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Extruded microlayer sheets of polycarbonate /polyester (PC/PCTG) and polycar-
bonate /styrene-acrylonitrile (PC /SAN) were tested for ballistic performance. Com-
position of the microlayer sheets ranged from 60 to 100 percent polycarbonate.
The number of layers in the approximately 3 mm thick sheets ranged from one for
the blend control samples to 3713 layers in the PC/PCTG sheets. The normalized
ballistic test results showed that some samples performed as well as and slightly
better than injection molded polycarbonate samples. The failure mechanism was
affected by the composition and the number of layers. Increasing composition of
polycarbonate and number of layers decreased the percent of brittle failures.

INTRODUCTION

C urrently, the material of choice for eye protection
is polycarbonate. The impact resistance proper-
ties of polycarbonate are outstanding; however, the
scratch and chemical resistance of the material are
poor. There is a need for a material with good scratch
and chemical resistance while improving upon the
ballistic impact behavior of polycarbonate.

Recent studies with extruded microlayer sheets
have shown that many of the microlayer materials
possess mechanical properties superior to the sum of
the components (1-4). Im et al found that PC/SAN
microlayer sheets with the same thickness showed a
brittle to ductile transition corresponding to a sharp
rise in the impact strength and elongation at break
with increasing polycarbonate content (3). This tran-
sition shifted to a lower polycarbonate content with
increasing number of layers. The impact strength
also increased with the number of layers for a given
polycarbonate content.

A component that is chemical and scratch resis-
tant but brittle, could be used to produce a material
that has the ballistic resistance approaching or
matching polycarbonate while improving other prop-
erties over polycarbonate. This work examines ex-
truded microlayer sheets for ballistic performance.

MATERIALS

Extruded sheets of the polycarbonate/
poly(cyclohexane-1,4-dimethylene terephthalate)
(PC/PCTG) and the polycarbonate/poly(styrene-
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acrylonitrile) (PC /SAN) microlayer samples were pro-
vided by the Dow Chemical Company. The reported
grades of polymers in the PC/PCTG sheets are Cali-
bre 200-22 and Kodar 5445. The grades of polymers
in the PC/SAN sheets are Calibre 302-22 and Tyril
1000B except for samples 41A and 39B which also
contain a different polycarbonate grade XU 73049.03
(11 MFR). Table 1 gives a listing of the samples with
respect to polymer composition, number of layers,
and thickness, as well as the ballistic testing results.

EXPERIMENTAL

Ballistic performance was evaluated by testing the
sheets according to MIL-STD-662E Vj;, Ballistic Test
for Armor (5) using a high-pressure helium gas gun.
A 17-grain fragment simulator was used as the pro-
jectile. The test plaques were rigidly held in a sample
holder made from two 33 cm square, 1.9 cm thick
aluminum plates bolted together and placed in a
mount. Four 2.5 cm diameter holes in the plates
located in the center of each corner quadrant pro-
vided for the passage of the projectile through the
plaques. After each shot, the sample holder was ro-
tated in its mount to align the next sample. After a
set of four shots, the holder was removed from the
mount, opened, and the samples repositioned for the
next shots. A schematic of the test setup is shown in
Fig. 1.

Four light screens were used as triggers for timers
to record the time-of-flight of the projectile to deter-
mine the velocity of the projectile before and after
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Table 1. Actual and Normalized V, and V;, Values With Sample Description for the Microlayer Materials.

Sample % Composition  Second Number  Thickness Areal Density V. +() Vso £ () nV,. nVy.
ID Polycarbonate  Polymer  of Layers (mm) (kg/m?) (m/s) (m/s) (m/s) (m/s)
558 80 PCTG Blend (1) 2,64 3.18 205 @ 208 (3 19 197
49C 80 PCTG 1857 2,57 2,99 191 (B)e=eias “i(2) 495 196
49A 60 PCTG 1857 2.59 3.16 186 (10) 189 (4) 178 181
55A 80 PCTG 3713 1.98 2.70 163 7y ~ A8 - {8) 178 172
53A 60 PCTG 3713 2.72 3.31 200 (7) 202 9) 184 186
25C 100 1 2.90 3.40 221 (@) 2nss - [). . 200 198
25B 85 SAN Blend (1) 2.84 3.36 198 (10) 201 2 179 183
25A 70 SAN Blend (1) 2.95 3.33 125 {4y 146 (25) 108 129
15B 85 SAN 233 2.87 3.36 215 6) 211 (5) 196 193
13B 70 SAN 233 2.77 3.20 7 B e 7)) 107 108
19C 85 SAN 929 2.84 3.30 205 (4 204 (8) 189 189
19B 70 SAN 929 2.87 3.31 180 (1) 170 (5) 164 155
41A 80 SAN 1857 1.3 1:53 117 (5) 1417§ (3) 193 191
39B 70 SAN 1857 1.40 1.59 84 (10) 101 (8) 167 172
Injection molded100 1 3.20 3.99 221 (B)i=aBi8 L 4(6) . A70 168
Injection molded100 1 1.60 2.01 136 (4 130 (6) 187 180

