Experimental Mechanics (2015) 55:1627—-1639
DOI 10.1007/s11340-015-0057-6

@ CrossMark

Modification of the Shear-Compression Specimen

for Large Strain Testing

A. Dorogoy" - D. Rittel' - A. Godinger'

Received: 5 January 2015 /Accepted: 15 June 2015 /Published online: 9 July 2015

© Society for Experimental Mechanics 2015

Abstract A modified shear-compression specimen (SCS),
for large strain testing over a wide range of strain rates is
presented. The original SCS design includes two rectangu-
lar slots that are machined at 45° with respect to the longi-
tudinal axis. The modification consists of creating two di-
ametrically opposed semi-circular slots. The new “circu-
lar” specimen is first thoroughly investigated numerically
under quasi-static and dynamic loading using an elasto-
plastic material model. The results of the comparison be-
tween the two-slot designs confirm the feasibility of the
new specimen for larger strain testing and indicates its
advantages over the rectangular slot design: larger strain
range characterization, failure and fracture within the
gauge, and constant Lode parameter during plastic defor-
mation. Both types of SCS as well as cylindrical specimens
are used to characterize the flow behavior of steel 1020, in
the quasi-static and dynamic regimes using a split Hopkin-
son pressure bar. Dog-bone specimens are also tested
quasi-statically in tension. A very good agreement is
achieved for the results of all specimens in both the
quasi-static and dynamic regimes. The numerical valida-
tion procedure shows that the flow stress of 1020 steel
obtained with the new SCS is ~3 % lower in the quasi-
static regime, and 8 % lower in the dynamic regime with
respect to the flow stress of the rectangular SCS. This dif-
ference is attributed to effect of the third invariant of the
stress deviator (i.e., Lode parameter), which is consider-
ably lower in the new SCS design.
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Introduction

The shear compression specimen (SCS), has been originally
developed in Rittel et al. [1] for large strain testing of materials
over a wide range of strain rates. The specimen consists of a
cylinder having an inclined gage section created by two dia-
metrically opposed rectangular slots which are machined at
45° with respect to the longitudinal axis.

The specimen was thoroughly investigated under quasi-
static [2] and dynamic loading [3], using three-dimensional
elasto-plastic numerical simulations in which a bi-linear
and a parabolic hardening material model were assumed
[4]. These studies confirmed the potential of the SCS for
large strain testing of materials over a wide range of strain
rates by:

1) Verifying the uniformity of the stresses and strains within
the gage.

2) Showing that the averaged Mises stress versus the aver-
aged plastic strain on the mid-section of the gauge repre-
sent the characteristic behavior of the material.

3) Showing that a simple formulation can relate the experi-
mentally measured loads and displacements to the equiv-
alent stress and strain characteristics of the material.

The specimen was successively used in numerous investi-
gations, including constitutive testing (e.g., [5—7]), texture
evolution (e.g., [8]), and adiabatic shear banding [9-11]. A
miniature version of the SCS was used for the characterization
of nanomaterials [12], and a modified SCS geometry was
developed to investigate the mechanical response of polymers
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[13, 14]. An analytical data reduction scheme was proposed
by [15].

The shear deformation mode, which is dominant within the
gauge section, allows for large strain testing, but the failure of
the specimen occurs in the fillet regions where stress concen-
tration exists, as observed in Ref. [16] for adiabatic shear band
investigations. Hence, accurate failure parameters cannot be
extracted directly from the stress—strain curves which repre-
sent the mechanical fields within the gauge section. The early
failure in the gauge fillets limits also the range of achievable
plastic strains. The fracture location is difficult to predict [17],
as it may either be on the upper or the on lower fillets, some-
times even alternating between them.

In this study we introduce a modification to the common
SCS specimen which addresses and solves the above men-
tioned drawbacks. In the modified specimen, the two dia-
metrically machined gauges are now semi-circular (instead
of rectangular). This modification induces large strains on
the mid-section section of the gauge without the sharp
edges and stress concentrations of the former rectangular
gauges.

