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ABSTRACT

A novel single shear specimen (SSS) together with a correction coefficient method is used to study the defor-
mation behavior of a 304 stainless steel under shear loadings. Shear stress-shear strain relations over a wide
range of shear strain rates (0.001 to 39000 s~!) at three initial temperatures (77 to 473 K) are obtained
experimentally. The effects of strain rate and temperature on the flow stress curves are determined. With
increasing strain rate or temperature, the strain hardening rate decreases continuously. At the maximum strain
rate of 39000 s}, negative strain hardening rates are observed. At very high strain rates above 13000 s}, a
sharp increase in flow stress is observed, indicating a rapid rise in strain rate sensitivity. The fracture morphology
of post-mortem specimens is analyzed and no well-developed adiabatic shear bands are observed. This may be
due to the shear-tension stress state without hydrostatic pressure in the fracture process. Based on the experi-
mentally obtained shear stress-shear strain curves, parameters of a modified Johnson-Cook (MJC) model are
determined. A good agreement between experiments and model predictions is found, with an average error of
3.9%. Using finite element analysis, distributions of stress and strain components in the specimen shear zone is
analyzed. It is found that the shear stress and shear strain play dominant roles, and a simple shear stress state
with low stress triaxiality (0.015) and Lode angle parameter (0.014) is obtained.

1. Introduction

In the class of Transformation Induced Plasticity (TRIP) steels [1],
304 Austenitic Stainless Steel (ASS) has a unique combination of high
strength and high ductility [2]. The two traditionally contradictory
mechanical properties are achieved through an austenite to martensite
phase transformation ¥fee = Qbces leading to an increase in both strain
hardening rate and ductility. These properties make 304 ASS extensively
used in transport, civil, defense and other industrial fields. In service, the
material may be subjected to various loading regimes, such as vehicle
crashworthiness, sheet metal forming and high speed machining, with
local strain rates reaching 10° s, Therefore, an accurate experimental
characterization of the material’s behavior over a wide range of tem-
peratures and strain rates is highly desired.

In recent years, much work has been done to study the deformation

behavior of 304 ASS under different temperatures. Byun et al. [3]
investigated the tensile behavior of 304 ASS over temperatures between
123 and 723 K. At elevated temperatures, the deformation process is
dominated by dislocation slip. With increasing strain, the strain hard-
ening rate decreases monotonically. At room temperature or below,
however, the deformation mechanism is a competition between
martensitic transformation and dislocation slip, and the flow stress
curves exhibit an S-shape and a two-stage hardening phenomenon. The
characteristic second stage hardening behavior was also observed by
other researchers in different TRIP steels [4-7]. Zheng and Yu [5]
studied the tensile behavior of 304 ASS at temperatures between 20 and
293 K. The yield stress at the lowest temperature of 20 K was found to be
significantly higher than for the other temperatures. This is attributed to
the thermally induced martensitic transformation before tests [5]. The
effect of strain rate on the deformation behavior of 304 ASS is also
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different from the commonly used metallic materials deformed by
dislocation slip. According to the work of Lichtenfeld et al. [8], strain
rate sensitivity of 304 ASS may vary with plastic strains. At the initial
stage of deformation (g, = 0.05), no phase transformation occurs and
the deformation process is controlled by dislocation slip. Hence, the
tensile stress increases with increasing strain rate as the time available
for a dislocation to wait in front of an obstacle for the additional thermal
energy is reduced. At large strains (¢, = 0.35), a negative strain rate
sensitivity is observed in the quasi-static strain rate regime (10~ to 107!
s™1) and then becomes positive in the dynamic strain rate regime (1 to
400 s~1). This is because with increasing strain rate, martensitic trans-
formation is gradually reduced by adiabatic heating, and the corre-
sponding strength decreases [9-11]. A similar fact was observed by Jia
et al. during uniaxial compression tests at strain rates between 10 > and
3270571 [12].

From the literature review, considerable research has been devoted
to investigating the deformation behavior of 304 ASS under different
conditions, and mainly focus on uniaxial tension or compression stress
states. Although dynamic shear loading is frequently encountered, such
as sheet metal forming, high speed machining, ballistic penetration and
perforation, only a few studies can be found in the open literature. Ac-
cording to a comparison of flow stress curves obtained from simple shear
and uniaxial compression tests, Xu et al. [13,14] showed that the stress
state does have an important effect on material behavior. Although
stress-strain relations derived from uniaxial tension or compression tests
are often used to simulate shear deformation process, the accuracy of
such a method may be questionable [14]. For an accurate computation
of shear dominated engineering applications, the constitutive model
derived from shear tests should be used.

Another limitation of the existing research on characterizing defor-
mation behavior of 304 ASS is the testing strain rate regime. Generally,
the studies mentioned above are limited to within 4000 s! using the
high-speed testing machine or the Split Hopkinson Bar apparatus, and
do not work well if the strain rate is very high above 10* s~1. Follansbee
and Kocks [15] studied the deformation behavior of oxygen-free high
conductivity (OFHC) copper and a rapid increase in flow stress was
observed when the strain rate approached 10* s~!. Similar phenomena
were also reported by Tong et al. [16] and Huang and Clifton [17], as
shown in Fig. 1. Correspondingly, the strain rate sensitivity (defined as

ms = 3&1122‘3, where ¢ is the flow stress and ¢ denotes the plastic strain

rate) under very high strain rates above 10* s7! is different from that at
low strain rates. Some researchers [18-20] thought this was due to the
transition of rate-controlling mechanism from the thermally activated
dislocation motion at low strain rates to the viscous drag effect at very
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Fig. 1. Variation of flow stress with strain rates in OFHC copper at room
temperature [15-17,24].

high strain rates, while some others [21-23] attributed this phenome-
non to the enhanced dislocation accumulation rate at very high strain
rates. Therefore, the investigations mentioned in the previous para-
graphs may not be capable of capturing the real deformation behavior of
304 ASS over a wide range of strain rates, especially at the very high
loading conditions. Experimental characterization of the material’s
behavior over a wide range of strain rates and temperatures is necessary.

