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Abstract

High-strain rate response of low C steel/304 &amsteel (SS) laminates was
characterized by hat-shaped specimen using Hopkibaotechnique at a strain rate of

about 7x 10* s. Better dynamic shear properties were observethénlaminates,

compared to the plain low C steel plate and then@884 SS plate. The laminates were
found to postpone the nucleation of adiabatic shaad (ASB) in the hard zone and to
delay the propagation of ASB from the hard zone¢ht® soft zone. The conventional
maximum stress criterion on ASB nucleation was tbumot valid any more in the
laminates. The hardness difference between the hameé and the soft zone in the
laminates was found to have great influence on pghderns of ASB evolution.
Nanotwins were formed in the 304 SS and grain eefient was observed in the
martensite low C steel for strain hardening undgnathic shear loading. The
mechanical incompatibility across the interfacess wabserved to result in strain
gradient and geometrically necessary dislocatidriseainterfaces under dynamic shear
loading, contributing to extra strain hardeninge ®xtra hardening was also found to be
triggered at the propagation tip of ASB, which Iselipr achieving better dynamic

ductility in the laminates.

Key words: Laminates; Twinning; strain gradient; geometticalecessary dislocations;

Dynamic fracture; Shear band.



1. Introduction

Superior combination of strength and ductility nretals and alloys has been
pursued by scientists and engineers for severabhddsc [1-8]. While these two
properties are mutually exclusive in general, bégh yield strength usually results in
limited ductility. In the last two decades, sevehnaterogeneous microstructures have
been proposed to produce both high yield strengthlarge tensile ductility in metals
and alloys, such as bimodal/multimodal structure®][ gradient structures [10-13],
lamella structures [8,14,15], and bimetallic lan@sa[16-26]. These heterogeneous
microstructures generally have various domains wifferent mechanical properties,
and the plastic deformation incompatibility can wicamong these domains [8,27-29].
Thus, stress/strain partitioning and back stresdeming have been reported to play
important roles in the plastic deformation of thdseterogeneous microstructures
[8,17,27-29]. Among these heterogeneous microstrest bimetallic laminates have
great advantages for structural applications dueth® fact that superior tensile
properties can be achieved by regulating microsirat parameters, such as
microstructures across the interface, hardnessrdifte between plates, and interface

spacing [16-26].

The mechanical properties and the deformation am@sms in bimetallic
laminates have been widely studied and well unidedsunder quasi-static conditions
[16-26], while their plastic deformation behaviousder high strain rates are still
unclear until now. As we know, the flow and factbehavior of materials under impact
loading should be dramatically different from thetder quasi-static conditions since
thermal softening induced by adiabatic heatingyistrate effect and inertia effect can
significantly affect the plastic deformation andadiure mechanisms [30-35]. The

mechanical behaviors under high strain rates imalmetnd alloys with homogeneous
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microstructures have been investigated extensiig8y43]. Typically, the metals and

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

shear band (ASB) and low impact toughness, in atloeds, there still exits a strength-
toughness contradiction under dynamic loading fetainand alloys with homogeneous
microstructures. In previous work [44-46], hetemgeus microstructures, such as
heterogeneous grain structure and gradient stejctoave been reported to have
superior dynamic strength-toughness combinatioreudgnamic shear loading that is

not accessible to homogeneous materials.

In heterogeneous grain structure and gradientctsire, the dynamic shear
properties can be significantly improved by theesdf/strain partitioning among
different domains with various grain sizes andlthek stress hardening [44-46], while
no obvious interfaces exist in these heterogenevasostructures. The interfaces have
been reported to significantly strengthen and teaghimetallic laminates under quasi-
static conditions, the strain gradient and the -pge of geometrically necessary
dislocations (GNDs) near the interface zone haenbound to play important roles in
the strengthening and toughening [16,17,25,26].|8&YHiow the interfaces affect the
dynamic shear properties and the evolution of ABBimetallic laminates is still in
vague. Moreover, the hardness difference betweehdlhd zone and the soft zone in the
laminates might have great impact on the evolugatiern of ASB, and this effect is
needed to be symmetrically investigated. In thggard, low C steel/304 stainless steel
(SS) laminates by hot-rolled (HR) bonding (commaltgiproduced in Baosteel, China)
were used in this work as a studying case to imyast the dynamic shear response
using the hat-shaped specimens in Hopkins barniibestructures can be "frozen" at
some specified dynamic strain using controlled Ihieigf the stop ring during the

dynamic shear testing. The microstructure obsematiat the interrupted shear



displacements were also conducted for the "frozg@cimens to study the dynamic

shear deformation mechanisms.