The study is divided into three main parts. In the first part,
the new specimen is introduced and evaluated numerically in
comparison with the rectangular one. In the second part, we
confirm the potential of the new specimen experimentally by
characterizing the flow behavior of as received cold drawn
round 1020 steel bars, subjected to quasi-static and dynamic
compression and quasi-static tension. In the third part, the
results are validated numerically and comparisons are report-
ed. The results are then discussed and conclusions are drawn
in the last section.

Numerical Evaluation of an SCS with Circular
Gauge

The numerical analyses were performed with the commercial
finite element software Abaqus standard and Abaqus explicit
6.12-2 [18]. The purpose of the numerical simulations is to
demonstrate that:

1) The field variables such as Mises stress (i), pressure
and equivalent plastic strain (¢,7") are evenly distributed
on the mid section of the circular gauge during the entire
loading history.

2) The evolution of the average Mises stress and equivalent
plastic strain on the mid section of the circular gauge
replicate the material property (which is input to the
simulation).

3) Compare the new type of specimen to the older one with a
rectangular gauge cross section in terms of stress—strain
and failure characteristics assessment.

SEM

Geometry

A modified SCS specimen, which differs only by the shape of
its gauge was examined numerically. The modified SCS is
shown in Fig. 1: A front view is shown on Fig. 1a; A side
view in Fig. 1b; A cut view perpendicular to the gauge is
shown in Fig. lc.

The dimensions of the specimen are: H=20[mm],D=
10[mm],t=1.6[mm)]. The circular gauge has a radius of r=
1.5[mm]. The gauge width is W=2r=3[mm]. The vertical
height of the gauges is & = 2v/2 r = 4.24 [mm)].

Numerical Model, Mesh, Boundary Conditions
and Material Property

Due to symmetry of the specimen, only half of the physical
model is included in the numerical model. The meshed com-
putational model is shown in Fig. 2. The front, back and side
views are shown in Fig. 2a, b, c respectively. The typical mesh
shown in Fig. 2 has 85,901 nodes and 78,800 linear hexahedral
elements of type C3D8R. The seed size within the gauge is 0.2
[mm]. A vertical displacement of 4 [mm] was applied on the
upper face of the specimen (Fig. 2b). Symmetry conditions
were applied along the cut (Fig. 2¢) and on the bottom face
(Fig. 2b). The center point of the bottom face was fixed
(Fig. 2b). When an explicit solution scheme was used, the
displacement load was applied “slowly”—during 0.001 [s].
Elasto-plastic material model with Mises plasticity was used
for the specimen. The density: 7870 [2£]; Young modulus: 210
[GPa]; Poison ratio: 0.3. The flow stress versus the equivalent
plastic strain is shown in the sequel (Fig. 7). These properties
do not represent a particular steel but are common for steels.

Numerical Results

The deformed specimen with the circular gauge is shown in
Fig. 3. The distributions of the equivalent plastic strain and
Mises stress are shown on the deformed specimen in Fig. 3a
and b, respectively. The deformation and distributions which
are shown in Figs. 3 and 4 are typical for large plastic defor-
mations and correspond to applied vertical displacement of
d=2.4 [mm] which is applied strain of €.q = % =0.57.
The results show that the Mises stress and the equivalent
plastic strain are distributed quite evenly over a wide portion
of the width w. This even distribution indicates a proper
choice of dimensional parameters. End effects (shown in
Fig. 3a,b) are noticeable on both fillets of the gauge, in which
the width of the area of uniform distribution become smaller
and inclined upwards on the left and downwards on the right.
Stress and strain distribution along the mid-section of the
circular gauge specimen are shown in Fig. 4. The distributions
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Fig. 1 An SCS specimen with a circular gauge. a. Front view b. Side
view. ¢. A cut view (A-A) perpendicular to the gauge inclination

of the equivalent plastic strain, Mises stress and hydrostatic
pressure are shown in Fig. 4a, 4b and 4c respectively. The
quite uniform distributions can clearly be observed.

The results of the new SCS were compared numerically to the
specimen having a rectangular gauge cross section. The equiva-
lent rectangular type is shown in Fig. 5. All dimensions are
identical to those in Fig. 1, except of the rectangular cross section
of the gauge which has the same thickness 7 and width w=2r. A
small radius of curvature r=0.25 [mm] exists in the comer.