Recently, a new S-shaped shear specimen was developed by Arab
et al. [25]. Compared to the traditional hat shape specimen, a homo-
geneous distribution of stress components is achieved in the specimen
shear zone, and the measured flow stress curves represent deformation
behavior of the tested material accurately. Later, a similar geometry
called single shear specimen (SSS) was proposed by Jia et al. [26] to
study the deformation behavior of bulk metals under simple shear stress
state. Shear stress-shear strain relations can be determined precisely
using a correction coefficient method. Together with a classical SHPB
device, the SSS specimen can be tested conveniently at high (10°
s’1§7§104 s’l) and very high (104 s*lgyglos s’l) strain rates. In the
present work, the deformation behavior of a 304 ASS was investigated
systematically over a wide range of strain rates (10> to 39000 s 1) at
three different temperatures (77 K, 293 K and 473 K). In section 2, SSS
specimen and the corresponding testing technique is introduced.
Experimental results in terms of shear stress-shear strain relations and
fracture morphology characteristics are presented and discussed in
section 3. In section 4, a modified Johnson-Cook (MJC) model consid-
ering the strain rate and temperature-dependent strain hardening
behavior and the viscous drag effect is established. The capability of the
MJC model is evaluated through numerical simulations of dynamic
shear tests. Stress state in the specimen shear zone is analyzed. Finally,
the main findings are summarized in Section 5.

2. Experimental technique
2.1. Material and SSS specimen

In this work, the newly-designed SSS specimen is tested over a wide
range of strain rates at different temperatures to study the deformation
behavior of 304 ASS. A detailed description of the SSS specimen and the
corresponding testing technique may be found in the work of Jia et al.
[26]. For completeness, the specimen geometry, the quasi-static and
dynamic loading principles are briefly introduced again.

A schematic diagram of the SSS specimen is shown in Fig. 2. It is a
cylinder with two “L”-shaped slots machined centrosymmetrically. The
shear zone with a height (H) of 1.5 mm and a width (L) of 0.5 mm is
located between the two slots. The shear zone width may vary between
0.3 and 1.0 mm to obtain a wider range of strain rates. Between the shear
zone and the support structure, fillets with a radius of 0.1 mm are
machined to reduce stress concentration. The specimen is designed as a
single part without clamp grips, fixtures or screws. Thus, it can be loaded
conveniently with the universal testing machine for quasi-static tests
and the classical SHPB apparatus for dynamic tests.

The material considered herein is a commercial stainless steel rod
(dimensions: ®10 x 1000 mm?). According to the manufacturer’s
specification, the chemical composition is given in Table 1. All SSS
specimens were machined along the axial direction of the rod by wire
electrical discharge machining (WEDM) to avoid martensitic
transformation.

2.2. Quasi-static shear tests

Quasi-static shear tests were conducted using a Zwick/Roell 100kN
universal testing machine with an environmental chamber. Two strain
rates (1072 s7! and 107! s7!) and three temperatures (77K, 293K, and
473K) were considered. By applying a force F(t) with a constant velocity
V(t) on the top surface of the specimen, the nominal shear strain rate
Vnominal(t), Nominal shear strain y,onina(t) and nominal shear stress
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Table 1

Chemical composition of the studied 304 ASS (wt, %).
Material C Cr Mn N Ni Co Cu Fe
304 ASS 0.018 17.60 1.64 0.72 8.04 0.20 0.33 Bal

Tnominal(t) in the specimen shear zone can be calculated by

, 40
T nominai () L
Vnominat(®) = | Fnominat ()1 (€)]
F(1)
nominal () =
Fomial(1) =

where Ag; is the cross-sectional area of the shear zone.

2.3. Dynamic shear tests

Dynamic shear tests at six strain rates (3000 s’l, 6000 s’l, 13000
s’l, 22000 s’l, 26000 s~ ! and 39000 s 1) and three temperatures (77K,
293K and 473K) were carried out using a classical SHPB apparatus,
Fig. 3. The SSS specimen is sandwiched between the incident and the
transmitted bars without any clamping devices. To minimize friction
between the specimen and the SHPB bars, the specimen end faces were
coated with molybdenum disulphide grease. For shear tests at elevated
temperatures, a heating furnace coupled to the SHPB device was used.
For shear tests at low temperatures, the specimen was immersed in a
cooling chamber filled with liquid nitrogen, corresponding to a tem-
perature of 77 K. During shear tests at high or low temperatures, the
temperature distribution within the specimen is uniform with a
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Fig. 2. (a) Schematic diagram and (b) practical arrangement of the SSS specimen.

maximum fluctuation of 1.2 K. A detailed description of the SHPB
apparatus may be found in the work of Zhong et al. [27].