2. Materials and experimental methods

The low C steel has the chemical composition @Ce1.0Mn-0.02Ti-0.04Nb,
while the chemical composition for the 304 SS B5Q-1.2Mn-19Cr-10Ni (all in mass
% and with the balance of Fe). The laminates ameposed of two 304 SS plates at the
two sides and one low C steel plate in the cefitee plates were combined into the
laminates by hot rolling (HR) between 1423 K and@3 K. The resultant HR laminates
have a thickness of 3.3 mm, and the thickness m&tio8:1 (304 SS to low C steel to
304 SS). Three different samples with differenttliesatment conditions were used in
the present study: the first one is the sample faatwred by HR (identified as HR
sample), the second one is the sample anneale@7& K for one hour after HR
(identified as AN sample), and the third one is shenple annealed at 1193 K for 15

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

The set-up of hat-shaped experiments in Hopkinsan the geometry and
dimensions of the hat-shaped specimens and tharspetiolders are displayed in Fig.
1. The design of hat-shaped specimens have adeasntageveal the ASB evolution in
metals and alloys [30,38,40], compared to otherhoag for dynamic shear loading
[32,42]. Due to the nature of laminates, flattedcmens were used in the present study
for dynamic shear testing, thus cylindrical marggisteel holders with ultra-high
strength were also used to ensure a nearly pui sledormation by constraining the
lateral expansion of two legs and control the dpeshear displacement to "frozen" the

microstructure by changing the height of the haldd@ihe other details for the dynamic



shear testing can be referred to [43-45]. Basedhenone-dimensional elastic stress
wave theory, the shear stress and the shear déspéat in the specimens under

dynamic shear loading can be calculated as follows:
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Where &, and &, are the transmitted and reflected strain signaasured on the input
and output bars by strain gauges, respectiv@ly;E and A are the longitudinal elastic

wave velocity, Young's modulus and the cross-seeti@rea of the input/output bars,

respectively;A, is the area of the concentrated shear zone ispbeimens.

In order to compare the dynamic shear propertfelarainates with those for
their homogeneous constituent plates (i.e., thmpdav C steel plate and the plain 304
SS plate), the homogeneous low C steel plates (B85 thick) are obtained by
polishing away the two 304 SS thin layers from ldmainates. While the homogeneous
plain 304 SS plates (2.40 mm thick) are manufadting annealing at 1193 K for 15
min followed immediately by WQ for a HR 304 SS plawvith the same chemical
composition. Three tests were conducted for eadhmpkato check the repeatability.
Schematics of sample extraction for microstructese@mination was also displayed in
Fig. 1, i.e., cross-section with shear zones forthake layers was observed. Micro-

hardness distributions across the shear zone opdliehed sample surfaces before and
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after dynamic shear testing were obtained usingckevs diamond indenter at a load of
5 g for 15 s dwell time. For each position, tenup® of tests were taken and error bars

for the micro-hardness were also calculated andiged.

Specimen  Hat-shaped
holder specimen

5.0

5.0<h<7.0

Concentrated 10.0
shear zone

Observation direction

unit: mm

Fig. 1 (a) The set-up of Hopkinson bar experimenmith hat-shaped specimens; (b)
Schematics of hat-shaped samples for the lamingfeBlustration of sample extraction

for microstructural examination.

Before and after dynamic shear testing, the mimotires have been
characterized by Optical Microscope (OM), Scanretegctron microscope (SEM) with
back-scattered electron (BSE) mode, electron batiesed diffraction (EBSD) and
transmission electron microscope (TEM). The sanppéparations for OM, SEM, and
EBSD observations can be referred to [26]. In EB&Bervation, the scanning step
was set to be 100 nm. The first nearest neighbar wsad to calculate Kernel average
misorientation (KAM), without considering the migamtation larger than 3 degrees

[17,47]. For TEM observations, thin disks were tfisechanically polished down to



about 20um, then the specific location (near the interfaisejinally thinned by ion

milling or focused ion beam.

