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Abstract: A new S-shaped specimen geometry is developed in this study to investigate the shear
behavior of materials under dynamic shear condition. Traditionally, hat-shaped geometry is used
to study the dynamic shear of materials by a conventional split Hopkinson pressure bar apparatus.
However, in this geometry, the force equilibrium on the two sides of the sample is difficult to fulfill,
and the stress field in the shear region is not homogeneous. Hence, the calculated shear stress–strain
curve from this geometry is not precise. To overcome this problem, the new S-shaped specimen is
designed to achieve accurate shear stress–strain curve. This geometry can be used in a wide range
of strain rates and does not require additional machining process for microstructure observation.
The new S-shaped specimen is successfully coupled with digital image correlation method because
of the flat surface. Digital image correlation results indicate that the fracture patterns of the new
S-shaped specimen occur with maximum shear strains in the shear region in the middle of the sample.
This result is also validated by finite element model simulation. The new S-shaped specimen geometry
can be used to study the dynamic shear behavior of various metals.

Keywords: dynamic shear behavior; adiabatic shear banding; split Hopkinson pressure bar; high
strain rate; titanium

1. Introduction

Regardless of loading condition, plastic deformation of ductile materials occurs in shear [1].
Under high strain rate conditions, deformation of the ductile materials is often associated with shear
banding instead of cracking. Adiabatic shear banding (ASB) is a catastrophic failure mechanism in
which large deformations occur in a narrow area (approximately 5–100 µm) [2]. The local temperature
in this narrow band may reach a significant fraction of the melting temperature, which may lead to
recrystallization [3]. ASB occurs in many applications, such as ballistic impact, machining process,
forging, and penetration. Many experimental and analytic studies have been conducted on the formation
of ASB [4–8]. However, testing the materials under dynamic shear condition is not straightforward.

Various types of test techniques and sample geometries were designed to investigate materials
under dynamic shear condition. Different test apparatuses, such as split Hopkinson bar [9], gas
gun [10], drop-weight test [11], and uniaxial hydraulic apparatus have been used for this purpose.
Meanwhile, different geometries, such as torsional sample [12], sheet sample [1], flat or cylindrical
hat-shaped sample [13,14], shear compression specimen [15–17], double shear sample [18], compact
forced simple shear sample [19], and single- or double-edged sample [11] were used in these techniques.
Among these specimens, shear deformation is constrained in specific sections because of their
geometrical discontinuities. A hat-shaped specimen is one of the geometries that are mostly utilized in
shear experiments because of its simple geometry [20–22]. In this geometry, the stress and strain states
are not homogeneous at the shear region [23]. Moreover, the two sides of the sample do not achieve
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force equilibrium [11]. Thus, the calculated shear stress–strain from this geometry is a rough estimate
and inaccurate [19,23]. In addition, the shearing region rotates during testing due to the overlapping
nature of the shear area in this geometry. To overcome these problems, Ran et al. [24] adopted the
flat hat-shaped sample combined with digital image correlation (DIC) measurement. They measured
force and punching displacement from the split Hopkinson pressure bar (SHPB) and shear strain
by the DIC method. They achieved accurate strain rate and also calculated the shear engineering
stress and strain using the DIC method. However, without using the DIC method, obtaining the shear
stress–strain curve is impossible using this geometry. Rittel et al. [3] developed a new geometry for
shear test. In this sample, by applying compressive loading a shear dominant field occurs in the gauge
section. This geometry can be used in static and dynamic loadings, as well as in different temperatures.
However, this sample design does not constitute a ‘simple’ shear loading stress state within the gauge
section but a rather three-dimensional stress state. Moreover, this geometry leads to a radial inertial
effect of the sample motion under dynamic loading [19]. Recently, Xu et al. [11] proposed a new double
side sample to study the shear band. They observed good agreement between the experimental and
simulation results in a wide range of strain rates. However, they designed a special sample fixture to
ensure that the shear would be symmetrical. They also used an aluminium bar as the transmitted bar
because of the weak transferred pulse. Gray et al. [19] also designed a compact forced simple shear
sample to study shear localization in materials. Although this sample could produce pure simple shear,
it has a complicated design and required difficult machining process.