According to the one-dimensional wave propagation theory, the
forces F; (t) and F»(t) and displacements U (t) and U;(t) at the specimen/
bar interfaces can be calculated by

F(t) = EA(g (1) + €
{ (t)Fz(t) :(SEE:?E‘T(S ) @

mm:c/mm_&mm
L 3
Uy(t) = C/ er(t)dt

where E, A and C are the Young’s modulus, the cross-sectional area and
the elastic wave propagation speed of the SHPB bars, respectively. ¢/(t),
er(t) and er(t) are respectively the incident, reflected and transmitted
strain wave signals. The nominal shear strain rate 7, (t), nominal
shear strain ypoming(t) and nominal shear stress zpomingi(t) are calculated
by the following equations.

_AU_Ui() - U:()
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According to the work of Rusinek and Klepaczko [28], the deter-
mined Tnomingl — Ynomina  T€lations by Eqs. (1-4) represent the overall
response of the whole specimen instead of the real shear behavior of the
tested material. This is due to the non-uniform distribution of stress
components in the specimen shear zone [28] and the stiffness
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Fig. 3. Schematic presentation of the classical SHPB apparatus.



exaggeration of areas outside the shear zone [29,30]. Hence, the
correction coefficient method proposed by Campbell and Ferguson [31]
is used to extract the real shear behavior from the Zhoming —7nomina data.
The quantities are defined as follow:

(1) = 7(ynﬂ1inal(t) - yyield)
() = Ay nominat (1) ®)
T(t) = ﬂfrmimina[(t)

where y,;1q refers to the nominal shear strain at which the specimen
starts to yield. 7, and 7, are the average correction coefficients for shear
strain and shear stress, respectively.

Values of the two parameters for SSS specimens with different shear
zone widths L are shown in Table 2. According to the work of Rusinek
and Klepaczko [28], Guo and Li [32] and Fras [33], values of the
correction coefficients are only functions of the specimen geometry and
do not change significantly for different kinds of tested materials, such
as different yield stress levels and strain hardening rates. In the present
work, it has been further verified numerically that values of the
correction coefficients are strong functions of the specimen geometry
but keep the same for different testing conditions.

3. Experimental results and discussion
3.1. Shear stress-shear strain relations

Under quasi-static strain rates, shear stress-shear strain curves at
three different temperatures are shown in Fig. 4. The temperature has a
significant effect on the strain hardening behavior: at 77 K, the flow
stress curves show a positive strain hardening rate; with increasing
temperature from 77 to 473 K, the strain hardening rate decreases
monotonically; at 473 K, no strain hardening phenomenon is observed
and flow stress curves remain constant at different shear strains. The
average strain hardening rates for 77, 293 and 473 K are 484, 300 and
67 MPa/unit strain, respectively. Compared to temperature, no obvious
effect of strain rate on the strain hardening behavior is observed. The
effect of temperature on the flow stress can be clearly seen from the
curves. Under both strain rates, the flow stress decreases evidently with
increasing temperature. At 77 K and shear strain of 0.2, the flow stress is
776 MPa; the value reduces by 30.5% and 50.3% respectively for 293
and 423 K. Concerning the effect of strain rate on the flow stress, no
difference is observed between 0.001 and 0.1 s~ *.

Under dynamic loadings, shear tests at strain rates ranging from
3000 to 39000 s~ ! were carried out. SSS specimens with different shear
zone width L were used for various strain rate regimes: L = 1 mm for y <
15000 s %; L = 0.5 mm for 15000 s~ 1< 7 <30000 s™%; L = 0.3 mm for
30000 s!< 7. A typical Tnominal — Ynominat CULVE at nominal shear strain
rate of 12000 s~ ! is shown in Fig. 5 (a). It is observed that the yield stress
is close to 500 MPa; after yielding, the flow stress increases continuously
with an average strain hardening rate of 265 MPa/unit strain; damage
initiates at yp,ming = 0.64 and then develops quickly; finally, specimen
fracture is observed at 7,ym;,q = 1.05. During the entire plastic defor-
mation process, the nominal shear strain rate remains almost constant at
12000 s~ L. According to Eq. (5), the Tnominal — Ynomina CUrVe is converted
into the real 7 — y curve, Fig. 5 (b). It is seen that correction of the
nominal curve leads to an increase in both the shear stress and the shear
strain. Moreover, the shear stress-shear strain relation may be converted
into the equivalent stress-equivalent strain (¢ — €) curve using a Von-

Table 2

Correction coefficients for the SSS specimen with different shear zone width L.
Specimen shear zone width L (mm) 7 Z
0.3 0.860 1.055
0.5 0.870 1.070
1.0 1.050 1.120

Mises approach.

6=131 (6)

e:y/ﬁ %)

A high speed camera was used to monitor the deformation process
with frame rate of 125000 fps. The relative displacement between the
top and bottom surfaces of the specimen was calculated using software
Tracker (http://physlets.org/tracker/) and then compared to the results
obtained from strain gauges on the SHPB bars. It is seen from Fig. 6 that
the two curves agree with each other well. Moreover, during the whole
plastic deformation process, the specimen moves laterally along the
SHPB bars and no rotation is observed. Hence, the single shear zone
design without any clamping devices is feasible for dynamic tests. In
addition, in the curve measured by the strain gauges, damage initiates at
70.44 ps; while in the curve recorded by the camera, an obvious fracture
is observed at 80 ps. Considering the time needed for damage propa-
gation and the time interval between two camera frames (8 ps), the
failure processes measured by the strain gauges and by the high speed
camera should be consistent. In summary, the experimentally obtained
displacement-time data by strain gauges are valid.