3. Results and discussions
3.1 Initial microstructures

Fig. 2 displays the microstructures (EBSD imagegdhe area near the interfaces
for varying samples (HR, AN, WQ samples). The iseepole figures (IPF) of varying
samples are shown in Figs. 2a-2c. The interfacasbeaclearly identified as straight
lines for varying samples, and the highly heteregers microstructures across the
interfaces can be observed. For the side of 304h&Snicrostructure and the grain size
are similar for varying samples, which is also fied by the hardness distributions near
the interface for varying samples later (The hasdnier the side of 304 SS is nearly
identical for all samples). There exists a gradidistribution of grain size near the
interface for the side of 304 SS, and the graie $&zsmaller at the interface for all
samples. The side of 304 SS shows a phase of #aestand the average grain size in
Fig. 2 is about 19, 22, 22n for the HR, AN and WQ samples, respectively. Lath
martensite are formed during WR on the side of ©wsteel for the WQ sample, while
the low C steel has a phase of ferrite for the HB AN samples. The inset of Fig. 2c
displays a quality chart with a higher magnificatifor the low C steel in the WQ
sample, lath martensite can be clearly observed. grain size for the side of low C
steel is relatively uniform for the HR sample (wiin average grain size of uf),
while the AR sample has an inhomogeneous micrastreidor the side of low C steel
(the area close to the interface has a larger geegeain size of 7hm, while the area

away from the interface has a smaller average giam of 11um). The microstructure



for the homogeneous plain 304 SS plate is shown ZFig it is observed that the
microstructures (grain size and misorientationritigtion) are very similar to those in
varying laminates (as shown in Figs. 2e and 2f)s Tidicates that the made plain 304

SS plate can be considered as the homogeneousteenisplate for varying laminates.

a HR b AN c WwWQ d Plain 304 SS
3 Pk - 3 .
— o 5
304 S % B =8 g —f_'"l
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Fig. 2 IPF images near the interface for varyinghgi@s: (a) HR sample; (b) AN
sample; (c) WQ sample. (d) The IPF image for theppred plain 304 SS sample. (e)
The IPF image and the quality chart with a higmegnification at the side of low C
steel for the WQ sample. The lath martensite caoldarly observed. (f) The grain size
distributions for the 304 SS in the HR sample, AiNesample, the WQ sample and the

9



plain sample. (g) The misorientation angle distiiims for the 304 SS in the HR

sample, the AN sample, the WQ sample and the ghaimple.

TEM image for the 304 SS in the WQ sample is showig. 3a, while Fig. 3b
displays TEM image for the martensite low C staedhie WQ sample. The TEM image
for the 304 SS was taken nearly at the interfadelewthe TEM images for the low C
steel were taken at a distance of about l@0away to the interface. Most grains are
equi-axed in the austenite phase of 304 SS, wdiiterhartensite can be easily identified
for the martensite phase of low C steel in the Ve@@e. For the locations where the
numerical TEM images were taken, the statisticalriiutions for the grain size of the
304 SS austenite phase and the width of the lattensite phase are displayed in Fig.
3c. Then the average grain sizes or feature sizdseacorresponding locations can be
estimated to be about 323 nm for the 304 SS auwstphase and 249 nm for the lath

martensite phase, respectively.

Fig. 3 TEM images near the interface in the WQ dam(a) at the interface for the side
of 304 SS; (b) with a distance of about 100 away to the interface for the martensite

phase of low C steel. (c) The grain size distritmsifor both sides.

10



The micro-hardness distributions across the iat&s$ for varying samples are
displayed in Fig. 4. For all samples, the microdmass shows a steady value away from
the interfaces at both sides, as indicated in &id.he steady value of hardness for the
304 SS is similar for all samples due to the simmtécrostructures (as shown in Fig. 2),
while the steady hardness for the low C steel shifferent values for varying samples.
The WQ sample has the highest steady hardnesbdmide of low C steel due to the
formation of lath martensite, while the AN sampkstthe lowest steady hardness for
the side of low C steel since the dislocation dgrisireduced in the ferrite phase after
annealing. The hardness distributions across therfaites are observed to be
heterogeneous for varying samples due to the inlgem&ous microstructure near the
interfaces. An interfacial zone (1Z) can be defirfed varying samples, in which the
hardness exhibits a heterogeneous distribution. [Z6je hardness is observed to
gradually decrease from the interface towards tlye @f 1Z at the side of 304 SS for all
samples since the average grain size is smalldreainterface. For the HR and AN
samples, the hardness is observed to show a stiglgase from the interface towards
the edge of 1Z at the side of low C steel sincedtea at the interface has a larger grain
size. While the hardness is observed to increaggfisantly from the interface towards
the edge of IZ at the side of low C steel for th@®\8ample, which has been revealed to
be attributed to the decarburized process fronsitie of low C steel to the side of 304
SS during the thermo-mechanical processing [26]Jaiit be observed that the hardness
shows a discontinuity at the interfaces for all pis. The hardness difference between
the steady values of the 304 SS side and the I®te€l side is relatively small for the
HR laminate, while this difference becomes largertie AN laminate and is largest for