A ductile failure criterion was added to the analyses of the
two types of specimens. According to the failure criterion, an
element is failed and deleted when the equivalent plastic strain
reaches an arbitrarily set value of 5{;= 1.2. A vertical displace-
ment of 4 [mm] was applied on the top face of both specimens.
Both specimens failed and are shown in Fig. 6. The rectangu-
lar type gauge is shown in Fig. 6a and the modified specimen
with the circular gauge in Fig. 6b.

The failure patterns of the specimens are different. The
rectangular type specimen failed at the corners where stress
concentrations exist. A crack started simultaneously on the
upper left gauge fillet and the bottom right fillet. The two
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Fig.2 The meshed numerical model. a. Front view. b. Back view. ¢. Side
view

cracks propagated towards the mid-gauge and coalesced at
the middle by creating an inclined crack segment.

The cracks on the circular type specimen started likewise
simultaneously at both ends of the gauge. Their initiation on
the left side was a bit above the center line while on the right
side a bit below it. They both propagated towards the center of
the gauge, approximately at mid-height of the gauge..

The average values on the mid-section were estimated at
each time interval by taking the average values of all elements
along the two paths shown in Fig. 4a. The average Mises
stress (oies) against the averaged equivalent plastic strain
(ep) for both specimen types are shown in Fig. 7. These
values are compared to Abaqus input for the material stress—
strain curves. It can be observed that the average values on the
mid cut section of both specimens replicate very well the input
material behavior (g,,0) which was the input for the analyses.

It can also be observed that the rectangular type specimen
failed at £,~0.7 while the circular type failed at £,~1.05, ac-
cording to the above-mentioned failure criterion. Since the
failure strain was set to £,=1.2, this result means that the
rectangular type specimen could characterize the flow behav-
ior of the material only up to 58 % of the failure strain, while
the circular type could do it up to 88 % of the failure strain.

Figure 8 shows the applied load-displacement curves (d,p) for
both types of specimens. The displacement is normalized by the
vertical height of the gauge h and the load by the vertical projec-
tion of the area of the mid-cut section (D-¢). The parameters 4, D
and ¢ are shown in Figs. 1 and 5. The results indicate that the load
to failure of the circular type specimen is 21 % higher than the
rectangular one. This is because slf; is 50 % higher for the circular
specimen at failure. The applied displacement to failure of both
specimens are rather comparable: For the circular specimen, it is
~6 % lower than that of the rectangular one.

The triaxiality (¢.) and the Lode parameter (1) are defined
by Egs 1-2 ([19, 20]) as:

p
=+ 1
- (1)
_ 20’2_01—0'3 (2)
01703

Where the pressure (p) and the equivalent Mises stress (o) are
given in Egs. 3-5

1 1
p:_Um:_EUj[:_§(0-1+UZ+U3) 3)
3
O = ES,‘jS,‘j
1 2 2 2
= \/5 {(01—02) + (02—03)" + (03—0)) ] (4)
Sij = O'ij_O'mI (5)
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The stresses oy, 0, and o3 are the principal stresses with
01>0,>03.

The values of the Lode parameter varies between —1
and 1 (-1<u<1). Three special cases are associated
with the values: —1,0 and 1, which are : generalized
tension, generalized shear and generalized compression.
The generalized compression case in which o,=0, is
illustrated in Fig. 9.

These two parameters are important since they are known
to influence the flow behavior and ductility (equivalent plastic
strain to failure) of materials [19-24]. Fig. 10 shows the var-
iation of the averaged triaxiality and Lode (¢, ;1) parameters
during the plastic deformations. The results indicate that
the averaged triaxiality (#,) on the mid-section of both
specimens during plastic deformation is quite similar.
When the mid-section yields, the triaxiality is ~0.3 and
during accumulation of plastic deformation it reduces,
reaching ~0.2 at failure.

The behavior of the averaged Lode parameter (1) on
the mid-section of both specimens is quite different.

SEM

For the rectangular type specimen it is ~0.9 at yield,
decreasing with increasing plastic strain to reach
~0.5 at failure. On the other hand p of the circular
specimen is rather constant and ranges between
0.45<.<0.6.

Constant values of . and y are desirable during the plastic
deformation, hence the circular type specimen has a distinct
advantage over the rectangular type.