*V, and V5, normalized to a 3 kg/m? areal density.
42T dT3 A 0.05 mm thick aluminum witness plate was used
|ﬂ12| o 2 to record complete penetrations. A complete penetra-
B - tion is defined as occurring “when the impacting
H B projectile, or any fragment thereof, or any fragment of
R = : = the test specimen perforates the witness plate, result-
Gun u g ing in a crack or hole that permits the passage of
: L} Catch Box light when a 60-watt, 110-volt bulb is placed proxi-
b t i e mate to the witness plate.” (5) A catch box, layered
with felt pads and DuPont Kevlar fabric, was used to
Target b stop the projectile.

Fig. 1. Diagram of ballistic test setup.

impact. The timers recorded the time-of-flight be-
tween screens 1&2, 2&3, 3&4, and 1&4 as a check.
From measurements of the distance between each of
the screens and target, and the time-of-flight be-
tween screens 1&2 and 3&4, the velocities at the
midpoint between each set of screens can be deter-
mined. The distances from the midpoint of screens
1&2 and 3&4 to the target are referred to as S1 and
S2, respectively. The striking and residual velocities
were determined by taking air resistance into ac-
count over S1 and S2 as shown in Egs I and 2 (6)

S1

V5=V12(1——-C—) (1)
S2

V.= V34(1——-C'-) (2)

where

V, = the striking velocity of the projectile
Vy, = the velocity at the midpoint between screens
1&2
S1 = the distance from midpoint between screens
1&2 and the target
C = correction constant, 52.4 m
V.= the residual velocity after penetration
Va4 = the velocity at the midpoint between screens
3&4
S2 = the distance from midpoint between screens
3&4 and the target.
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Two different characteristic velocities, Vi, and V,,
were calculated. Vg, the velocity at which 50 percent
of the impacts result in complete penetration, was
calculated from the arithmetic mean of the five high-
est partial and five lowest complete penetration im-
pact velocities. A complete penetration is defined as
an impact that causes a perforation of the witness
plate. A partial penetration is defined as an impact
that does not cause a perforation of the witness plate.
V., the critical velocity for complete penetration, was
calculated by fitting the following equations (7, 8)

V2=AV2-B (3)
B

VZ=— 4

R (4)

1/2

V.= (A(VZ-V2)) (5

where

Vs = the striking velocity of the projectile

V. = the residual velocity after penetration

V. = the critical velocity for complete penetration
A = the slope of the line

B = the intercept

|

to all striking and residual velocities where striking
velocity was greater than or equal to the lowest com-
plete penetration velocity. A minimum of 20 shots
was used for each set of samples, with at least eight
shots spread over the range from Vi, to approxi-
mately 120 m/s above the Vg,
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RESULTS AND DISCUSSION

The ballistic testing results are summarized in
Table 1. The ballistic testing results are not easily
discernible. These materials have different composi-
tions, number of layers, thicknesses, and areal densi-
ties. The failure mechanism is also important. It is
unacceptable for the material to produce spall when
impacted. Spall is the detachment or delamination of
a layer of material in the area surrounding the loca-
tion of impact, which may occur on either the front or
rear surfaces of the sample and is produced as a
result of a brittle failure mechanism.

Ballistic testing results are usually compared with
regard to the material's areal density. This is the
mass of the material per unit area or the density of
the material multiplied by the thickness. To compen-
sate for the various areal densities of the samples,
the V, and V;, values have been normalized to a 3
kg/m? areal density. This normalization is an accept-
able treatment based on data in Figs. 2 and 3 that
demonstrate a relationship between V, or V;, and
areal density with the exception of two PC/SAN sam-
ples. Linear regressions for the V, and Vg, vs. areal
density yield an average correlation coefficient of
0.951. Values for the 70/30 PC/SAN blend and 233
layer samples were not included in the regression, as
it is clear in Figs. 2 and 3 that those points are

* PC-PCTG
Ve + PC-SAN
(mys) « PC

— Trend Line

80 + t + + J
1.5 20 25 io0 35 4.0
Areal Density (kg/m*2)

Fig. 2. V, vs. areal density for microlayer sheets.

