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ABSTRACT

This paper presents the results of an investigation into the punch shear behaviour of
polycarbonate. First, supported punch shear tests were carried out using injection moulded disk
specimens. Ductile material behaviour was observed during the punch shear process which
consisted of an elastic stage, a prolonged deformation stage, and an abrupt shear-out stage at a
large displacement. The complex damage mode was investigated with the aid of scanning
electron microscopy. Notably, it was found that a circumferential tensile crack existed in the
punched-out specimen, indicating that tensile deformation played an important role in the punch
shear process. An axisymmetric simple shear model was established assuming a uniform
deformation mode. The kinematic analysis indicated that very large shear and normal strains
occurred at high loads, validating the test observation that both tensile and shear damage can
occur during punch shear. In addition, a finite element analysis accounting for the large
deformation effect was performed. The predicted results of the average shear stress versus
normalized displacement curves were in good agreement with the test results and the numerical
results revealed that the punch tool clearance had a considerable influence on the punch shear
response. Finally, the identification of the potential damage location and the evolution of the
local plastic deformation were demonstrated.

1. INTRODUCTION

Polycarbonate is a transparent thermoplastic [1] commonly used in lightweight armour and other
applications ranging from safety goggles to aircraft windshields. Polycarbonate possesses an
unusually high ballistic resistance to penetration and perforation due to its high ductility and high
strength over a wide range of strain rates and temperatures. Shear properties have been identified
as playing a significant role in the energy absorption behaviour during ballistic impact on
polymers and composite laminates. Several well established test approaches are available to
characterize the shear behaviour of polymers and fibre composites, which include: torsion of
thin-walled tubes, losipescu shear, V-notched rail shear, and punch shear [2-4]. In particular, the
punch shear test approach is widely employed to determine the through thickness shear
properties of polymers and composites, especially for materials in sheet form [3-4].

Liu and Piggott [4-6] evaluated the shear strengths of several thermoplastic polymers (including
polycarbonate) as well as epoxy materials employing both punch shear and losipescu shear
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approaches. It was concluded that the punch shear test may provide more reliable results. They
also found that a circumferential tensile type crack existed in the plugged-out part of the
polycarbonate, polyvinyl chloride, polymethyl methacrylate and polyamide specimens tested in
punch shear [6]. Mitsomwang and Nagasawa [7] studied the cutting characteristics of a thin
polycarbonate sheet subjected to a straight punch/die shearing. The punch tool clearance and
feed speed of the shearing process were varied and investigated. Dynamic punch tests of
polycarbonate have also been investigated by a number of researchers [8-9]. Husain et al. [8]
studied the response of polycarbonate plate subjected to normal impact by blunt and truncated
cone projectiles experimentally and numerically. They found that more energy was absorbed in
the shear plugging process with the blunt projectile as compared to the truncated cone projectile.
Bilyk [9] presented a detailed computational analysis of the dynamic punch shear test using the
Arbitrary-Lagrangian-Eulerian code ALEGRA. The validity of a conventional viscoplastic
constitutive relation and the failure criterion for polycarbonate was determined based on their
ability to predict the observed mechanical response. Finally, it is noticed that a number of
researchers have developed ballistic penetration models for fibre composites based on the results
of the punch shear test [10-12].

This investigation consists of test, analysis and numerical simulation of the punch shear
behaviour of polycarbonate. In the experimental study, supported punch shear tests were carried
out on injection moulded disk specimens. Ductile behaviour of the materials was demonstrated
by the load versus displacement curves and damage mode was examined with the aid of scanning
electron microscopy (SEM). To understand the complex damage behaviour observed in the test,
a simplified axisymmetric model was established in which a uniform deformation in simple
shear mode is assumed. The kinematic analysis reveals that significantly large shear and normal
strains exist at high load levels. Finally, a nonlinear finite element analysis accounting for the
large deformation effect was performed. The influence of the punch tool clearance on the punch
shear response was studied and the predicted results of average shear stress versus displacement
curves were compared with available test results. Moreover, the potential damage location and
the evolution of the plastic deformation were also illustrated.

2. PUNCH SHEAR TEST OF POLYCARBONATE

2.1 Experimental

Polycarbonate Lexan 143R, an injection grade polycarbonate, was employed to fabricate the
punch shear test specimens. Circular disk specimens of 63 mm in diameter and 3 mm thick were
produced using injection moulding.

