted that the shear band is already nucleated in the hard zone 

of the WQ laminate even before the maximum stress point, thus the maximum stress 

criterion in which the ASB should not be nucleated until the stress drop [38-40,44-46] is 

no longer applicable to the heterogeneous laminates. As indicated from Figs. 5 and 7, 

the shear band already propagates a distance in the hard zone of the WQ laminate at the 

shear displacement of 0.20 mm, while the shear stress does not start to drop until a 

larger shear displacement of 0.22 mm. These observations are very similar to those in 

gradient structure, and the underlying mechanisms and the corresponding discussions 

can be referred to the previous paper [45]. 
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3.4 Strain hardening mechanisms of laminates under dynamic shear loading 

The observed good ductility and the strong strain hardening behavior under dynamic 

shear loading for the WQ laminate raise a critical question: where and how is the strain 

hardening achieved?  To resolve this issue, we measured the micro-hardness  (Hv) 

distributions near the interface at three interrupted shear displacements (0.18, 0.20, 0.25 

mm). The corresponding hardness increment (∆Hv) distributions near the interface are 

also shown in the Fig. 8, and ∆Hv can be considered as an indicator for the magnitude 

of hardening retained after unloading. When the shear displacement is 0.18 mm and no 

shear band is formed at this moment, the 304 SS zone contributes mainly to the overall 

strain hardening of the laminate while the low C steel zone also has a relatively smaller 

contribution for the hardening behavior. When the shear displacement is increased from 

0.18 mm to 0.20 mm, the 304 SS zone continues to provide strain hardening while the 

low C steel zone shows almost no strain hardening during this shear displacement 

increment. While, the zone close to the interface for the side of low C steel starts to 

provide extra strain hardening again when the shear band approaches the interface at the 

shear displacement of 0.25 mm. This strain hardening ahead the propagation tip of shear 

band might be attributed to the plastic deformation zone at the tip of shear band. 
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Fig. 8 Evolution of micro-hardness distributions near the interface for the WQ sample: 

(a1) from 0 to 0.18 mm; (b1) from 0.18 to 0.20 mm, (c1) from 0.20 to 0.25 mm. The 

corresponding distributions near the interface for the hardness increment are also 

displayed in (a2)-(c2). 

 

 In order to investigate the strain hardening and the mechanical incompatibility at 

the area of IZ during the dynamic shear loading, the EBSD images (IPF and phase 

images) and the corresponding GNDs distributions for the area of IZ (for the side of 304 

SS) at various dynamic shear displacements (0, 0.20, 0.25, 0.30 mm) are characterized 

and provided in Fig. 9. The IPF images are shown in Figs. 9a1-9d1, while the phase 

images are displayed in Figs. 9a2-9d2. It can be observed from the phase maps that 

almost no phase transformation occurs for the side of 304 SS during the dynamic shear 

loading. The small amount of BCC phase at the interface might be the martensite from 

the side of low C steel since the interface is not perfectly straight. As mentioned in our 

previous paper [26], mechanical incompatibilities across interfaces occur during the 

tensile deformation for the laminates, resulting in strong strain gradient and high density 

of GNDs at the area of IZ. Under dynamic shear loading, the strain partitioning between 

the soft 304 SS side and the hard low C steel martensite side should also occur, resulting 

in high density of GNDs. While, how the density of GNDs evolves with increasing 

dynamic shear displacement is interesting and should be provided. In the current study, 

KAM method was used to obtain the density of GNDs at various dynamic shear 

displacements (0, 0.20, 0.25, 0.30 mm) for the area of IZ.  The density of GNDs at any 

point can be estimated as following [52,53]:  
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2

GND lb

θρ =        (6) 

 

where, θ  is the misorientation angle, l  represents the unit length (100 nm in the present 

research), and b  stands for the Burger's vector (0.253 nm for 304 SS, 0.248 nm for low 

C steel).  

 

 

Fig. 9 Microstructure evolution at the area of IZ for the side of 304 SS at varying shear 

displacements (0, 0.20, 0.25, 0.30 mm) during the dynamic shear loading for the WQ 

laminate:  (a1-d1) GND density maps; (a2-d2)  IPF images; (a3-d3) phase distribution 
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images. (e) Distributions of GND density vs. the distance from the interface at various 

dynamic shear displacements (0, 0.20, 0.25, 0.30 mm) for the WQ laminate. (f) The 

average density of GNDs vs. the applied dynamic shear displacement. 