Shear stress-shear strain (r — y) curves obtained under six strain rates
(3000 to 39000 s_l) at three temperatures (77 to 473 K) are shown in
Fig. 7. It is seen that the effect of temperature on the strain hardening
rate and the flow stress is similar to that under quasi-static strain rates:
both of them decrease gradually with increasing temperature. At the
maximum temperature of 473 K, the flow stress curves either remain
constant at different strains or display a negative strain hardening
behavior. With increasing strain rate, the flow stress increases abruptly.
For example, from 3000 to 39000 s~! and at shear strain of 0.1, the flow
stresses increase by 38.4%, 27.9% and 31.7% for 77, 293 and 473 K,
respectively. Concerning the effect of strain rate on the strain hardening
rate, the values remain positive at strain rates below 26000 s~ but
become negative at the maximum strain rate of 39000 s~ 1.

To study the effect of temperature and strain rate on the flow stress
more in details, the variation of flow stress with strain rate at three
temperatures is shown in Fig. 8 (a). Both strain rate hardening and
thermal softening are observed. Under quasi-static strain rates, the flow
stresses remain constant at all the three temperatures; from 0.1 to 6000
sla slight increase in flow stress is identified; at higher strain rates, a
rapid increase in flow stress is observed, indicating a sharp rise in strain
rate sensitivity. For example, from 13000 to 39000 s~ at 77, 293 and
473 K, the corresponding flow stress increased by 30.5%, 12.7% and
16.0%, respectively. The observed strain rate and temperature sensi-
tivities in 304 ASS can be explained according to the theory of
thermally-activated dislocation motion, Fig. 9. The total flow stress can
be decomposed into the athermal part 6, and the thermal part ¢*. In the
former, it remains constant at different strain rates and temperatures. In
the latter, the barriers to dislocation motion can be readily overcome
with the aid of thermal activation energy. Moreover, with increasing
strain rate, the time available for dislocations to accumulate vigorous
thermal fluctuation to overcome the barriers reduces. Hence, higher
effective stress is needed for dislocation motion to remain active.
Therefore, with decreasing temperature or increasing strain rate, the
flow stress increases continuously. At very high strain rates, due to the
interactions of dislocation-phonon and dislocation-electron, the viscous
drag effect surpasses the thermal activation mechanism and becomes
dominant. Hence, a dramatic flow stress increase is observed. In addi-
tion, Follansbee and Kocks investigated the deformation behavior of
pure copper at strain rates between 10~% and 10* s™! [15]. An enhanced
dislocation accumulation rate is observed at strain rates above 10% s~
and it leads to the apparent strong flow stress increase. Therefore,
enhanced dislocation accumulation rate instead of viscous drag is
another likely explanation for the strong strain rate sensitivity observed
at very high strain rates.
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Fig. 6. Comparison of displacement-time curves between by strain gauges on the SHPB bars and by a high speed camera.

To investigate the strain hardening behavior of 304 ASS quantita-
tively, the plastic deformation stage in the flow stress curves is fitted
linearly and the slope is regarded as the average strain hardening rate.
The evolution of the average strain hardening rate as a function of strain

2.0

1.6

1.2

0.8

Displacement (mm)

0.4

—nm— Strain gauges
| —e— High speed camera

Damage initiation in
gauges based curve
=0.645

Vnominal

camera based curve
Ynominal=0'754
1

50 100 200

Time (us)

rate at three temperatures is shown in Fig. 8 (b). It is seen that with
increasing temperature, the average strain hardening rate decreases. For
example, at 0.001 s ! and 77 K, the average strain hardening rate is 695
MPa; then the value reduces by 42.4% and 88.8% at 293 and 473 K,
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respectively. The effect of strain rate on the average strain hardening
rate can be divided into two regimes: from 0.001 to 3000 s, it remains
almost constant; at higher strain rates above 3000 s7L it decreases
monotonically for all three temperatures. Especially, at the maximum
strain rate of 39000 s ', the strain hardening rates become negative,
indicating a decrease of flow stress with increasing strain. It is note-
worthy that although the strain hardening rate is elevated at lower
temperatures, it declines more qucikly with strain rate than at higher
temperatures. For example, from 3000 to 26000 s71, the evolution of
strain hardening rate is fitted linearly and the slopes of the curves are
-223, -108 and -55.3 MPa/unit strain rate for 77, 293 and 473 K,
respectively. The evolution of strain hardening rate with strain rate or
temperature can be explained according to the thermally activated
dislocation motion theory too [31,35]. Strain hardening originates from
a competition between the generation, multiplication and annihilation
of dislocations. At elevated temperature, dislocations can overcome the
barriers encountered more easily with the aid of thermal activation
energy. Hence, both the thermal part 6* of the total flow stress and the
corresponding strain hardening rate decrease. Under dynamic strain



rates, due to adiabatic heating, the strain hardening rate is weakened
[36]. In addition, with increasing temperature, the ratio of the thermal
part ¢* to the total flow stress declines. Hence, during dynamic shear
tests, the effect of strain rate on the strain hardening rate is less sensitive
at elevated temperature.