the WQ laminate. Thus the effect of hardness difiee between the hard zone and the
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soft zone on the mechanical properties and theu@wal of the ASB in the laminates
can be investigated by comparing the dynamic behawf the HR, AN and WQ

samples.
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1
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Fig. 4 The distributions of Vickers micro-hardnessar the interface for varying
samples: (a) HR sample; (b) AN sample; (c) WQ samphe hardness difference for

the steady values at two sides of the interfaedsis shown in each figure.

3.2 Dynamic shear properties

The dynamic shear properties for varying laminaresdisplayed in Fig. 5. Figs.
5a-5¢ show the dynamic shear stress-shear dispdatecnrves for the HR, AN, WQ
laminates, respectively. In these figures, the esifior the laminates are solid lines. In
order to compare the dynamic shear properties wiinates with those for their
homogeneous constituent plates, the dynamic she&aeg for the plain constituent
plates (plain 304 SS and the low C steel plates)atso displayed by dash and dotted
lines in each figure. In the inset of Fig. 5c, theves with two tests for each condition
are shown, and the good repeatability can be obderizor the HR laminate, the

nominal dynamic uniform shear displacement (thepldsement for the maximum
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dynamic shear stress) is almost the same as thoge homogeneous constituent plates,
while its dynamic shear yield strength is sligttigher than that for each homogeneous
constituent plate. For the AN laminate (the harfedence between the hard zone and
the soft zone is larger), it is observed that ibthdynamic shear yield strength and the
nominal dynamic uniform shear displacement arehtlfjghigher than those for its
homogeneous constituent plates. For the WQ lamiflatehard difference between the
hard zone and the soft zone is largest), the dynahear yield strength is the same as
that of the plain low C steel plate (martensite)lesthe nominal dynamic uniform shear
displacement is much larger than that for the plaim C steel plate with martensite
phase. Then, all data points with error bars forasyic shear yield strength vs. nominal
dynamic uniform shear displacement are summariadelg. 5d. It is observed that the
heterogeneous laminate can have superior dynarear gioperties over those for their

homogeneous constituent plates.
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Fig. 5 Dynamic shear stress vs. shear displacemanes of varying samples: (a) HR
sample; (b) AN sample; (c) WQ sample. In each figtine curves for the plain 304 SS
sample and the plain low C steel sample are alswistas dashed and dotted lines. (d)
Dynamic shear yield strength vs. nominal dynamidoum shear displacement for the

data obtained in the present study (error barslaceprovided).

3.3 Evolution patterns of ASB in various laminates

The propensity of strain localization for matesiat generally related to the
strain hardening rate and the strain rate sengsitiior example, the flow instability
under quasi-static tension is predicted fairly wblf the well-known Considére

criterion , and the necking starts when
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whereo and € are the true stress and the true straims the true strain rate.

while the flow localization under quasi-static qussion is generally

controlled by a material parametethat is a function of two materials parameterd:[39

a=(y-1)/m 4)
1 00 . . \ . .
where y:—(a—) . and mis the strain rate sensitivity.
o 0¢

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

quantitatively determined by the following equatjmoposed by Wright [48]:

_ . 1
Xag = (a/m)mln{l,(n/m)er} (5)

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

softening parameter which can be calculated &y (-do/0T)/pc (T is the

temperaturep is the density, and is the specific heat of the metal).
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According to Eq. (5), materials are prone to fok®B with an increaseq g,

thus lower strain hardening ability and lower straate sensitivity should result in
higher susceptibility for the flow instability. Igeneral, metals and alloys with higher
strength/hardness should have a lower strain hargebility, thus ASB might nucleate
in the hard zone first in the heterogeneous laresand propagate from the hard zone
to the soft zone. Here, the hard zone is definetth@srea with higher strength and low
strain hardening ability, while the soft zone regenmets the area with lower strength and
higher strain hardening ability. This is checked thg nucleation and propagation
patterns for various samples, shown in Fig. 6 ¢tless-section along the depth). In Fig.
6d, SEM with BSE mode was used to help to chanaetehe microstructures since
FCC austenite and BCC martensite can't be etchédemealed under OM at the same

time (the close-up figures are all pictures by S&ith BSE mode).