 

 Then, maps for the density of GNDs at the area of IZ for the side of 304 SS are 

shown in Figs. 9a3-9d3 (at various dynamic shear displacements of 0, 0.20, 0.25, 0.30 

mm). It should be noted that the grains with different grain sizes or different 

crystallographic orientations should have different density of GNDs at the random GBs 

even the distance to the interface is the same. The average density of GNDs as a 

function of distance from the interface (excluding the effect of random GBs [26]) is 

plotted in Fig. 9e for various dynamic shear displacements (0, 0.20, 0.25, 0.30 mm). It 

can be observed that the density of GNDs increases when the position is closer to the 

interface. Since the two sides for the interface show significant difference in strength, it 

can be easily understood that the highest GND density should be at the interface since 

the maximum strain gradient should be at the interface due to the largest mechanical 

incompatibilities between the two sides [52,53]. It can be clearly observed that the 

density of GNDs at the area of IZ increases with increasing dynamic shear displacement, 

which can be expected from the deformation physics of heterogeneous laminates 

[16,17,26]. Then the average density of GNDs for the observed area is plotted as a 

function of applied dynamic shear displacement in Fig. 9f, and the dynamic shear 

displacement for the initiation of shear band is also indicated by a dash line in Fig. 9f. It 

is observed that the average density of GNDs for the observed area increases with 

increasing dynamic shear displacement, while the average density of GNDs for the 

observed area increases even faster after the initiation of shear band. This trend 

indicates that the propagation tip of shear band can induce higher strain gradients and 
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faster increment for the density of GNDs, resulting in extra strain hardening as observed 

in Fig. 8. This extra hardening should help with retarding the propagation of shear band, 

resulting in better dynamic ductility (the dynamic shear displacement or dynamic shear 

strain before the maximum stress point) for the laminates.  

 TEM pictures near the interface for both sides in the WQ sample after dynamic 

shear loading with a dynamic shear displacement of 0.25 mm (the interface is not 

covered by ASB at this displacement as shown in Fig. 7c, thus the interface is still under 

homogeneous dynamic shear deformation) are displayed in Fig. 10. Fig. 10a shows the 

TEM picture at the interface for the side of 304 SS, and the grain size is several 

hundreds of nm and deformation twins (DTs) can be clearly observed. The twin 

boundaries (TBs) for DTs are not coherent due to the interaction between the numerical 

dislocations and the TBs. TEM picture with a distance of 70 µm from the interface for 

the side of 304 SS is displayed in Figs. 10b and 10c, and a grain size of several µm can 

be found. It is clearly indicated that a higher density of DTs are formed in the larger 

grain size under dynamic shear loading, and the twin boundary spacing (TBS) is several 

tens of nm. High density of dislocations can also be found near the TBs. This higher 

propensity for DTs in the coarse grains has been reported before [54]. As reported in the 

previous research [55], three possible interactions between dislocations and TBs exist in 

the FCC metals, and two of them involve the formation of immobile dislocation locks 

for strain hardening. Thus, the strong strain hardening under dynamic shear loading at 

the side of 304 SS can be attributed to the formation of DTs and the dislocation 

behaviors near the TBs. TEM pictures with a distance of 100 µm from the interface for 

the side of low C steel are shown in Figs. 10d and 10e. Then the statistical distributions 

for the width of the lath martensite phase before and after dynamic shear loading are 

displayed in Fig. 10f based on numerical TEM images. The average width after 
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dynamic shear loading can be estimated and the width of lath martensite was found to 

change from 249 nm to 101 nm after dynamic shear loading. This observation indicates 

that the lath martensite is sheared and elongated under dynamic shear loading, and the 

feature size of lath martensite is refined. This grain refinement should be the origin for 

the strain hardening in the martensite phase under dynamic shear loading, which is very 

similar to the hardening in twinning-induced plasticity (TWIP) steels by DTs (so called 

dynamic H-P effect in TWIP steels) [56]. As we know, the flow stress/strength of 

smaller grains is higher than that of larger grains due to the well-know Hall-Petch 