3.2. Fracture morphology characteristics

To better explain the effect of strain rate on the deformation behavior
of 304 ASS, fracture patterns of SSS specimens under both quasi-static
and dynamic loadings at room temperature are shown in Fig. 10.

The typical fracture morphology at 0.001 s! is shown in Fig. 10 (a).
It is seen that many dimples and tearing ridges are distributed on the
uneven fracture surface. With increasing plastic deformation, instability
initiates at comparatively weak places such as micro-voids and micro-
cracks. During the growth of micro-voids, they coalesce with neigh-
bors and form dimples with different sizes. During the propagation of
micro-cracks, they interact and coalesce with each other, forming steps
with tearing ridges. In addition, affected by the shear-tension stress state
at the damage stage, as shown in Fig. 10 (b), part of the dimples is
flattened out to be oval-shaped. Therefore, under quasi-static strain rates
at room temperature, the specimen fails in a ductile failure mode with
mixed features of shear and tension.

Under dynamic strain rates, the fracture pattern at 6000 s~ ! is shown
in Fig. 10 (c). Many dimples of various sizes are observed and the
fracture surface is comparatively flatter than that at 0.001 s .
Compared to the quasi-static specimen, the dynamically loaded sample
has larger and deeper dimples. This is because thermal softening due to
adiabatic heating plays an important role in the failure process: during
the growth and coalescence of dimples, large plastic deformation takes
place. It is interesting to note that in Fig. 4 and 7, a significantly higher
failure strain is observed at 0.001 s ! (ef > 80%) than at 6000 s71 (e <
57%). At first sight, it may seem contradictory as in Fig. 10 larger plastic
deformation is observed under dynamic loading by larger and deeper
dimples. As a matter of fact, these observations are not in conflict
because significantly improved ductility is achieved through the TRIP
effect under quasi-static strain rates. During the deformation process, a
fraction of the initial austenite phase transforms into the martensite
phase. Due to the volume difference between the two phases [37] and
the preferred orientations of the newly formed martensite phase [38],
macroscopic transformation-induced plasticity develops. Under dy-
namic strain rates, affected by adiabatic heating and the reduced num-
ber of habit planes for martensite nucleation [39], the transformation
process is strongly inhibited and the corresponding ductility decreases.
In this work, according to martensite fraction measurement in
post-mortem specimens by X-ray diffraction technique, 71+5%
austenite phase transformed into martensite phase at 1073571, which is
three times the value for 6000 s~ ! (23+3%).

Concerning the fracture morphology at the maximum strain rate of
39000 s~ !, the dimples are more severely stretched and many parabolic
patterns are observed, Fig. 10 (d). The flow characteristics of dimple
boundaries along the shear direction indicates an obvious temperature
rise. Under such condition, the load capacity of 304 ASS evidently de-
grades. This explains why in Fig. 7 (f) the stress-strain curves show a
negative strain hardening behavior. However, it should be noticed that
no clear signs of well-developed adiabatic shear bands (ASBs) such as
melting or irregular solidification grains are observed. The “disappear-
ance” of ASBs is due to the shear-tension stress state at the fracture stage.
ASBs are generated when the material is subjected to a shear-
compression stress state with hydrostatic pressure over a short dura-
tion of less than 1 ms [40]. Hydrostatic pressure helps to delay the onset
of damage micromechanism that develops within ASBs such as nucle-
ation and growth of voids, and prolonged plasticity can be achieved
[41]. Therefore, during shear tests under hydrostatic pressure, an
obvious temperature increase is often observed either by high-speed
infrared camera or through evidence such as recrystallization, melting

and amorphization. Well-developed ASBs with the above characteristics
are usually observed in hat-shaped specimens and SCS specimens where
a shear-compression stress state with strong hydrostatic pressure exists
[42-45]. In this work, the stress state in the specimen is shear-tension
without hydrostatic pressure. Hence, the specimen fails via shear
without well-developed ASBs. Similar phenomena were observed during
dynamic torsion tests of tungsten alloy [40] and shear-tension tests of
Ti-6A1-4V [46].

4. Thermo-viscoplastic behavior modeling

According to the shear behavior analysis in Section 3, a coupling
effect between temperature and strain rate exists. Moreover, an
enhanced strain rate sensitivity is observed at strain rates exceeding
13000 s~ L. Therefore, in this section, a modified Johnson-Cook (MJC)
model incorporating these two aspects is proposed to describe the
deformation behavior of 304 ASS. It should be noted that although
martensitic transformation occurs in part of the shear tests, the char-
acteristic S-shape flow stress curves and the second hardening phe-
nomenon [12] are not observed in flow stress curves. Therefore, no
special model formulation is used to describe martensitic
transformation.