In the present study, a new S-shaped sample (NSSS) is proposed for the dynamic shear test
through the conventional SHPB. This paper is divided into two parts. In the first part, the detail of the
new sample and experimental setup are shown and discussed. In addition, DIC method is used to
study the shear strain field in the sample. In the second part, the results of the experiments and the
DIC method are compared via numerical simulation. The results of the experiments and simulation
show good agreement in a wide range of strain rates.

2. Materials and Methods

2.1. Materials and Specimens

The NSSS design is schematically shown in Figure 1. It is designed to achieve the pure shear stress
field parallel to the loading direction in the shear zone (the middle part of the specimen). The thickness
of the middle part (tm) is selected as 1, 1.5, 2, and 2.5 mm to generate different shear strain rates.
The width of shear zone (Ws) for all specimens is kept constant (0.2 mm). This value is selected by the
trial and error. The length of the shear zone (Ls) can easily be calculated by Equation (1). Samples are
fabricated by the wire cutting technique from the Ti6Al4V titanium alloy.

Ls =
√

tm2 + Ws2 (1)

The conventional SHPB is used to apply dynamic loading in this paper. The NSSS is sandwiched
between the incident and transmitted bars. The contact surfaces of the bars and sample are sufficiently
lubricated by Vaseline to reduce friction and specimen barrelling. The lengths of the striker, incident
bar, and transmitted bar are 300, 1200, and 1200 mm, respectively. All the bars have the same diameter
(14 mm) and are made of hardening 18% nickel maraging steel. The two strain gauges are mounted in
the middle of the incident and transmitted bars to capture the stress wave. The other strain gauge is
installed on the incident bar to be used as a trigger of the high-speed camera. The schematic setup of
the SHPB is shown in Figure 2.
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Assume that the stress waves propagate in the incident and transmission bars without dispersion.
The load and displacement of the sample can be determined

Fin = AbE(εi(t) + εr(t)), (2)

Fout = AbEεt(t), (3)

Fave =
(Fin + Fout)

2
, (4)
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Uin = C
∫ t

0
(εi(t) − εt(t))dt, (5)

Uout = C
∫ t

0
εt(t)dt, (6)

Urel = Uin −Uout, (7)

where Fin is the force on the sample surface in contact with the incident bar; Fout is the force on the
sample surface in contact with the transmitted bar; Uin and Uout are the displacements of the surfaces of
the incident and transmitted bars, respectively; εi, εt and εr are the incident, transmitted, and reflected
strains, respectively; Ab, E, and C are the bar area, Young’s modulus and wave velocity of the bars,
respectively; Fave is the average force in the sample; and Urel is the relative displacement. Shear stress
τ, shear strain γ, and shear strain rate

.
γ in the specimen are calculated as follows:

τ(t) =
Fave

As
, (8)

γ(t) =
Urel
LS

, (9)

.
.
γ(t) =

C1(εi(t) − εr(t) − εt(t))
LS

, (10)

where Ls is the length of the shear zone, which is calculated using Equation (1).

2.2. DIC Measurement

The DIC method is used to investigate the strain field of the sample. From the SHPB wave signal
analysis, only the average amount of shear stress and strain of the sample can be calculated. With DIC,
determining the full-field strain distribution of the sample is possible. However, this method is not a
standardized technique and its accuracy depends on many factors. DIC is a non-contact optical method
and provides a full-field measurement of deformation in the specimen. In literatures, the basic principle
of the DIC method was fully described [25,26]. A comprehensive information of the distribution of
strain over the NSSS is obtained by this method, in which a random pattern of speckles is applied to
the specimen surface. The speckled pattern is applied by coating the surface of the NSSS with a layer of
white paint using a spray can. The black speckles are then applied by lightly over-spraying a black mist
of paint. Figure 3 shows the surface of the sample with speckles. A high-speed digital camera is used
to record the consecutive changes of the speckled pattern when the NSSS is subjected to high strain rate
loading. The camera is triggered by electrical signals that are provided by the strain gauge mounted
on the incident bar 50 cm from the impact face. The camera frame rate is set at 150,000 fps. A spatial
resolution of 256 × 144 pixels can sufficiently monitor an area of 10 × 6 mm of the NSSS surface.