When the specimen is totally homogeneous (plain@osteel martensite sample)
or the heterogeneity is small (the hardness dififegeacross the interface is small, e.g.,
the HR laminate), no shear band is observed jgkt before the maximum stress points
and shear band through the whole sample is forrngdd after the maximum stress
point. As indicated in the literatures, the convamal maximum stress criterion
suggested that the onset of ASB should be cointigiéh the maximum stress point for
most of homogeneous materials [38,39,44,46] althosgme exceptions were also
observed [34]. This means that the conventionalimam stress criterion still works
for the laminate with small heterogeneity and theas band propagation speed is very
fast (soon after the maximum stress point, thershaad already propagate through the
whole sample). While the shear band already nuleatl propagates in the hard zone
(the 304 SS side in the AN laminate, the martersiteC steel side in the WQ laminate)

before the maximum stress points for the laminatiés large heterogeneity, and the
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shear stress does not start to drop until a lasgear displacement. The laminates can
be considered as a composite of low C steel lagdr3®4 SS layer, thus the dynamic
shear flow stress of the laminates should at leagshe sum of the shear flow stress of
two different layers, as calculated using the rofemixture (ROM). When ASB is
nucleated in the hard zone of the laminates, tftezeme of the laminates still has the
strain hardening ability. Thus, the overall flowesis of the laminates may still increase
with increasing shear displacement and start t@ @toa larger shear displacement. A
diffusive shear band also forms in the soft lowt€ekside for the AN laminate before
the maximum stress point. While for the WQ laminaie shear band is formed in the
soft 304 SS side at the shear displacement offarB(after the maximum stress point),
and the propagation speed in the martensite lowe€l s very slow due to the large
heterogeneity across the interface. Thus, the atiole and propagation patterns in the
laminates are highly dependent on the heterogereitgss the interface. The larger
hardness difference across the interface, the daggestance for the ASB propagation,
and the slower propagation speed of ASB will bés #asy to understand that ASB may
nucleate almost simultaneously in the hard and zoftes in the laminates when the
hardness difference is small. While when the hassdrdifference is very large, ASB
should be formed in the hard zone with very lovaistthardening ability first and the
soft zone with strong strain hardening ability ddobe still under homogeneous
deformation. With increasing dynamic shear dispiaeet, the formed ASB in the hard
zone should propagate towards the soft zone. Wiehardness difference is medium,
concentrated shear band is formed in the hard watheslightly lower strain hardening
ability, while diffusive shear band is formed aethlmost same time in the soft zone

with slightly higher strain hardening ability.
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Fig. 6 Microstructrual characterizations for thess section of varying laminates right
before the maximum stress point: (al) Plain lowtéls (b1) HR laminate; (c1) AN
laminate: (d1) WQ laminate. Microstructrual chaeaiztations for the cross section of
varying laminates right after the maximum stresmpdga2) Plain low C steel; (b2) HR
laminate; (c2) AN laminate: (d2) WQ laminate. ltoskd be noted that the hardness
difference for the plateau values at two sideshef interface increases in the figures

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

In order to reveal the shear band propagationga®@long the depth for the
WQ sample, the images at five different displaces¢d.18, 0.20, 0.25, 0.30 and 0.36
mm) are displayed in Fig. 7. Again, the close-wgures in the Fig. 7 are pictures by

SEM with BSE mode since FCC austenite and BCC msitie can't be etched and
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revealed under OM at the same time. The shearadisplent at the maximum stress
points is 0.22 mm for the WQ laminate (Fig. 5). grevious papers [49-51], it is
indicated that once a shear band is nucleatedsjmeaific location, the shear band can
propagate with a fast speed (several hundred terakevhousands of m/s) in
homogeneous materials, which is determined by abeurof material parameters and
the applied shear impact velocity. The shear digrteent is 0.12 mm at the maximum
stress point for the plain low C steel sample (withrtensite phase), which indicates
that the shear band already exists in the plainQosteel sample after 0.12 mm of shear
displacement (see Fig. 5¢). While at the shearlatigmnent of 0.18 mm (Fig. 7a), no
shear band is observed in the whole cross-sectimntffe WQ laminate. These
observations indicate that the shear band nucleasionhibited when the hard low C
steel zone is in the laminate instead of in plandition. A shear band is nucleated at
the center of the low C steel zone (with martengitase) and already propagates with a
distance towards the interfaces at the shear displant of 0.20 mm (at the time of
about 33.6us after impact) in the WQ laminate (Fig. 7b). Witicreasing shear
displacement, the shear band propagates furthartisathe interfaces. The shear band
length increases from 1.56 mm to 2.06 mm at tharstiisplacement of 0.25 mm (at the
time of about 4Qus after impact) and the shear band length becon3&am at the
shear displacement of 0.30 mm (at the time of adéut us after impact). Finally, at
the shear displacement of 0.36 mm (at the timebotin51.6us after impact), the shear
band propagates across the interface, and the Bardrlength covers the whole cross-
section. Then, the average propagation velocithefshear band along the depth in the
WQ laminate can be estimated by dividing the pragiag distance by the time interval,
which is about 63 m/s. This propagation velocitywéy similar to that for gradient