* PC-PCTG
VS0 * PC-5AN
(m/s) . PC

= Trend Line

80 1 t + + {
1.5 20 25 0 35 4.0
Areal density (kg/m"2)

Fig. 3. V5, vs. areal density for microlayer sheets.
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outlying values; however, values for two injection
molded polycarbonate samples from a previous study
were included (9) demonstrating the general applica-
bility of the relationship. V, and V, values were
normalized to a 3 kg/m? areal density by the follow-
ing equation,

V,=[la(ln3-In D)]+V (8)

where

V, = the normalized V, or V;, for the sample
V = V, or V;, for the sample
D = the areal density in kg/m?
a = the slope of the regressed line (0.8327 for V,
0.8017 for V).

A direct comparison between samples is now possi-
ble. The next variable to consider is the number of
layers. Since the normalization effectively changes
the dimensions of the sample, the number of layers is
no longer a meaningful value; instead the average
layer thickness is considered. A 3 mm thick sample
with 3000 layers is not the same material as a 2 mm
thick sample with 3000 layers but a 2 mm thick
sample with an average layer thickness of 0.001 mm
could be considered to be made of the same material.
Figures 4 and 5 show plots of the normalized V, and
V5o Us. the log of the average layer thickness. Most of
the data fall between 155 and 200 m/s for both
normalized V, and Vj,. The exception to this range
are the 70/30 PC/SAN samples. Samples with eighty
percent or more polycarbonate showed no effect of
layering. There is a significant improvement in both
the V, and V;, in the 70/30 PC/SAN samples that
occurs between the 233 and 929 layer samples. This
improvement continues into the 1857 layer sample
and is validated by the sixty percent PC/PCTG sam-
ples.

Figures 6 and 7 show plots of the normalized V,
and Vj, vs. the percent composition of polycarbonate.
For the PC/PCTG microlayer samples, the results
were rather uniform. For the precision of the test
method, the differences in the results may be statisti-
cally insignificant. The precision in the V, is deter-

00 + A
o %] *
190 + *m a
L-]
ISR e o a @ 60%PC-PCTG
170 + = a * 80%PC-PCTG
Vems) 160 1 = B T0%PC-SAN
Normalized
o 3kgmr2 150 + " B0%PC-SAN
140 + B 85%PC-SAN
130 4+ A PC
120 +
110 + g e
100 s : b E —
0.0001  0.001 0.01 0.1 1 10

Log of the average layer thickness (mm)

Fig. 4. V. normalized to 3 kg / m? vs. log of the average layer
thickness.
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mined by the x-intercepts of a confidence band for
the regression of each ballistic data set (10). A 95%
confidence interval for the V, is given as the + asso-
ciated with each V, in Table 1. The precision in the
V5o can be estimated by the range in each data set
used for the calculation of V;,. This range is repre-
sented as the + associated with each Vy, in Table 1.
The range is not a true + since the calculated Vg,
need not be centrally located within the range.

200 4
* ] -
g & L

190 = =]

180 + ° A B & 60%PC-PCTG

m+ 0 - * 80%PC-PCTG
V50 (mfs) 160 + o 70%PC-SAN
MNormalized -]
w0 3kgme2 150 ® 80%PC-SAN

140 + B 85%PC-SAN

130 + o A PC

120 +

1o + &

100 + + + 4 {

00001  0.001 0.01 0.1 1 10

Log of the average layer thickness (mm)

Fig. 5. V;, normalized to 3 kg/m? vs. log of the average
layer thickness.

200 + x
o o
190 + ° x * 3713 Layers PCTG
180 + . Cramic * 1857 Layers PCTG
170 + o x « 1 Layer PCTG
e
Ve (mis) 160 + o 1857 Layers SAN
Normalized
o 3kgm 2 150 + © 929 Layers SAN
140 + & 233 Layers SAN
130 4+ X | Layer SAN
120 + X | Layer PC
110 + x
100 t + + + J
50 60 70 80 %0 100

Percent Polycarbonate

Fig. 6. V, normalized to 3 kg/m? vs. percent composition of
polycarbonate.