Data Reduction Technique

During an experiment with an SCS, the applied load (P) and
vertical displacement (d) are measured, as shown in Fig. 8
from numerical simulations. The goal of the data reduction
technique is to transform the measured d-P curve on the spec-
imen face into the characteristic o,—¢, of the material. It was
shown that the averaged o—¢ on the mid-section represents
well the o,—¢,. The procedure is similar to what is detailed
in [2—4]. First we map the applied displacement d for d>dy
into the averaged equivalent plastic strain €, (Eq. 6). Next, we



Exp Mech (2015) 55:1627-1639

1631

(a)

plastic strain

+1.200e+00
+1.081e+00
+9.620e-01
+8.430e-01

mid-cut section

+1.000e-02 path 2

+0.000e+00

(b)

Mises [Pa]

+8.418e+08
+8.076e+08
+7.734e+08
+7.392e+08
+7.051e+08
+6.709e+08
+6.367e+08
+6.025e+08
+5.684e+08
+5.342e+08
+5.000e+08
+4.423e+07

(c)

Pressure [Pa]

+6.422e+08

-3.245e+08

Fig. 4 Stress and strain distribution along the mid-section of the circular
gauge specimen at vertical applied displacement of 2.4 [mm]. a.
Equivalent plastic strain distribution. ¢. Mises stress distribution. d.
Hydrostatic pressure distribution

map the applied load P for P>Py into the averaged Mises
stress (Eq. 7).

N d—dy\'

=) ki+2< . Y) ford > dy (6)
i=1

_ P

o :k1<1_k28>D_-l‘f0rP>PY (7)

Io

section A-A

Fig.5 An SCS specimen with a rectangular gauge. a. Front view b. Side
view. ¢. A cut view (A-A) perpendicular to the gauge inclination

The total strain is: € = €, + €, = ¢, + %. For most metals the
elastic strain is negligible in comparison with the plastic strain
(5e << 5p), hence using e=¢, is justified. The yield point
(dyPy) on the applied load-displacement curve (P-d), which
corresponds to (y07y) is shown in Fig. 8.

Figure 11a shows the variation of the averaged plastic
strain (g,) on the mid-section of the gauge with the applied
normalized displacement € = % for both types of specimens. It
can be observed that for the rectangular gauge the dependence
is almost linear and an approximation using N=1 of the type :
ep = k3 d_hﬁ is sufficient for accurate mapping, as it has been
done for example in [1, 5, 7]. For the circular gauge the de-
pendence is clearly nonlinear, hence N=2 or 3 must be used
for accurate mapping.
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Fig. 6 Failure patterns of specimen. a. A rectangular gauge specimen. b.
A circular type specimen
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Fig.7 Comparison of the averaged values (sp, UM,M) along the mid-cut
section obtained by both types of specimens to the input material property
(p,0) to Abaqus

Figure 11b shows the variation of the averaged Mises stress
on the mid-cut section of the gauge with the applied normalized
load (£-) . The variation of both specimens is similar. The plastic
region for which (Py, oy) < (P,0) < (Py,0s) where (Pyoy)
is the yield point and (P;0y) is the fracture point, is emphasized.

In order to verify the data reduction technique, a 4 [mm]
displacement was applied numerically on both types of spec-
imen without using a failure criterion. The reason for that is to
avoid setting a limit on the maximum ¢, on the mid-section. A
displacement of 4 [mm] resulted in maximum &,~1.0 and €,~1
.4 for the rectangular and circular gauge, respectively.

The data reduction technique was utilized with a Matlab
[25] user code using least squares. For the circular gauge N=3
was used in conjunction of Eq. 6 and for the rectangular gauge
N=1 and N=2 were used. The coefficients which correspond
to Eqs. 1-2 are summarized in Table 1.
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Fig. 8 Comparison of the applied normalized load—displacement curves
for both types of specimen
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Figure 12 shows the resulting approximations of o—¢,, with
Egs. 1-2 and coefficients of Table 1, together with the input to
Abaqus, o—¢,,. It can be observed that all 3 approximations
replicate the input curve o—¢, very well. A slightly better
approximation is achieved for the rectangular gauge when
two coefficients (N=2) are used with Eq. 6.

Experimental Results

The quasi-static tests are detailed in section 3.1 while the
dynamic tests are detailed in section 3.2.