The displacement strain field of the NSSS during the SHPB experiments is analyzed using
commercial VIC-2D (Version 2009.1.0, Correlated Solutions Incorporated, 120 Kaminer Way Parkway
Suite, Columbia, SC, USA) technique. The images are processed using a 12 × 12 pixel subset, step size
1, and spline cubic interpolation.
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2.3. Finite Element Model (FEM) and Material Parameters

ABAQUS Explicit (Version 6.9-3; Dassault Systemes Simulia Corp: Providence, RI, USA, 2010) is
used in simulating the operation process of dynamic tests using SHPB to verify the applicability and
availability of the NSSS. The explicit FEM of the entire structure is established, including the striker
bar, incident bar, specimen, and transmitted bar.

The Johnson–Cook (J–C) material model is used for the plastic deformation of the NSSS. The J–C
model is an outstanding and widely used model for the simulation of dynamic loading conditions,
which introduce the strain hardening, strain rate, and thermal softening effects of the materials.
The failure parameter is not considered in this study. The J–C constitutive model is usually expressed
as [27]

σ = (A + Bεn)

1 + C ln

 .
ε
.
ε0

[1− ( T − Troom

Tm − Troom

)m]
(11)

where σ is the equivalent plastic flow stress, ε is the equivalent plastic strain,
.
ε is the equivalent plastic

strain rate,
.
ε0 is the reference equivalent plastic strain rate, T is the absolute temperature, Troom denotes

the reference room temperature, Tm is the melting temperature of the materials, and A, B, n, C, and m
describe the degree of plastic deformation of the materials, in which A, B, and n are the coefficients of
material strain hardening, C is the coefficient of strain rate hardening, and m is the thermal softening
coefficient of materials.

Table 1 lists the material properties of the samples and bars used in the model. Table 2 shows the
parameters J–C model for the Ti6Al4V.

Table 1. Material properties used in FEA, data from [28].

Part Material Density,
kg/m3

Elastic
Modulus,
E (GPa)

Poisson’s
Ratio

Specific
Heat, Cp
(J/kg ◦C)

Tmelt, (K) Troom (K)

Specimen Ti-6Al-4V 4300 110 0.33 670 1903 298
Bar Steel 7800 190 0.33 – – –
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Table 2. J–C constitutive model parameters of Ti-6Al-4V, data from [28].

Set A (MPa) B (MPa) N C m ε0 (s−1)

J–C 862 331 0.34 0.012 0.8 1

Figure 4 shows the numerical simulation model. The sample is initially sandwiched between
the incident and transmitted bars. An eight-node linear brick, reduced integration, and coupled
displacement-temperature element (C3D8RT) is selected for the bars and specimen. The size of the
applied load velocity for each test condition is obtained based on the actual loaded stress wave analysis
to ensure the simulation reliability of the results. The wave velocity in the steel bar is 5000 m/s, and the
length of the bar is 1.2 m. Therefore, the terminal time of calculation is set to 500 µs to ensure that the
specimen undergoes a complete primary stress wave loading (three phases of incident, reflected and
transmitted). The length of the analysis step is adjusted according to the test conditions.
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3. Results and Discussion

3.1. Dynamic Test (SHPB)

The samples were tested using SHPB at different strain rates. Before finalizing the geometry of
the NSSS, different geometries were tested. The bending was observed for the sample with a middle
dimension of 2.5 mm. To avoid complex stress field in the middle part of the specimen, the tm was
limited to 2 mm. Figure 5 shows the strain wave signals captured on the bars of SHPB (for comparison,
all the signals were shifted at the same starting point) for the sample with tm = 1.5 and a shear strain
rate of 2800 s−1. Transmitted strain (εt) shows that after the steady state the strain drops and fracture
occurs. The duration of the transmitted strain is shorter than the incident pulse, showing that the
fracture occurs under the first stress wave. However, increasing the velocity of the striker bar to
achieve a higher strain rate weakened the signal in the transmitted bar; to overcome this problem, the
transmitted bar could be changed into an aluminium bar or a semiconductor strain gauge could be
used [29].