structure [45] and is an order of magnitude loviiantthat in homogeneous metals [49-
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51]. This delayed propagation of shear band caattoiéuted to the strain gradients and

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

Fig. 7 Microstructrual evolution for the cross sestof WQ laminate at five different
interrupted shear displacements: (a) 0.18 mm, @) é&hm, (c) 0.25 mm, (d) 0.30 mm

and (e) 0.36 mm.

It should also be noted that the shear band éadyr nucleated in the hard zone
of the WQ laminate even before the maximum stresstpthus the maximum stress
criterion in which the ASB should not be nucleabedil the stress drop [38-40,44-46] is
no longer applicable to the heterogeneous lamin&tesndicated from Figs. 5 and 7,
the shear band already propagates a distance lmatddezone of the WQ laminate at the
shear displacement of 0.20 mm, while the sheasstdoes not start to drop until a
larger shear displacement of 0.22 mm. These obis@ngaare very similar to those in
gradient structure, and the underlying mechanisnisthe corresponding discussions

can be referred to the previous paper [45].

20



3.4 Srain hardening mechanisms of laminates under dynamic shear loading

The observed good ductility and the strong strairdening behavior under dynamic
shear loading for the WQ laminate raise a critquadstion: where and how is the strain
hardening achieved? To resolve this issue, we unedsthe micro-hardness (Hv)
distributions near the interface at three interedpthear displacements (0.18, 0.20, 0.25
mm). The corresponding hardness incremait\y) distributions near the interface are
also shown in the Fig. 8, amtHv can be considered as an indicator for the madait
of hardening retained after unloading. When theasképlacement is 0.18 mm and no
shear band is formed at this moment, the 304 S8 zontributes mainly to the overall
strain hardening of the laminate while the low €e$stzone also has a relatively smaller
contribution for the hardening behavior. When theas displacement is increased from
0.18 mm to 0.20 mm, the 304 SS zone continuesdeige strain hardening while the
low C steel zone shows almost no strain hardenimgng this shear displacement
increment. While, the zone close to the interfamethe side of low C steel starts to
provide extra strain hardening again when the shaad approaches the interface at the
shear displacement of 0.25 mm. This strain hardeairead the propagation tip of shear

band might be attributed to the plastic deformatione at the tip of shear band.
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Fig. 8 Evolution of micro-hardness distributionsanéhe interface for the WQ sample:
(@1) from 0 to 0.18 mm; (b1) from 0.18 to 0.20 m(et) from 0.20 to 0.25 mm. The
corresponding distributions near the interface tloe hardness increment are also

displayed in (a2)-(c2).

In order to investigate the strain hardening dredrmhechanical incompatibility at
the area of IZ during the dynamic shear loading, BEBSD images (IPF and phase
images) and the corresponding GNDs distributiomsgHe area of 1Z (for the side of 304
SS) at various dynamic shear displacements (0, 0.28, 0.30 mm) are characterized
and provided in Fig. 9. The IPF images are showFRigs. 9al-9d1, while the phase
images are displayed in Figs. 9a2-9d2. It can lsewnied from the phase maps that
almost no phase transformation occurs for the sfd#4 SS during the dynamic shear
loading. The small amount of BCC phase at the fimber might be the martensite from
the side of low C steel since the interface ispafectly straight. As mentioned in our
previous paper [26], mechanical incompatibilitiegoss interfaces occur during the
tensile deformation for the laminates, resultingtirong strain gradient and high density
of GNDs at the area of I1Z. Under dynamic sheariligzdhe strain partitioning between
the soft 304 SS side and the hard low C steel msiteeside should also occur, resulting
in high density of GNDs. While, how the density GNDs evolves with increasing
dynamic shear displacement is interesting and shio@llprovided. In the current study,
KAM method was used to obtain the density of GNDsvarious dynamic shear
displacements (0, 0.20, 0.25, 0.30 mm) for the afdZ. The density of GNDs at any