Figure 1(a) illustrates the schematic drawing of the supported punch shear test setup employed in
the present investigation [3-4]. The central portion of the disk specimen is clamped in the punch
assembly (highlighted in blue color in Figure 1a) using a threaded fastener through a central hole
in the specimen. The outer portion of the specimen is then clamped between two rigid steel
blocks. By pushing the punch assembly using a material testing machine, the inner portion of the
specimen moves downward relative to the fixed outer portion, producing a shear deformation
through the thickness of the specimen. In this study, all the punch shear tests were carried out
using a load-frame at a crosshead speed of 1.25 mm/minute [3]. Figure 1(b) demonstrates a
deformed specimen in which the central portion is sheared out from the specimen.
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Figure 1. (a) Punch shear test setup; (b) Plugging out of the central part of the specimen.

2.2 Test Results

Figure 2 represents the average shear stress versus the normalized displacement curves of three
specimens obtained from the supported punch shear. As shown in the figure, the punch shear
process consists of an elastic stage, a prolonged deformation stage, and an abrupt shear-out stage
at large displacement. There are an obvious first peak load (P1) and a maximum peak load (Pmax)
which correspond to the average yield strength and average shear strength of the material,
respectively. The average yield strength obtained is 38.8 MPa and the shear strength is
77.0 MPa, indicating a significant hardening effect beyond yielding.
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Figure 2. Average shear stress versus normalized displacement curves.

Further loading beyond the maximum load would result in a ring being plugged out from the disk
specimen. This ring consists of two damage zones (“I” and “II” in Figure 3a) on the shear



surface, separated by a circumferential crack. The two damage zones are identified by the very
different roughness, as shown in the SEM image in Figure 3(b).
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Figure 3. (a) Schematic of punch shear; (b) SEM of sheared-out ring showing different damage
zones.

Figure 4(a) represents an SEM image with a higher magnification for the cracked surface in zone
“I” of the polycarbonate specimen. Obvious ridges and valleys on the surface show the
representative tensile crack surface. On the other hand, as shown in Figure 4(b), there are no
obvious oriented damage bands in the damage zone “II”” and the surface is fairly smooth.
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Figure 4. (a) Surface of damage zone “I”’; (b) Surface of damage zone “II”.



3. SIMPLIFIED ANALYSIS OF AXISYMMETRIC SIMPLE SHEAR
3.1 Model and Analysis

The punch shear process of the disk specimen depicted in Figure 1 can be assumed to be under
an idealized axisymmetric condition. In addition, it was observed that the deformation was
localized in a very narrow zone which is induced by a usual very small clearance () between the
punch assembly and the fixed steel blocks [3-4, 7]. Therefore a simplified axisymmetric model
shown in Figure 5 is established to allow a kinematic analysis using the large deformation
theory. It should be noted that the uniform deformation mode is similar to the well-known simple
shear deformation in 2-dimensions [13-15]. Hence herein it is referred to as axisymmetric simple
shear.
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Figure 5. (a) Simplified punch shear scheme (not in actual scale); (b) Axisymmetric simple shear
deformation of an element of thickness h.

Let X and x denote the position vectors of an arbitrary material point in the reference and
deformed configurations, respectively. As illustrated in Figure 5(b), the deformation of the
simplified shear process (with displacement u) can be described by

x=X+u=Xl+[Y+y(X—Ry))Im+7Zn [1]

where X, Y, Z are the coordinates in the reference configuration and /, m, n are the unit vectors of
the global coordinate system. Designating ¢ as the width of the material element in shear and u,,
as the displacement in the axial direction (Y), respectively, we have

Yy =uy/6 [2]
The deformation gradient tensor F can therefore be determined as
F = I®l + m®m + n®n + ym&l [3]

The right Cauchy-Green deformation tensor [15] is defined by C = FTF, where T denotes the
transpose. Using Equation [3], we have

C=(1+y3)I®l + m®m + n®n + y (I®m + m®l) [4]



Therefore the Lagrange strain tensor [15] is
E=-(C—D) =yl +y(I®m + m®l) [5]

where I is the identity tensor. Recalling Equation [2], the non-zero strain components are

JExx = %Vz = %(uy/5)2

1 1
Eyy = 2V =3 (uy/6) [6]
Eyx = Exy

It is seen that a normal strain component (E,,) exists in the deformation, although the global
loading is axisymmetric simple shear (Figure 5b).