The results for the PC/SAN microlayer samples are
very different. The 70/30 PC/SAN has a range of
results from 108 to 172 m/s normalized V;, with a
general trend of increasing normalized Vj, with in-
creasing number of layers. The 80/20 and 85/15
PC/SAN are less scattered. It appears that the V, and
V5o drop off with less than eighty percent polycarbon-
ate in the PC/SAN composite. The highest normal-
ized V, and Vj, values are 200 and 198 m/s for
sample 25C, the extruded polycarbonate control
sample.

The material behavior on impact and optical ap-
pearance are as important as the material perfor-
mance. Table 2 lists the optical appearance and frac-
tion of brittle failures for the microlayer materials.
The PC/SAN blends have 100 percent brittle failures,
while the PC/PCTG blend and the polycarbonate
sheet have no brittle failures. In both the PC/SAN
and the PC/PCTG microlayer materials, the fraction
of brittle failures decreases with both increasing poly-
carbonate composition and increasing number of
layers.

The ballistic performance of the PC/SAN micro-
layer sheets conform to the impact results of Im et al
(3) for PC/SAN microlayer sheets at 3.4 m/s impact
velocity. Im found that impact strength increases with
polycarbonate content and also with the number of

210 +

200 + g e
A
19 T z o iy = 3713 Layers PCTG
180 + : 5 x | + 1857 Layers PCTG
170 + e % x | *+ 1LlayerPCTG
V50 (mis) 160 + o 1857 Layers SAN
Normalized °
w3kgmr2 150 1 © 929 Layers SAN
140 4+ & 233 Layers SAN
130 + % % 1 Layer SAN
120 4+ X | Layer PC
1o + =
100 + 4 } } i
50 60 70 80 %0 100
Percent Polycarbonate

Fig. 7. V5, normalized to 3 kg/ m? vs. percent composition
of polycarbonate.

Table 2. Optical Appearance and Fraction of Brittle Failures for the Microlayer Materials.

Sample % Composition Second Number Optical Fraction of
ID Polycarbonate Polymer of Layers Appearance Brittle Failures
25B 85 SAN Blend (1) opaque 24/24 (100%)
25A 70 SAN Blend (1) opaque 39/39 (100%)
15B 85 SAN 233 clear 5/20 (25%)
13B 70 SAN 233 clear 29/32 (91%)
19C 85 SAN 929 clear 7/24 (29%)
19B 70 SAN 929 clear 18/28 (64%)
41A 80 SAN 1857 clear 0/24 (0%)
398 70 SAN 1857 clear 2/28 (7%)
55B 80 PCTG Blend (1) clear, It. yellow 0/20 (0%)
49C 80 PCTG 1857 clear, It. yellow 1/28 (49)
49A 60 PCTG 1857 clear, It. yellow 3/23 (13%)
55A 80 PCTG 3713 clear, It, yellow 0/23 (0%)
53A 60 PCTG 3713 clear, It. yellow 2/32 (8%)
25C 100 1 clear 0/24 (0%)
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layers for a given polycarbonate content. The PC/SAN
microlayer sheets showed a brittle to ductile transi-
tion corresponding to a sharp rise in the impact
strength. This transition shifted to a lower polycar-
bonate content with increasing number of layers but
shifted to a higher polycarbonate content when tested
at higher strain rates. Im also reported that a 55/45
PC/SAN with 391 layers has 95 percent of the impact
strength of the polycarbonate control.

The PC/SAN samples in this study, for the most
part, contain a greater number of layers than the
materials used in Im's standard impact study and
this study’'s composition is predominately polycar-
bonate. Materials tested in this study would be within
95 percent of the impact strength of the polycarbon-
ate control used in Im's impact study, except for the
233 layer PC/SAN sample. Thus, few clear trends for
the normalized V, and Vg, ballistic impact results are
noticeable. The precision of the ballistic test for V,
and Vg, is not great enough to discern the slight
differences in the impact strength of the materials.
The ballistic performance of the PC /PCTG microlayer
materials should also be able to be explained in a
similar manner especially since PCTG, rather than
SAN, is more like polycarbonate.

CONCLUSIONS

V, and V;, follow linear relationships with areal
density which allow the results to be normalized. Two
trends can be seen for the normalized velocities. For
the PC/SAN microlayer composite, the V, and Vg,
decrease with less than eighty percent polycarbonate.
In both the PC/PCTG and PC/SAN, the fraction of
brittle failures decrease with both increasing polycar-
bonate composition and number of layers. The micro-
layer composites do show some promise as a ballistic
armor material since some samples performed as well
as and better than injection molded polycarbonate.
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