Quasi-Static Tests

All specimens were manufactured from cold drawn round
steel bars C22E (DIN) or 1020 (AISI/SAE) having a diameter
of 12 [mm]. The material was tested in the as-received
ondition. Dog-bone, cylindrical, and both types of SCS spec-
imens were machined.

The cylinders and SCS specimens were sandwiched be-
tween loading rods and compression was applied, while the
dog-bone specimens were tested in tension. All specimens
were tested quasi-statically on a servo-hydraulic MTS ma-
chine (model X) with a crosshead speed of 1 [mm/min]. The
vertical displacements were measured with an optical laser
extensometer, while force values were obtained from the load
cell of the MTS machine. The tests stopped when the speci-
mens deformed drastically or instability occurred. The dimen-
sions of the dog-bone type and cylinder type specimen are
shown in Fig. 13, and the dimensions of the circular and rect-
angular gauge SCS are given in Figs. 1 and 5 respectively. The
average results of €,—c of five cylindrical specimens, four
dog-bone, three rectangular SCS and four circular SCS are
shown in Fig. 14. The results of both types of SCS specimens
were obtained with the aid of the data reduction technique
detailed in section 2.4. The SCS results will be validated nu-
merically in the next section.

A very good agreement can be observed between all types
of specimens regarding the large strain flow behavior espe-
cially for 0.15<¢,>1.0. It can be observed that the pressure
effect in quasi-static loading is negligible, since the tensile
dog-bone yields results that are similar to those of the com-
pression cylinders. The cylinders and the SCS specimens had
the same diameter (10 [mm]). The cylinders could character-
ize the steel up to strain of €,=0.5. The rectangular SCS could
do it up to £,=0.7, while the circular SCS could do it up to
€,=1.0. Such an observation was predicted by the numer-
ical simulations reported in section 2.3.

Dynamic Tests

The cylindrical and both types of SCS specimens were tested
in a Kolsky (SHPB) apparatus [26]. The averaged ¢,—¢
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Fig. 9 Illustration of the
generalized compression case:
p=1=>0,=0, for the case 0y,03>0
%!

results of 5 cylinders, 5 circular and 4 rectangular SCS are
shown in Fig. 15. All the results (not just the average) are
detailed in Appendix A. It can be observed that for low plastic
strains (£,<0.3) both SCS results oscillates due to inertial
effects. These oscillations could be smoothed [3]. In that re-
gime the results obtained by cylinders give more reliable re-
sults. For larger plastic strain (¢,>0.3) there is a good agree-
ment between the results obtained by both types of SCS.
While the rectangular SCS could characterize the flow behav-
ior up to £,=0.56, the circular SCS reached ¢,=0.73.

The average strain rate of the cylinders, SCS rectangular
gauge, SCS circular gauge is 1960, 6110, and 9360 [1/s] re-
spectively. The strain rate for the SCS specimens was calcu-
lated from the time derivative of the equivalent plastic strain
on the mid section Eq. 6.

The results obtained for the SCS by using the data reduction
technique (which was developed for quasi-static regime) must
be validated numerically. This is done in the next sections.

All the dynamically tested SCS fractured in the gauge section,
as expected. The two types of SCS specimen prior to testing are
shown in Fig. 16 a and b. The dynamically fractured rectangular
specimen is shown in Fig. 16c. It can be observed that the frac-
ture occurred in the gauge fillet where stress concentration exist
due to the 90° edge. The fractured circular specimen is shown in
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% ———— Lode parameter
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5 064 !
o Ve % SPSTEVSTONN -
o LY IR L, o X
‘g DR TES peane |
2 04 1
o 1
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\
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0 0.2 04 0.6 0.8 1
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Fig. 10 Variation of the averaged triaxiality and Lode parameter along the
mid-cut section during plastic deformations for both types of specimen

03 — 0,

Fig. 16d. By contrast, fracture of the circular SCS did not occur
in the fillet and propagated roughly at mid-height of the gauge.

Numerical Validation

The quasi-static and the dynamic tests of the SCS specimens
were simulated numerically for validation purposes.