According to the polar decomposition theorem [15], the deformation gradient tensor F can be
decomposed into a product of two tensors as

F=RU [7]

where R is a proper orthogonal tensor (R” = R™) and U is the right stretch tensor. The
eigenvalues of U are the principal stretches of the deformation since U is positive definite and
symmetric. For the present deformation in axisymmetric simple shear, we have

U = 41p1®P1 + ;P8P + A3p3®Pp3 8]
where the principal stretches (4; = 1, > 13) are expressed as
— 1\ 1
o= (14577) 7 43y
A, =1 [9]
\ A3 =27

Moreover, the orientations of the principal stretches are specified by the proper vectors p4,
p,, and p; as

p1 = cosOl + sinfm

p;=n [10]
p3 = —sinfl + cosfm
with
0 = 11:an‘1(2/y) (0< 6 <m/4) [11]
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3.2 Illustrative Results

Figure 6 plots the strain components (Equation 6) versus the applied displacement for 6/h =
0.05. It can be seen that both normal and shear strains appear in the shear process. As expressed
in Equation [6] and shown in Figure 6, shear strain E, varies with the displacement



proportionally while the normal strain Ex. varying quadratically. As indicated by the inset in
Figure 6, when the displacement is small, the dominant strain component is the shear strain Exy,
as expected. However, at large displacement, both Exx and Exy can be significantly large. Thus, a
tensile type failure is possible at large deformation.
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Figure 6. Comparison of normal and shear strain components in axisymmetric simple shear.

Figure 7 depicts the orientation angle (Equation 11) of the first principal stretch versus the
displacement for different §. It shows that at large deformations the inclination angle of the
principal stretch to the radial direction (X) could be very small. As shown in the subsequent
discussion, this angle describes the orientation of tensile cracks in the punch shear.
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Figure 7. Orientation angle of the first principal stretch.



Figure 8 represents an SEM image of the central portion of a specimen completely plugged out
from the original disk (See Section 2 for the details of the test setup). The orientation angle of the
principal stretch is also shown in the inset in the figure. A circumferential opening crack is
observed at approximately one third of the specimen thickness, along with a quite smooth
surface produced by shear. Similar crack modes in punch shear for polycarbonate and ultra-high
molecular weight polyethylene polymers were reported by Liu and Piggott [6], and Kurtz et
al. [16], respectively. The present simplified analysis provides an explanation of this unique
damage mode in punch shear test.

Figure 8. SEM image of a tested specimen (The global load is along Y direction).

4. FINITE ELEMENT ANALYSIS
4.1 Finite Element and Material Models

Figure 9 shows the finite element mesh used in this study employing four node axisymmetric
elements. The geometry parameters are shown in the figure. Throughout this study, ry =
55mm, R; = 31.5mm, h = 3mm are used for the finite element analysis. In addition, to
identify the influence of the punch tool clearance, three different cases are simulated with 6 =
0.05h, 0.1k, 0.15h. Note that for different §, the global geometry of the specimen is unchanged
by keeping Ry + 6§ = 12.7 mm. It should also be noted that the outer portion of the specimen is
fixed in the axial direction and the displacement load is applied to the central portion by
specifying an identical displacement for both the upper and lower surfaces. As illustrated in the
figure, finer mesh is employed for the shearing zone corresponding to the clearance and the final
mesh density is determined by a mesh convergence study.
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Figure 9. Axisymmetric finite element mesh and constraints.

The present study focuses on the quasi-static response in punch shear. Hence a bilinear elastic-
plastic (kinematic hardening) material model is employed to simulate the nonlinear behaviour of
polycarbonate. The material properties used are: elastic modulus E = 1000 MPa (secant
modulus), Poisson’s ratio v = 0.37, yield stress 6, = 50 MPa, and the hardening modulus H =
60 MPa. Figure 10 shows the material model and a comparison with the test data reported in
literature [17-18].
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Figure 10. Bilinear elastic-plastic material model.



To verify the material model and material constants employed, a plane simple shear test reported
by G'Sell and Gopez [19] was analyzed using the finite element method assuming a uniform
deformation mode. Figure 11(a) shows the dimensions of the rectangular material block in
shear. To reach the uniform shear deformation, the following displacement boundary conditions
are imposed to the rectangular material block [19] shown in Figure 11(a).

On plane ABCD: u,, =0,u, =0 [12]
On plane EFGH: u, =0,u, =8 [13]
Atpoint 4: u, = 0 (to eliminate rigid body motion) [14]

The rectangular block is meshed with 10 brick elements stacking in the Y direction. Moreover,
the loading displacement is specified incrementally in 300 equal steps and the average shear
stress is evaluated by the load corresponding to the displacement and the area in shear by

P
3 x 60

Figure 11(b) displays the predicted average shear stress versus the normalized displacement
curve along with the test results [19]. As shown in the figure, the predicted average shear stress
curve agrees well with the test result. The local shear stress also agrees well with the average
shear stress at low load levels, but drops significantly at higher loads. Therefore, at large
deformation levels, the average shear stress may not represent the actual shear behaviour of the
material.
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Figure 11. (a) A rectangular polycarbonate block in plane simple shear (dimensions in mm);
(b) Predicted response of plane simple shear and comparison with test results [19].