4.1. Modified Johnson-Cook (MJC) model proposition

Johnson-Cook (JC) model is a widely used phenomenological model
describing deformation behavior of metallic materials over wide strain
rate and temperature regimes. The original JC model is expressed as:

0= (A+Be")(1+ Clné*)(1—T"") (8)

where A, B, n, C and m are material parameters to be determined,
& = &/ is the dimensionless strain rate and T* = (T —Trer) /(T —Tref)
refers to the homologous temperature. T, T, and T, are the absolute
temperature, the melting temperature and the reference temperature,
respectively. The three items of the JC model describe the strain hard-
ening, strain rate sensitivity and thermal softening effect independently.
In this section, taking the advantages of several variants of the original
JC model [47-50] and the description of high rate stress upturn (HRSU)
by Partom et al. [21-23], the MJC model is written as:

o =[A+B(T)e][1+C()] (%) ’" ©

where the particular form of B(¢, T) is defined as follow to describe the
strain rate and temperature dependent strain hardening behavior. The
overstress approach proposed by Partom et al. [21-23] is used to define
in a better way the non-linear strain rate sensitivity C(¢).

n

Iné* T,.\"
B(é,T)=By|1— = 10
&T) 0 10& pax (T) ao
N\ e
ce) =14 & an
€o

where values of épq, (the maximum strain rate experienced by the tested
material) is 108 s71. A, By, n1, na, ng, co, £o and m are material constants
to be determined.

For shear tests under dynamic strain rates (¢ > 10s~!), the defor-
mation process is regarded as 100% adiabatic and the corresponding
temperature rise is estimated by Eq. (12):

AT(e) = @ / ode with T(g) = Ty + AT (e) (12)
P

P

where p is the volumetric mass density of 304 ASS with a value of 7.8 g/
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Fig. 10. Fracture surfaces of SSS specimens under different strain rates at room temperature: (a) 10~
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cm® and 7 is the average Taylor-Quinney coefficient characterizing the
fraction of plastic work converted into heat. According to the work of
Rusinek and Klepaczko [51], 8 is a non-linear function of plastic strain
and the average value is chosen to be 0.9; C, refers to the heat capacity
of 304 ASS. Due to the low testing temperature encountered (77 K), C, is
given as a function of temperature instead of being a constant [52].
According to the shear stress-shear strain curves in Fig. 4 and 7,
parameters of the MJC model are determined and shown in Table 3.

4.2. Description capacity of the MJC model

A comparison of stress-strain curves between experiments and model
predictions is shown in Fig. 11. To assess the predictive capability of the
constitutive model quantitatively, the prediction error A is calculated by

N exp pre
1 o" —o
exp
o

x 100% (13)

where 6;' and 6" are the flow stresses obtained from experiments and
predicted by the MJC model, respectively. The prediction error for the
MJC model is shown in Fig. 11 (i).

For the two quasi-static strain rates, the model predicts the flow
stress curves at 77 and 293 K accurately but gives overestimated flow
stresses at 473 K. The average prediction errors for 0.001 and 0.1 s~ ! are
respectively 3.76% and 4.30%. For dynamic strain rates between 3000
and 26000 s}, the model gives fairly good predictions in terms of both
flow stress level and strain hardening rate, and the prediction errors are
always below 4.5%. At the maximum strain rate of 39000 s !, the model
gives positive strain hardening rates while the values are negative in
experiments, and this leads to a prediction error of 5.48%.

To study the predictive capability of the MJC model more in details,
the experimental strain rate and temperature sensitivities are compared
to the model predictions, Fig. 12. It is seen from Fig. 12 (a) that the MJC
model gives nonlinear strain rate sensitivity predictions. In quasi-static
tests, the predicted flow stress by the MJC model is consistent with ex-
periments with an average error of 5.44%. In dynamic tests, the model
predicts an abrupt flow stress increase with logarithmic strain rate and
agrees with experiments well. The discontinuity in flow stress curves is
caused by the adiabatic heating effect in dynamic strain rates
(¢ > 10s~1) while this phenomenon is not taken into account for quasi-
static tests. In Fig. 14 (b), the decreasing flow stress level with increasing
temperature is predicted correctly by the model. In summary, the MJC
model can be used to predict simple shear behavior of 304 ASS
accurately.

4.3. Finite element analysis of dynamic shear tests

To validate the previously established MJC model, numerical simu-
lations of simple shear tests have been conducted using ABAQUS
Explicit. The 3D finite element (FE) model consists of an incident bar, a
transmitted bar and an SSS specimen sandwiched between them, Fig. 13.
The projectile is not included and the experimentally obtained force-
time curves are applied on the end face of the incident bar. Frictional
contact with a coefficient of 0.1 is assumed at the specimen/bar in-
terfaces. For incident and transmitted bars, the 8-node linear brick with
reduced integration element C3D8R is selected. For SSS specimen, the
coupled displacement-temperature 8 nodes element with full integration
C3DS8T is used. To improve computational efficiency, different mesh
sizes are used for different parts of the FE model. 10 mm and 1 mm

Table 3

Determined parameters of the MJC model.
A (MPa) By (MPa) co m no m ny &0
1102 302 1.933 1.644 1.089 -0.653 0.654 120000

elements are used along the axial and the radial directions of the SHPB
bars, respectively. Global element size of the SSS specimen is 0.5 mm
and is further refined to be 0.02 mm in the shear zone. The total numbers
of element for SHPB bars and SSS specimen are 101120 and 157663,
respectively.

Material properties of different parts of the FE model are shown in
Table 4. The incident and transmitted bars are regarded as elastic in-
stances with Young’s modulus of 210 GPa, while the previously deter-
mined MJC model is used to describe the deformation behavior of the
SSS specimen.