(a) , ‘ ‘
1 /
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c ==SCS rectangular gauge
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g 06 - Pl 4
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02 - i "ﬂ’ i H 4
,a/ o = d)-
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Fig. 11 a. Variation of the averaged plastic strain (5p) in the mid-cut
section of the gauge with the applied normalize displacement (%) b.
Variation of the averaged Mises stress (o) in the mid-section of the
gauge with the applied normalized load (D%)

SEM



1634

Exp Mech (2015) 55:1627-1639

Table 1  Coefficient for data reduction
N Circular gauge Rectangular gauge

3 1 2
ky 0.93 0.98 0.98
k> 0.23 0.28 0.28
ks 3.40 1.08 1.32
k4 -3.73 - —-0.35
ks 1.80 - -

Validation of the Quasi-Static Tests

The numerical details are presented in section 2.2. Both types
of SCS specimens were validated numerically using a trial and
error procedure. The numerical validation involves applica-
tion of displacement and calculation of the load which is re-
quired to apply the displacement. A validated ¢,—o curve is
the one for which the numerically obtained d-P curve coin-
cides with the experimentally measured d-P curve. Conver-
gence means that the material property €,—o is correct. Re-
sults from the trial and error procedure are shown in Fig. 17
for the circular gauge SCS. A “first guess” for the ¢,—o was
based on the experimental results shown in Fig. 14. It is shown
in Fig. 17 that the d-P curve which resulted from this “first
guess” is considerably higher than the three measured d-P test
results. A “second guess” in which the flow stress was 10 %
lower was used. The resulted d-P curve was slightly lower
than the experimental d-P one. A “third guess” in which the
flow stress was 7 % lower than the first guess was then used. It
can be observed in Fig. 17 that a very good agreement exists
between the numerical and experimental d-P curves. The
“third guess” is considered as converged, and the correspond-
ing £,—o represents the material property.

x10
° 'HM‘*
8 -
7 .
_ 6
S o rectangular gauge N=1
o 5 A rectangular gauge N=2
3 4 * circular gauge N=3
® —input
3
2
1
00 0.2 0.4 0.6 0.8 1 1.2 1.4

plastic strain

Fig. 12 Comparison between the approximations of 0—¢,, with Eqs. 1-2
and coefficients of Table 1 to the input of Abaqus o—¢,
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The converged ¢,—0c curves for both types of SCS as well
as the “first guess” which represents the experimental results
shown on Fig. 14 are shown in Fig. 18. The “first guess”
represents basically the cylindrical specimens’ results for
which the Lode parameter equals 1 (z=1). The flow stresses
of the rectangular gauge SCS are 3 % lower and the flow
stresses of the circular gauge SCS are 7 % lower. These small
differences might be due to the difference in the value of the
Lode parameter which is shown in Fig. 10. The lower the
Lode parameter the lower the flow stress, as reported in [22].

Validation of the Dynamic Tests
Numerical Model, Mesh and Boundary Conditions

The numerical model included 3 parts: 1) Half of the incident
bar. 2) The SCS specimen. 3) The transmitted bar. The assem-
bly of these parts is shown in Fig. 19a. The specimen was
aligned with the bars as shown Fig. 19b. Because of symmetry
only half of the three parts above were modeled, as shown in
the cut section of Fig. 19c.

The model uses a total number of 311,620 linear hexahedral
elements of type C3D8R. The half incident bar, the SCS spec-
imen and the transmitted bar has 109,080, 79,320 and 123,220
elements. The mesh is shown in Fig. 19b. The mesh size in the
SCS gauge region is ~0.2 [mm] and on the bars ~1 [mm].

Symmetry conditions were applied all along the assembly
on the face shown in Fig. 19c. Frictional contact conditions
were applied between the SCS bottom and top face and the
incident pulse bar and transmitted pulse bar (accordingly). A
coefficient of friction 0.1, which corresponds to lubricated
metal surfaces was used. The load was applied at the right
end of the half incident bar. At that location in the experimen-
tal setup, a strain gauge is used to measure the incident and
reflected pulses. The measured incident strain pulse multiplied
by the Young’s modulus of the bars was applied as a pressure.
The pressure variation and its digitation for the validation of
the circular gauge specimen are shown in Fig. 20.