relation. Thus, the flow stress of the whole sample can be elevated after grain 

refinement, resulting in strong strain hardening. Moreover, the strain hardening due to 

the grain refinement can be estimated by the grain size before deformation (befored ) and 

the grain size after deformation (afterd ) as following: 1/2 1/2( )HP after HP beforeK d K dσ − −∆ = − , 

where HPK  is the strength coefficient for the Hall-Petch relation. 
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Fig. 10 TEM bright-field images near the interface for both sides in the WQ sample 

after dynamic shear loading (at a shear displacement of 0.25 mm). (a) TEM picture at 

the interface for the side of 304 SS. (b) TEM picture with a distance of 70 µm from the 

interface for the side of 304 SS. (c) The corresponding close-up view for the rectangular 

area in (c). (d) (e) TEM pictures with a distance of 100 µm from the interface for the 

side of low C steel. (f) The statistical distributions for the width of the lath martensite 

phase before and after dynamic shear loading. 

 

 It is well understood that the laminates can show better ductility and fracture 

resistance under tension or bending by introducing additional toughening mechanisms, 

such as crack deflection at the interface [57], non-localized fracture behaviors [15], 

inhibiting the initiation and propagation of microcracks by the well-designed residual 

stress [58]. Shear bands were also observed to nucleate soon after yielding at the 

nanostructured surface under quasi-static tensile loading in the gradient structure, while 

excellent tensile ductility can be achieved in the heterogeneous gradient structure by 

shear band delocalization in the surface nano-layer, i.e., preventing necking and 

delaying the propagation of shear band along the gage length [13]. In the present study, 

the initiation of ASB in the hard zone and propagation of ASB from the hard zone to the 

soft zone are inhibited in the laminates, and the extra hardening is induced at the 

interface and at the propagation tip of shear band, resulting in superior mechanical 

properties under dynamic shear loading for the laminates.  

 

4. Conclusions 
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 In the present study, the dynamic shear behavior of low C steel/304 stainless 

steel (SS) laminates have been investigated using hat-shaped specimen and interrupted 

technique in Hopkinson-bar experiments. The deformation mechanisms have been 

revealed by microstructural observations on the "frozen" samples. The main findings 

can be summarized as follows: 

 (1) Compared to the plain low C steel plate and the plain 304 SS plate, the 

composite laminates were observed to have better combination of shear yield strength 

and nominal uniform shear displacement under dynamic shear loading.  

 (2) ASB was observed to nucleate right after yielding (at shear displacement of 

0.12 mm) in the plain martensite low C steel plate, while ASB was postponed to initiate 

in the martensite low C steel zone of the WQ laminate (at shear displacement of 0.20 

mm). Moreover, the propagation of ASB from the hard zone to the soft zone in the WQ 

laminate was found be delayed, and the propagation speed was found to be one 

magnitude slower than that for homogeneous materials. The suppression of ASB 

initiation and propagation in the laminates helps for achieving better dynamic ductility. 

 (3) The patterns of ASB nucleation and propagation in the laminates were 

observed to be highly related to the hardness difference between the hard zone and the 

soft zone: (i) when the hardness difference is small, no shear band is observed before 

the maximum stress point and ASB is formed right after the maximum stress point and 

propagates quickly through the whole laminate; (ii) when the hardness difference is 

medium, concentrated shear band is formed in the hard zone and diffusive shear band is 

formed in the soft zone at the same time; (iii) when the hardness difference is large, 

ASB is formed in the hard zone first, and then propagates slowly to the soft zone.  
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 (4) Before nucleation of ASB, the 304 SS zone contributes mainly to the overall 

strain hardening of the laminate while the low C steel zone also has a relatively smaller 

contribution for the hardening behavior. IZ was observed to provide extra hardening 

under dynamic shear loading by strain gradient and GNDs, which can be attributed to 

the mechanical incompatibility between the hard zone and the soft zone. The plastic 

zone at the propagation tip of shear band can also trigger extra hardening, resulting in 

better dynamic ductility in the laminates. The strain hardening is fulfilled by DTs in the 

304 SS while by grain refinement in the martensite low C steel under dynamic shear 

loading. The present findings can provide insights for designing strong and tough metals 

and alloys for impact-tolerant applications. 
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