A comparison of force wave signals between experiments and nu-
merical simulations at strain rate of 13000 s~ ! is shown in Fig. 14. It is
observed that from 340 to 411 ps, corresponding to the plastic defor-
mation period of the shear zone, the experimental force wave signals
agree with the numerical predictions, with an average error of 5.4%.
Both the flow stress and strain hardening rate are correctly captured by
the model. After that, failure occurs in experiments while this process is
not considered in the numerical simulation. Therefore, the experimental
signal starts to decrease and deviates from the numerical result. In
general, the MJC model provides an accurate prediction of the force
wave signals.

Based on the numerical results shown in Fig. 14, a comparison be-
tween the average stress-strain relation of all elements in the shear zone
(representing the input model to Abaqus) and the experimentally
measured stress-strain curve (representing the real shear behavior of
304 ASS) is shown in Fig. 15. It is observed that the numerical flow stress
curves are consistent with the experiments with an average error of
2.8%. In fact, the two curves coincide if the signal oscillation is ignored.
Both the yield stresses and the strain hardening rates are correctly pre-
dicted. This observation is consistent with the flow stress curves shown
in Fig. 11.

The utility of a constitutive model lies in not only its capability of
fitting experimentally obtained flow stress curves but also its ability to
predict deformation behavior beyond the testing conditions. To further
evaluate the determined MJC model, another shear test at strain rate of
11000 s~ !, which is not used for the identification of the MJC model
parameters, has been performed. Different from the previously defined
testing rules where the SSS specimen with L = 1 mm should be used for
testing at strain rates below 15000 s, the specimen with L = 0.5mm
was used in this test. A comparison of flow stress curves between
experiment and numerical simulation is shown in Fig. 16. It is seen that
the MJC model can reproduce the stress-strain curves correctly with an
average error of 2.5%. The trends of yield stress and strain hardening
rate are correctly captured. Therefore, although SSS specimens with
different shear zone widths are assigned to various strain rate regimes,
the error due to the different specimen dimensions can be effectively
eliminated by the correction coefficient method. The experimentally
measured flow stress curves represent the correct shear behavior of 304
ASS.

According to the numerical results for shear tests at 11000 s~., the
stress state in the specimen shear zone is analyzed. First, the variation of
the average stress components of the whole shear zone is shown in
Fig. 17 (a). For comparison, the numerical data of a classical double
shear specimen (DSS) proposed by Klepaczko [18] is shown in Fig. 17
(b). It is seen from Fig. 17 (a) that during the plastic deformation pro-
cess, the shear zone is dominated by shear stress component 6;3. The
absolute value increases monotically from 635 MPa at y =0 to 1015
MPa at the damage initiation point. For the other stress components,
they are either significantly smaller (617 and 632) or remain at zero (612,
023 and o33). In Fig. 17 (b), the evolution of shear stress components
(012, 613 and 623) in DSS specimen is similar to that in SSS specimen but
the normal stress components (611, 622 and 633) are comparatively
higher. For example, in SSS specimen, the absolute value of o711 de-
creases from 181 to 0 MPa first and then remains at zero at larger
deformation; while for the DSS specimen, 6;; increases monotonically
from 0 MPa at y = 0 to 430 MPa at the damage initiation point. This is
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Fig. 11. Comparison of flow stress curves between experiments and MJC model predictions for indicated strain rates and temperatures.
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Fig. 12. Comparison of (a) strain rate sensitivity and (b) temperature sensitivity between experiments and model predictions.

because 61, is the stress component characterizing the stress state along
the shear zone width direction (the indicated X axis in Fig. 18). In DSS
specimen, as shown in Fig. 18, clamping devices are needed to prevent
specimen rotation and achieve a uniform distribution of stress compo-
nents [18,53]. A disadvantage of this design is that the lateral
displacement of the shear zone is inhibited and a tensile stress compo-
nent appears. On the contrary, for SSS specimen, it moves freely in both
longitudinal and lateral directions. Therefore, the tensile stress

component 617 is suppressed. In summary, the deformation process in
both SSS and DSS specimens is dominated by shear stress component 613
while the others are comparatively smaller. However, compared to the
latter, a stress state closer to pure shear is achieved in the SSS specimen.

At the damage initiation point, the distributions of Von Mises stress
and equivalent plastic strain in the SSS specimen are shown in Fig. 19
and 20, respectively. It is observed from Fig. 19 that Von Mises stress is
uniformly distributed in the shear zone and the value varies between



Applied

force Incident bar Transmitted bar
—_— +

Strain gauge
Zoom area

X

zod
(a)

Strain gauge

Specimen

(b)

Fig. 13. FE model for numerical simulations: (a) the assembly including the incident bar, the transmitted bar and the SSS specimen and (b) magnification of the

SSS specimen.

Table 4
Material properties of different parts of the FE model.

Part Material p (kg/ms) E (GPa) Poisson’s ratio, y Thermal conductivity, 2 (W/me°C)
SSS specimen 304 ASS 7800 210 0.3 16.2
SHPB bars Maraging steel 8200 210 0.3 )
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Fig. 15. Comparison of flow stress curves between experiments and numerical
simulations by the MJC model at strain rate of 13000 s~'.