Equations (2) and (3) indicate that the forces applied to the two sides of the samples are determined
from the captured strain signals. Figure 6 shows the calculated Fin, Fout, and Fave for the sample
with tm = 1.5 mm. During the rising time, the Fout is higher than Fin, and after 30 µs, the forces in
both sides are equal. However, the force values of Fin and Fout at the plateau stage are close, and the
calculated average value of the force (Fave) nearly overlaps with them. This result indicates that the
force equilibrium condition was reached. The force equilibrium is checked for all the specimens with
different tm, and in all of them, the force equilibrium conditions were achieved.
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Figure 6. Forces in the two sides of the NSSS sample.

The displacements of the two sides of the sample are calculated based on Equations (5) and (6). Uin,
Uout, and relative displacement Urel of the two sides of the NSSS are shown in Figure 7. The samples
with tm = 1.5 mm and 2 mm were tested in the same strain rate to verify the effect of the geometry on
the result of shear stress–strain curve (to achieve the same shear strain rate, the velocity of the striker
bar was changed). Figure 8 shows the shear stress–strain curves of the sample with tm = 1.5 mm and
2 mm at the same shear strain rate (to achieve the same shear strain rate for different geometry, the
velocity of the impact is adjusted). The result shows that for both specimens, the shear strain rate
is steady at a value of approximately 2000 s−1, which shows that a constant shear strain rate can be
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achieved under the dynamic compressive loading for the different geometry of NSSS. Moreover, the
calculated shear stress–strain curves for both specimens agree well. The result indicates that the tm

does not have a considerable effect on the shear stress–strain curve and can thus be neglected. Hence,
achieving a wide range of strain rate by the presented specimen is possible through changing the tm

and the impact velocity.

Metals 2019, 9, x FOR PEER REVIEW 8 of 19 

 

Figure 6. Forces in the two sides of the NSSS sample. 

The displacements of the two sides of the sample are calculated based on Equations (5) and (6). 
Uin, Uout, and relative displacement Urel of the two sides of the NSSS are shown in Figure 7. The 
samples with tm = 1.5 mm and 2 mm were tested in the same strain rate to verify the effect of the 
geometry on the result of shear stress–strain curve (to achieve the same shear strain rate, the velocity 
of the striker bar was changed). Figure 8 shows the shear stress–strain curves of the sample with tm = 
1.5 mm and 2 mm at the same shear strain rate (to achieve the same shear strain rate for different 
geometry, the velocity of the impact is adjusted). The result shows that for both specimens, the shear 
strain rate is steady at a value of approximately 2000 s−1, which shows that a constant shear strain rate 
can be achieved under the dynamic compressive loading for the different geometry of NSSS. 
Moreover, the calculated shear stress–strain curves for both specimens agree well. The result 
indicates that the tm does not have a considerable effect on the shear stress–strain curve and can thus 
be neglected. Hence, achieving a wide range of strain rate by the presented specimen is possible 
through changing the tm and the impact velocity.  

 

Figure 7. Displacements of the two sides of the NSSS. 

0

0.00005

0.0001

0.00015

0.0002

0.00025

0.0003

0.00035

0 10 20 30 40 50 60 70

Di
sp

la
cm

en
t(m

)

Time(µs)

U in U out U rel

Figure 7. Displacements of the two sides of the NSSS.
Metals 2019, 9, x FOR PEER REVIEW 9 of 19 

 

 
Figure 8. Shear stress–strain curves of the two geometries under the same strain rate. 

Three tests were conducted under the same shear strain rate (the same geometry and same 
impact velocity) to check the repeatability of the experiment. To achieve the same strain rate, the 
impact velocity of the striker bar was kept constant. Figure 9 shows the results of these three tests. 
The results indicate that the shear stress–strain curves are repeatable.  

 
Figure 9. Three shear stress–strain curves of the NSSS under the same strain rate (900 s−1). 

Figure 10 shows the shear stress–strain curves of the Ti6Al4V measured by the new shear sample 
under various shear strain rates. The shear stress increases with the strain rate. In all strain rates, the 
flow stress increases slightly with the shear strain. This finding is in good agreement with the result 
of other researchers [1,20,30]. Peries et al. [20] tested the dynamic behavior of the Ti6Al4V by different 
geometry of the hat shape sample. They mentioned, because of the complex stress distribution in the 
hat shape sample, interpretation of the test results is not straight forward. The important differences 

0

100

200

300

400

500

600

700

800

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

sh
ea

rs
tr

es
s(

M
Pa

)

shear strain

Figure 8. Shear stress–strain curves of the two geometries under the same strain rate.