point can be estimated as following [52,53]:
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where, 8 is the misorientation anglé,represents the unit length (100 nm in the present

research), anth stands for the Burger's vector (0.253 nm for 384 248 nm for low

C steel).
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Fig. 9 Microstructure evolution at the area of &4 the side of 304 SS at varying shear
displacements (0, 0.20, 0.25, 0.30 mm) during tyeacdhic shear loading for the WQ

laminate: (al-d1) GND density maps; (a2-d2) IRRgdes; (a3-d3) phase distribution

23



images. (e) Distributions of GND density vs. thetance from the interface at various
dynamic shear displacements (0, 0.20, 0.25, 0.3Q0 fomthe WQ laminate. (f) The

average density of GNDs vs. the applied dynamiasstisplacement.

Then, maps for the density of GNDs at the arel& dbr the side of 304 SS are
shown in Figs. 9a3-9d3 (at various dynamic shegpldcements of 0, 0.20, 0.25, 0.30
mm). It should be noted that the grains with dgfdr grain sizes or different
crystallographic orientations should have differdansity of GNDs at the random GBs
even the distance to the interface is the same. aMagage density of GNDs as a
function of distance from the interface (excludithg effect of random GBs [26]) is
plotted in Fig. 9e for various dynamic shear disphaents (0, 0.20, 0.25, 0.30 mm). It
can be observed that the density of GNDs increages the position is closer to the
interface. Since the two sides for the interfacavsbignificant difference in strength, it
can be easily understood that the highest GND tdesbbuld be at the interface since
the maximum strain gradient should be at the iat&rfdue to the largest mechanical
incompatibilities between the two sides [52,53].c#in be clearly observed that the
density of GNDs at the area of 1Z increases witlteasing dynamic shear displacement,
which can be expected from the deformation physitsheterogeneous laminates
[16,17,26]. Then the average density of GNDs far tibserved area is plotted as a
function of applied dynamic shear displacement ig. Rf, and the dynamic shear
displacement for the initiation of shear band sahdicated by a dash line in Fig. 9f. It
is observed that the average density of GNDs fer dhserved area increases with
increasing dynamic shear displacement, while therame density of GNDs for the
observed area increases even faster after thatiorti of shear band. This trend

indicates that the propagation tip of shear bandinduce higher strain gradients and
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faster increment for the density of GNDs, resulimgxtra strain hardening as observed
in Fig. 8. This extra hardening should help wittarding the propagation of shear band,
resulting in better dynamic ductility (the dynansicear displacement or dynamic shear

strain before the maximum stress point) for theifeates.

TEM pictures near the interface for both sidethm WQ sample after dynamic
shear loading with a dynamic shear displacemen®.2® mm (the interface is not
covered by ASB at this displacement as shown in Fgthus the interface is still under
homogeneous dynamic shear deformation) are display€ig. 10. Fig. 10a shows the
TEM picture at the interface for the side of 304, $8d the grain size is several
hundreds of nm and deformation twins (DTs) can hkearty observed. The twin
boundaries (TBs) for DTs are not coherent due ¢airtteraction between the numerical
dislocations and the TBs. TEM picture with a dis&f 70um from the interface for
the side of 304 SS is displayed in Figs. 10b ang &4Ad a grain size of severah can
be found. It is clearly indicated that a higher slgnof DTs are formed in the larger
grain size under dynamic shear loading, and the beundary spacing (TBS) is several
tens of nm. High density of dislocations can algofund near the TBs. This higher
propensity for DTs in the coarse grains has beparted before [54]. As reported in the
previous research [55], three possible interactmta/een dislocations and TBs exist in
the FCC metals, and two of them involve the fororatf immobile dislocation locks
for strain hardening. Thus, the strong strain hairte under dynamic shear loading at
the side of 304 SS can be attributed to the fownatf DTs and the dislocation
behaviors near the TBs. TEM pictures with a distaoic100um from the interface for
the side of low C steel are shown in Figs. 10d Hdel Then the statistical distributions
for the width of the lath martensite phase befard after dynamic shear loading are