1300 and 1750 MPa. At the four corners of the shear zone, the highest
values are observed due to stress concentration. Affected by the single
shear zone design, from the shear zone to the other parts of the spec-
imen, the distribution of Von Mises stress is axisymmetric. In Fig. 20 (a),
equivalent plastic strain is uniformly distributed in the shear zone while
the surrounding structure remains elastic. A strain concentration at the
four corners of the shear zone is observed, with the top left and bottom
right regions being the highest (0.71) while the other two regions being
comparatively smaller (0.42). According to the distribution of
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Fig. 16. Comparison of flow stress curves between experiments and numerical
simulations by the MJC model at strain rate of 11000 s~ .

equivalent plastic strain, the SSS specimen tends to fail along the diag-
onal direction (top left-bottom right) of the shear zone. Besides, failure
behavior of metallic materials is known to be strongly affected by stress
state and early fracture is commonly observed at large stress triaxiality
conditions [54]. Considering the distribution of stress triaxiality in the
shear zone (15 oy = — 0.47; 7y rigne = 0.67;) shown in Fig. 20 (a), the
SSS specimen tends to fail along the other diagonal direction (top
right-bottom left). Therefore, taking the distribution of both equivalent
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Fig. 17. Variation of the average stress components in shear zones of the (a) SSS specimen and (b) DSS specimen.
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Fig. 18. Schematic view of the classical DSS specimen: (a) boundary conditions and (b) practical arrangement.
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Fig. 19. Distribution of Von Mises stress at the damage initiation point: (a) on the central y-z plane and (b) on the central x-z plane.

plastic strain and stress triaxiality into consideration, either diagonal or
non-diagonal failure may occur. This finding is consistent with the
experimental results where both failure along the diagonal direction of
the shear zone is observed in Fig. 10 (b) and fracture propagation along
the non-diagonal direction is recorded by the high-speed camera in
Fig. 6.

From the numerical simulations, the stress state in the shear zone is
analyzed. Stress state can be described by two parameters: stress triax-
iality n and Lode angle parameter 6. 7 is defined as the ratio of the hy-
drostatic stress o, to the Von Mises stress &, while @ is a function of the

(b)

third invariant of the stress deviator and is used to represent the
different stress states with the same 5 value in three dimensions.
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where 01, 02 and o3 are the three principal stresses following the order
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Fig. 20. Distribution of equivalent plastic strain at the damage initiation point: (a) on the central y-z plane and (b) on the central x-z plane.
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Fig. 21. Variation of average stress state parameters of the whole shear zone with plastic strain: (a) stress triaxiality # and (b) Lode angle parameter 6.

01 > 63 > 03. The average stress state (3, 6) in the shear zone is shown in
Fig. 21. Besides, the classical double shear specimen and hat shape
specimen, which may be used for shear tests under very high strain rates
above 10% s71, are also depicted for comparison. For the SSS specimen,
stress triaxiality 5 increases slightly from -0.10 at e,,=0 to 0.10 at the
damage initiation point, while Lode angle parameter  shows an oppo-
site tendency. During the plastic deformation process, the average
values of 5 and 0 are respectively 0.015 and 0.014. Therefore, a simple
shear stress state is obtained in the SSS specimen. For the DSS specimen,
variation of 7 and @ is similar but the corresponding absolute values are
comparatively higher. The average values of 5 and @ are respectively
0.115 and -0.112, indicating a shear-tension stress state. Concerning hat
shape specimen, stress triaxiality # remains almost constant at -0.258
and a shear-compression stress state with hydrostatic pressure exists. On
the whole, compared to DSS and hat shape specimens, the novel SSS
specimen can be used for more accurate characterization of simple shear
behavior.

5. Conclusion

A novel single shear specimen (SSS) together with a correction co-
efficient method has been used to study the deformation behavior of a
304 stainless steel under shear loading. Shear stress-shear strain curves
over a wide range of shear strain rates (0.001 to 39000 s 1) at three
initial temperatures (77, 293 and 473 K) are obtained. The effects of
strain rate and temperature on the flow stress curves are investigated.
The fracture morphology of the specimens is analyzed. Based on the

experimentally obtained shear stress-shear strain curves, parameters of a
modified Johnson-Cook (MJC) model are determined and the model
prediction capability is validated. Using finite element analysis, the
distribution of stress and strain components as well as stress state in the
shear zone are analyzed. The main findings are summarized as follows.

The flow stress is a non-linear function of strain rate: it remains

constant in quasi-static strain rates regime and then increases slightly

at strain rates between 0.1 to 6000 s '; at higher strain rates, a rapid
increase is observed. Sensitivity to strain rate is also observed for the
strain hardening rate: with increasing strain rate, the value decreases

monotonically. In particular, at the maximum strain rate of 39000

s~1, a negative strain hardening behavior was observed, indicating a

strong adiabatic temperature rise.

2 No well-developed adiabatic shear bands were observed in dynamic
shear tests, even at the maximum strain rate of 39000 s~ *. This may
be due to the shear-tension stress state without the presence of hy-
drostatic pressure in the fracture process.

3 The MJC model shows a capability to predict the flow stress curves.
Although no special model formulation is used to describe
martensitic transformation, both the flow stress and the strain
hardening rate are correctly reproduced. Besides, the predicted
strain wave signals are consistent with the experiments.

4 According to numerical simulations, the deformation process of SSS

specimen is dominated by shear stress and shear strain components,

while the other components are obviously smaller. A simple shear
stress state is obtained in the shear zone. The average stress

—



triaxiality # and Lode angle parameter @ are respectively 0.015 and
0.014, which are closer to zero than those for the classical DSS (5 =
0.115, 6 = — 0.112) and hat shape (y = — 0.258, 6 = 0.038)
specimens.
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