Three tests were conducted under the same shear strain rate (the same geometry and same impact
velocity) to check the repeatability of the experiment. To achieve the same strain rate, the impact
velocity of the striker bar was kept constant. Figure 9 shows the results of these three tests. The results
indicate that the shear stress–strain curves are repeatable.
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Figure 9. Three shear stress–strain curves of the NSSS under the same strain rate (900 s−1).

Figure 10 shows the shear stress–strain curves of the Ti6Al4V measured by the new shear sample
under various shear strain rates. The shear stress increases with the strain rate. In all strain rates, the
flow stress increases slightly with the shear strain. This finding is in good agreement with the result of
other researchers [1,20,30]. Peries et al. [20] tested the dynamic behavior of the Ti6Al4V by different
geometry of the hat shape sample. They mentioned, because of the complex stress distribution in the
hat shape sample, interpretation of the test results is not straight forward. The important differences
between the shear stress–strain curve of the Ti6Al4V under the dynamic and the quasi-static experiment
(in the strain rate of 0.1 s−1) are observed. The shear stress under the quasi-static loading is much lower
than the dynamic condition.
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Figure 11 shows the failure of the NSSS under the quasi-static (Figure 11a) and dynamic loadings
at strain rates of 1800 s−1 (Figure 11b) and 6000 s−1 (Figure 11c). The failure occurs in the shear zone.
For the specimen under the dynamic condition, the failure shows pure shear failure; however, the
failure under quasi-static loading is not pure shear. The width of the shear zone was measured by the
DIC method, which will be discussed in the next section.
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Figure 11. Failure of the NSSS sample under (a) quasi-static loading with strain rates of (b) 900 s−1 and
(c) 3000 s−1.

During the quasi-static experiment, sufficient time is available for the heat to be conducted away
from the shear region, which prevents thermal softening and the formation of adiabatic shear. Osovski
et al. [31] did not observe dynamic recrystallization under the quasi-static loading for Ti6Al4V specimen
either; however, they observed that on a strain rate higher than 1000 s−1 dynamic recrystallization
occurred for all specimens. They found that the deformation energy under quasi-static loading is higher
than the dynamic condition, and quasi-static deformation is an isothermal phenomenon, whereas
dynamic deformation is an adiabatic phenomenon. This explanation justifies the different behaviors of
the Ti6Al4V specimen under the quasi-static loading compared with that under dynamic loading [20].

Figure 12 shows the fracture surface of the NSSS under the dynamic and quasi-static (0.001 s−1)
loadings. In quasi-static and dynamic loadings, smooth surface and dimple area coexisted. However,
on the quasi-static loading, the area of the smooth surface is limited, implying different fracture
mechanisms under the dynamic and quasi-static loadings. Smooth surface is mainly caused by rubbing
between the fracture surface and the fragment [32,33]. Dimples are formed due to elongation along
the maximum shear stress direction, which indicates the occurrence of a large plastic deformation.
The average size of the dimples under quasi-static loading is bigger than that under dynamic condition.
Similar observation was reported by Ran et al. [13], in which they reported that the size and depth of
the dimples decrease with increasing strain rate.
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3.2. DIC