Material Models and Properties

Elastic material model was used for the SHPB which are made
of C300 maraging steel (Table 2). An adiabatic elastic-plastic
material model was used for the 1020 steel (Table 2). The
stress-plastic strain curve which was input into Abaqus for
the rectangular and circular gauges is shown in Fig. 21. The
experimental plastic strain results of the circular gauge SCS
reach a value of £,=0.73 while the rectangular reaches
€,=0.56. The purpose of the analysis is to validate the
stress—strain results in these regimes.

A ductile failure criterion [27] was used. An element failed
when the equivalent plastic strain reached a value of 2.5. A
displacement type damage evolution [27] of 10 [um] was
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Fig. 13 Geometry and 10
dimensions of the cylindrical and
dog-bone specimens. All B
dimensions in [mm] f_ | b
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used. These values were used because they yield a good agree-
ment between the experimental and the calculated transmitted
interfacial forces.

Numerical Results

Figure 22a shows a comparison between the experimental and
numerical results for F,,,, the interfacial transmitted force, of
the rectangular SCS, while Fig. 22b does it for the circular
SCS. The o—¢,, curves which were used for each SCS type are
shown in Fig. 21. A very good agreement can be observed for
both types of specimens. Note that the numerical o—¢,, results
are divided into two regions: 1) The region for which £,<0.56
for the rectangular gauge. 2) The region for which €, <0.73 for
the circular gauge. For the small plastic strains (up to £,=0.56
for the rectangular gauge and up to £,=0.73) the 0—¢,, input
was according to the experimental results shown in Fig. 15,
with an extrapolation at larger strains in excess of ¢,=2.5. The

x10
8 dog-borie 7"/ /7—’-
. / ] SCS circular gauge |
/4
. oyin ders SCS rectangular gauge
o 4
®
2
0 J
0 0.2 0.4 06 08 !

plastic strain

Fig. 14 Averaged flow stress vs. plastic strain obtained by dog-bone
(tension), cylinders and both types of SCS (compression)

behavior of 0—¢, at large plastic strain as well as the failure
strain and the damage evolution values were all chosen to fit
the experimental F,,, results.

The results indicate that there is a difference of ~8 % be-
tween the characteristic flow stress obtained with the circular
SCS and the rectangular one, with the first being lower. The
reason might be the difference in the triaxiality and/or Lode
parameter during the plastic deformation, as reported in [23].

The Lode parameter is associated with the third stress invari-
ant of the stress deviator. The classical J2 theory of metal plas-
ticity assumes that the plastic flow is independent of the hydro-
static stress and the Lode parameter, but recent experiments on
metals [22] have shown that both the effects of pressure and the
third deviatoric stress invariant (Lode parameter) should be
included in the constitutive description of metals.

The variation of the averaged #. and 1 along the mid-section
of both types of SCS specimens during plastic deformation are
shown in Fig. 23. The average values during plastic strain

14210
/N
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EISE) A |
o\ scs
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I A - /
70 N A TN
T 8" 1 ' K K ,..-:\’;~.\,_,.\__‘ i
a ] T TSR T D N -
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2 6 M \ / i
@ - cylinders
4+ SCS B
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0 | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
plastic strain

Fig. 15 Averaged flow stress vs. plastic strain obtained by cylinders and
both types of SCS

SEM
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(c) (d) Fig. 18 Characteristic stress—strain curves for steel 1020 loaded quasi-

Fig. 16 SCS specimens prior and after testing in a SHPB. a. Rectangular
type SCS prior to impact. b. Circular type SCS prior to impact. ¢. Side
views of a broken rectangular type SCS. Note that the fracture propagated
entirely along the fillet. d. Side views of a broken circular type SCS. Note
that the fracture propagated roughly at mid-height of the gauge. The
fracture paths compare very well with those shown in Fig. 6

variation 0<¢,<0.7 are : t, = 0.28 and p = 0.77 for the rect-
angular SCS, and ¢, = 0.36 and ;. = 0.53 for the circular SCS.
While the triaxiality variation in both types of specimens is sim-
ilar, the variation of Lode parameter is not. The y variation in the
circular gauge specimen is significantly lower. Lower positive
values of ;1 mean that the stress situation is getting closer to a

x10

15
first guess
T~
L
E 10 / \ second guess
§ é corjverged
3 i
B —e-test 1
_% —= test 2
s 5 A test 3
o i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

applied strain d/h

Fig. 17 Experimental and numerically calculated load—displacement
curves for various stress—strain curves showing the “trial and error” process

SEM

statically obtained by using cylindrical specimens, together with
rectangular and circular SCS

state of generalized shear while higher positive values means that
the stress situation is closer to general compression.