displayed in Fig. 10f based on numerical TEM imagése average width after
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dynamic shear loading can be estimated and théhwaititath martensite was found to
change from 249 nm to 101 nm after dynamic sheadifm. This observation indicates
that the lath martensite is sheared and elongatddrudynamic shear loading, and the
feature size of lath martensite is refined. Thigirgrefinement should be the origin for
the strain hardening in the martensite phase uthggamic shear loading, which is very
similar to the hardening in twinning-induced plagsi (TWIP) steels by DTs (so called
dynamic H-P effect in TWIP steels) [56]. As we knothe flow stress/strength of
smaller grains is higher than that of larger graiue to the well-know Hall-Petch
relation. Thus, the flow stress of the whole sampén be elevated after grain

refinement, resulting in strong strain hardeningr&bver, the strain hardening due to

the grain refinement can be estimated by the giaim before deformationd(,,.) and
the grain size after deformatiordy, ) as following: Ag = (K nd 2 — K, n0,h2)

where K, is the strength coefficient for the Hall-Petchat&n.
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Fig. 10 TEM bright-field images near the interfdoe both sides in the WQ sample
after dynamic shear loading (at a shear displacewfe®.25 mm). (a) TEM picture at
the interface for the side of 304 SS. (b) TEM pietwith a distance of 70m from the
interface for the side of 304 SS. (c) The correslpmnclose-up view for the rectangular
area in (c). (d) (e) TEM pictures with a distan¢el®0 um from the interface for the
side of low C steel. (f) The statistical distritarts for the width of the lath martensite

phase before and after dynamic shear loading.

It is well understood that the laminates can shomtter ductility and fracture
resistance under tension or bending by introdueiddjtional toughening mechanisms,
such as crack deflection at the interface [57],-lomalized fracture behaviors [15],
inhibiting the initiation and propagation of micracks by the well-designed residual
stress [58]. Shear bands were also observed tceateclsoon after yielding at the
nanostructured surface under quasi-static tensadihg in the gradient structure, while
excellent tensile ductility can be achieved in tleterogeneous gradient structure by
shear band delocalization in the surface nano-Jayer, preventing necking and
delaying the propagation of shear band along tlge ¢ength [13]. In the present study,
the initiation of ASB in the hard zone and propagabf ASB from the hard zone to the
soft zone are inhibited in the laminates, and tR&aehardening is induced at the
interface and at the propagation tip of shear baesylting in superior mechanical

properties under dynamic shear loading for the ihates.

4. Conclusions
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In the present study, the dynamic shear behavidow C steel/304 stainless
steel (SS) laminates have been investigated ustghaped specimen and interrupted
technique in Hopkinson-bar experiments. The deftionamechanisms have been
revealed by microstructural observations on thezén" samples. The main findings

can be summarized as follows:

(1) Compared to the plain low C steel plate arel pkain 304 SS plate, the
composite laminates were observed to have bettabitation of shear yield strength

and nominal uniform shear displacement under dyoamear loading.

(2) ASB was observed to nucleate right after yrejdat shear displacement of
0.12 mm) in the plain martensite low C steel platkile ASB was postponed to initiate
in the martensite low C steel zone of the WQ lat@r(at shear displacement of 0.20
mm). Moreover, the propagation of ASB from the haode to the soft zone in the WQ
laminate was found be delayed, and the propagameed was found to be one
magnitude slower than that for homogeneous maseriahe suppression of ASB

initiation and propagation in the laminates helpsdchieving better dynamic ductility.

(3) The patterns of ASB nucleation and propagatiorthe laminates were
observed to be highly related to the hardnessréifiee between the hard zone and the
soft zone: (i) when the hardness difference is kmal shear band is observed before
the maximum stress point and ASB is formed rigkdrahe maximum stress point and
propagates quickly through the whole laminate; \ihen the hardness difference is
medium, concentrated shear band is formed in thet Z@ne and diffusive shear band is
formed in the soft zone at the same time; (iii) whke hardness difference is large,

ASB is formed in the hard zone first, and then pigaies slowly to the soft zone.
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(4) Before nucleation of ASB, the 304 SS zone Gbuates mainly to the overall
strain hardening of the laminate while the low €estzone also has a relatively smaller
contribution for the hardening behavior. 1Z was eted to provide extra hardening
under dynamic shear loading by strain gradient @MDs, which can be attributed to
the mechanical incompatibility between the hardezand the soft zone. The plastic
zone at the propagation tip of shear band cantalgger extra hardening, resulting in
better dynamic ductility in the laminates. The istd@aardening is fulfilled by DTs in the
304 SS while by grain refinement in the martenktg C steel under dynamic shear
loading. The present findings can provide insigatslesigning strong and tough metals

and alloys for impact-tolerant applications.
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