The displacement field history can be measured by the DIC method. All the sample surfaces were
selected as area of interest for the DIC method [34,35]. Figure 13 shows the evolution of the maximum
principal strain field of the samples during the SHPB test. The figure shows nine frames during the
test. Figure 13a shows the strain field when the stress wave arrives the surface of the specimen and
incident bar. Figure 13b–j show the strain fields at 6.6, 13.2, 19.8, 26.4, 33, 39.6, 46.2, and 52.8 µs after
load initiation, respectively. The maximum main strain occurs in the shear zone in the middle of
the specimen. However, when failure occurs, measuring the displacement near the failure area is
impossible because of the high deformation and vanished speckles. The trend of strain development
can be obtained through the variations of the images. The DIC analysis indicates that at the 6.6 µs,
the maximum shear strain is approximately the same in the whole area of the NSSS. However, in the
corner of the NSSS, the maximum is slightly higher. Notably, after approximately 46 µs, the shear
zone is completely formed in the middle of the sample (Figure 13f,g), and in the remaining part of the
specimen, the maximum shear stress exhibits the same value. This finding indicates that pure shear
loading occurs for the NSSS during the test. Ran et al. [24] found that in the flat hat-shaped sample the
shear strain distribution was not equal.Metals 2019, 9, x FOR PEER REVIEW 12 of 19 
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As shown in Figure 14, a line is drawn in the center of the NSSS to study the shear strain in the
shear zone and calculate the width of the shear zone in the NSSS. Figure 14 shows the distribution
of shear strain on the line at different loading times. The strain value is not available at the times
later than 40 µs because of the start of cracking. The values of shear strain increase with time at
the same location of the shear zone. The result shows that the maximum shear strain occurs in the
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center of the specimen, and by going from the edge of specimen, the shear strain value decreases.
The symmetrical shape of the curve implies that the NSSS sample is insensitive to the direction of
loading. Figure 14 indicates that the shear zone of the sample is localized in the center of the specimen
with a thickness of approximately 2 mm. However, this shear width value is higher than that of the
design (Ws = 0.2 mm). In most of the shear specimens, such as the hat-shaped and flat-hat-shaped, the
plastic zone is considerably higher than expected, which leads to overestimation of the value of the
reported strain calculated by Meyers methods [24].
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3.3. FEM Simulation

Figure 15 shows the contour of the equivalent stress on the NSSS surface. These results show that
the distributions of shear stress, shear strain, and Mises stress are uniform in the NSSS. The shear zone
forms completely in the center of NSSS. As shown in Figures 13 and 15, the FEM result indicates good
agreement with the DIC result. Figure 16 shows the comparison of strain signals in the incident and
transmitted bars between the experiment and the simulation. Before 55 µs, the agreement between the
experiment and the simulation is well, but after this point, the sample is broken in the test, and the
stress pulse in the sample will all be reflected back into the incident bar, causing that the reflection
signal in the incident bar is enhanced. Hence, the transmitted strain signal measured in the experiment
has a shorter duration than the FEM simulation result.

Figure 17 shows the contour of equivalent stress on the shear gauge of NSSS. Simulation shows,
after 6.6 µs, the stress distribution in all of the shear gauge area is found to be uniform, and the stress
and strain measured with DIC method in the surface can present the value of the stress and strain in
the whole shear gauge section.
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Figure 18 shows the comparison of the displacements of the two sides of the NSSS obtained by
simulation, DIC, and SHPB test. The simulation result indicates good agreement with experimental
and DIC data. However, the DIC result shows larger displacement for the surface of the sample and
incident bar at the beginning of loading. Comparison of the results indicate that the DIC method
obtains a higher value of displacement in the early stage of impact, which results in a higher strain
value. Calculating the shear strain based on the DIC method can cause calculation errors. However,
the DIC error can be reduced by using a high-speed camera with a higher resolution. Figure 19 shows
the shear stress–strain curves of the specimen obtained through experiment and FEM simulation.
The results indicate that the shear stress–strain curves obtained through the experiment is in good
agreement with the FEM simulation result until the NSSS fails and its shear stress drops. However in
the elastic part of shear stress–strain curve, the result of FEM simulation is higher than the experimental
result, which might be due to the parameters of J–C model.
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4. Conclusions

A newly designed S-shaped specimen was developed to study the dynamic shear behavior of
materials. New specimens were tested under the static and dynamic loading by SHPB. DIC method
and FEM simulation were used to validate the NSSS. NSSS can use conventional SHPB without any
modification. Compared to the previous geometries for studying the dynamic shear band, the proposed
geometry can achieve the force equilibrium in its two sides of the NSSS, and stress–strain curve can be
directly measured. By changing tm, the wide range of shear strain rate can be achieved. The simple
geometry of the NSSS resulted in the formation of pure shear in the shear zone of sample under
dynamic loading. Given the flat surface, the experiment can be easily coupled with the 2D-DIC method,
which provides the full-field strain distribution. The dynamic shear behavior of Ti6Al4V was tested by
this new specimen, and the results are in good agreement with those of previous studies. The result of
this paper shows the NSSS can be used to study the dynamic shear behavior of various materials.
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