4.2 Results of Finite Element Analysis

Figure 12 plots the predicted average shear stress (7) versus the normalized displacement
(uy / h) curves for the cases of § = 0.05h,0.1h, 0.15h along with the test results (see Figure 2).
The average shear stress in the axisymmetric scenario is determined by



P
2nRyh

where P is the resultant force on the central part of the specimen. As can be seen from the figure,
the predicted average shear stress curve consists of two parts: an almost linear part up to an
average shear stress of about 30 MPa and a subsequent part up to 55 to 70 MPa (for different o)
at a reduced stiffness. The calculation is terminated at u,, /h = 0.667, at approximately the same
loading level as in the test. It is noticed that the punch tool clearance has a considerable influence
on the shear response. At u,,/h = 0.667, the predicted average shear stresses are 71.0 MPa, 67.2
MPa, and 61.9 MPa, for § = 0.05h,0.1h,and 0.15h, respectively. Finally, as shown in the
figure, the predicted average shear stress curves agree well in trend with the available test results
for almost the entire displacement range.

7= [16]
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Figure 12. Predicted and test results.

Figure 13(a) displays the predicted shape of the deformed specimen at displacement of
u, /h = 0.25, for the case of §/h = 0.1. The contour of the first principal strain is also depicted
in the figure to illustrate the deformation zone. It is noted that the first principal strain e; = In4,,
where A;is the first principal stretch as defined in Equation [8]. It can be seen from Figure 13(a)
that the deformation is localized in the zone around the punch tool clearance, as expected.

Figure 13(b) represents the distribution of the first principal strain at u,,/h = 0.25 (a magnified
image of Figure 13a). The location of the maximum principal strain is indicated by the arrows in
the figure. Assuming the first principal strain damage criterion, damage could occur if the
principal strain exceeds the failure strain. An example of the damage produced during the punch
shear test is demonstrated in Figure 8.
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Figure 13. (a) Deformed specimen; (b) Distribution of the first principal strain.

As shown in Figure 12, there is an apparent “yield” point at approximately u,,/h = 0.05 in the
average shear stress versus the normalized displacement curve. To illustrate the (local) plastic
deformation behaviour around the yield point, Figures 14 (a), (b), (c¢) and (d) demonstrate the
distribution of the equivalent plastic strain at Uy /h = 0.025, 0.049, 0.05,and 0.1, respectively.
As shown in the figure, local plastic deformation occurs at u,/h = 0.025 in the predicted

average shear stress versus the normalized displacement curve, well before the apparent “yield”
point (Figure 14a). As the load increases to u, /h = 0.049 , the plastic zone expands toward the

centre of the specimen (Figure 14b). And slightly further at u,/h = 0.05, the plastic zone

expands to the entire thickness of the specimen (Figure 14c). Further loading will expand the
plastic zone primarily in the radial direction, as demonstrated in Figure 14(d).
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Figure 14. Evolution of the equivalent plastic strain.



5. CONCLUSIONS

The following conclusions can be drawn from the present experimental, analytical and numerical
investigations:

e Ductile behaviour of polycarbonate was demonstrated and characterized by the punch
shear test using disk specimens. The punch process consists of an elastic stage, a
prolonged deformation stage, and an abrupt shear-out stage at large displacement.

e With the aid of scanning electron microscopy, the complex damage mode was observed.
In particular, it was found that a tensile type crack existed in the punched-out specimen,
indicating that tensile deformation played an important role in the punch process.

e An axisymmetric model was established assuming a uniform simple shear deformation
mode. The kinematic analysis indicates that significantly large shear and normal strains
exist at high load level, confirming the test observation that both tensile and shear
damages can occur during punch shear.

e A nonlinear finite element analysis accounting for the large deformation effect was
performed. Numerical results demonstrated that the punch tool clearance had a
considerable influence on the punch shear response and the predicted results of average
shear stress versus normalized displacement curves were in good agreement with the test
results.

e [t was demonstrated that the potential damage location can be identified using the
principal strain damage criterion. Moreover, plastic deformation may occur well before
the apparent yield point in the average shear stress versus displacement curve.
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