Summary and Conclusions

The Shear Compression Specimen has been used and validat-
ed in many instances. While many meaningful results have
been obtained with this specimen, there is a clear need to
overcome one main limitation, and to revisit the specimen
itself in terms of recent developments in the field of Solid
Mechanics.

The limitation of the conventional SCS is due to the rect-
angular nature of its gauge, which inherently comprises stress
concentration areas. Therefore, failure and fracture is always
forced to occur in those regions. Since the stress concentration
is very limited spatially to the fillets, it is not a real limitation
for the determination of stress—strain characteristics of a ma-
terial, over a large range of strains and strain-rates in a seam-
less manner, as stated in the original presentation of the spec-
imen. However, there is always a need to characterize more
mechanical parameters, one of them being the ductility to
failure of a given material.

Using a combination of experimental tests and numerical
simulations, a new gauge shape, semicircular, has been shown
to seriously reduce the influence of the stress concentrations in
the rectangular fillets, so that a marked increase in range of
characterized plastic strain (not ductility) could be achieved in
the experimental tests. This, in itself, is a very consequent
achievement for the determination of failure strains. In addition,
the new location of the failure path opens also new perspectives
for experiments with adiabatic shear banding and real time
thermal measurements, not to mention high speed imaging.

The Mechanics community has recently manifested a
renewed interest in the issues of stress-triaxiality and Lode
parameter. The conventional rectangular SCS design was
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Fig. 19 The model assembly (@)
which was used for the numerical
validation. a. The assembly. b.
Magnification of the specimen
area showing the mesh. ¢. A cut
section through the model
showing the face on which
symmetry condition were applied
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Fig. 20 The applied pressure

shown previously to have a relatively homogeneous distribu-
tion of its hydrostatic stress component in the gauge section.
The new cylindrical SCS design shows the same property. But
the numerical simulations shown in the present work show
one more advantage of the new SCS design, namely a rela-
tively homogeneous and constant Lode parameter, which was

Table 2  Material properties

Steel 1020 Maraging steel
Density p [%} 7870 8000
Young’s modulus E [GPa] 210 185
Poison’s ratio v 0.3 0.3
Inelastic heat fraction 0.9 -
486 -

Specific heat |:Kg4C:|

transmitted pulse bar

strain gauge

halfincident pulse bar

applied pressure
/

/

strain gauge

zoom area
(c)
SCS specimen Incident symmetry
A pulse
bar
section A-A

not the case for the former design. This too opens interesting
perspectives in the characterization of the mechanical proper-
ties with emphasis on stress triaxiality and Lode parameter.

Finally, one more point should be mentioned, which will be
the subject of a coming paper. Namely, while shear-
compression tests have become almost routine testing with
the SCS, shear-tension tests are almost never carried out for
the lack of proper specimens to achieve that state of stress. The
adaptation of the new circular SCS design for such tests
should be carried out.

Therefore, the conclusion of the present work regarding the
new gauge circular design of the SCS can be formulated as
follows:

* The failure locus occurs now at mid-gauge height as op-
posed to the fillets.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

plastic strain

Fig. 21 stress—strain plastic flow which was input to Abaqus
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» The resulting characterized plastic strain increase signifi-
cantly with the new design.

* Both the stress-triaxiality and Lode parameter are homo-
geneous and rather constant in the new circular SCS.

Those characteristics pave the way for additional re-
liable characterization of the mechanical properties of

materials.
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Fig. 23 The variation of the averaged ¢, and p along the mid cut section
of both types of SCS specimens during plastic deformation
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Fig. 25 Stress—strain results of four rectangular gauge SCS’s impacted in
a SHPB. The average strain—stress curve which was used in the text is
emphasized
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Fig. 26 Stress—strain results of five circular gauge SCS’s impacted in a
SHPB. The average strain—stress curve which was used in the text is
emphasized
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