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1. Introduction

Current state-of-the-art soldier eye protection systems, including military combat eye protective
systems (MCEPS), are primarily fabricated from transparent polycarbonate (PC). PC is ductile
and has very good impact performance, but it is susceptible to abrasion and chemical hazards.
Additionally, PC is very notch-sensitive, and it undergoes a ductile-to-brittle transition
noticeably in target plates greater than about 5-6 mm thick, particularly under extreme service
(i.e., low temperature) conditions or after annealing. The geometry dependence of the mode of
failure has been attributed to a change of stress state from plane stress to plane strain, thus
suppressing yield deformation and favoring craze initiation and crack growth, subsequently
leading to a catastrophic failure. The brittle deformation can be detrimental to the impact
performance, as well as to critical operational requirements. This limitation on performance
sustainability precludes the use of a PC monolith in the design of ballistic face shields for
advanced combat helmets (ACHSs) (shown in figure 1).

Figure 1. ACH helmet with
face shield.

Transparent TROGAMID polyamides produced by Evonik Degussa High Performance Polymers
are currently being evaluated as candidate face shield materials to replace PC for soldier eye
protection. TROGAMID CX-7323 is reportedly composed of all aliphatic monomer units of
dodecanedioic acid and 4,4'-methylenebis(cyclohexylamine) in comparison to an aromatic
TROGAMID T-5000 (1). The glass transition temperature (Ty) of TROGAMID T-5000 is about
153 °C, while microcrystalline TROGAMID CX-7323 exhibits a lower Ty at about 140 °C (1).
TROGAMID CX-7323 possesses significantly improved properties, including higher resistance
to chemicals and stress cracking and a higher level of UV stability than PC. The property
enhancement is partly attributed to microcrystallinity but is small enough not to scatter visible
light (1). Upon heating above T4, TROGAMID CX-7323 exhibits cold crystallization, followed
by melting transition occurring at temperatures between 230 and 260 °C (2).



The mechanical properties also differ between the aliphatic TROGAMID CX-7323 and the
aromatic TROGAMID T-5000. Table 1 lists the values of tensile modulus, yield stress, and
tensile strain at yield, in which TROGAMID T-5000 is much stiffer than TROGAMID CX-7323
(1). Song and coworkers examined the ballistic impact performance of these two transparent
polyamide materials, and their results showed that the ballistic limit (Vso) values with respect to
the areal density appeared to be very similar (2). Both TROGAMID T-5000 and TROGAMID
CX-7323 showed higher Vs, values than PC and poly(methyl methacrylate) (PMMA) for target
thickness in the vicinity for use in the ACH face shields application (figure 2) (2). TROGAMID
T-5000 exhibited brittle failure with the presence of radial cracking upon penetration, while
TROGAMID CX-7323 displayed ductile behavior upon ballistic impact against a 0.22-cal.
fragment simulating projectile (FSP). Figures 3a and 3b compare the typical mode of failure
upon impact seen in TROGAMID T-5000 and TROGAMID CX-7323, respectively (2).

Table 1. Mechanical properties of TROGAMID T-5000 and
TROGAMID CX-7323 (1).

Tensile Yield Yield
Materials Modulus Stress Strain
(MPa) (MPa) (mm/mm)
T-5000 2800 90 0.08
CX-7323 1400 60 0.08
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Figure 2. Ballistic limit (Vsp) values as a function of areal density for TROGAMID T-5000,
TROGAMID CX-7323, PC, and PMMA (2).
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Figure 3. Typical mode of failure upon ballistic impact seen in (a)
TROGAMID CX-7323 and (b) TROGAMID T-5000 (2).

In this work, digital imaging correlation technique is used to measure the real-time local
deformation strain of TROGAMID polyamides upon ballistic impact. There has been a strong
effort to develop a robust photogrammetric technique for real-time mechanical deformation
analysis (3-7) in a broad range of materials characterization. Our objective is to utilize the real-
time local strain deformation measurements for further correlation and validation of ballistic
impact deformation response observed in these two transparent polyamide materials.

2. Experimental

2.1 Materials

Injection-molded, 1/4-in-thick plaques of transparent TROGAMID T-5000 and TROGAMID
CX-7323 materials were obtained from Evonik Degussa High Performance Polymers for ballistic
impact evaluation.

2.2 Ballistic Impact Measurements

Ballistic impacts measurements were carried out with a 17-gr (1.1-g), 0.22-cal. FSP. The gas
gun was pressurized at different pressures with helium gas to propel the projectile to reach select
impact velocities. The speed of the projectile was tracked with a Doppler radar (BR-3502,
Infinition, Inc.). The polyamide target (3.5 x 3.5 x 1/4 in) was sandwiched in a target frame with
a circular opening of 3 inches in diameter. The targets were spraypainted with a random pattern
of white and black dots (figure 4). The dot size that appeared on the digital image was about 8
pixels in diameter.
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Figure 4. Impact experiment setup.

Two high-speed cameras (Photron SA1, Photron USA, Inc.) were used to generate stereo image
pairs of the impact area. The two cameras were placed behind the target fixture. Details of the
camera setup and images collection can be found in Yu et al. (7) and Yu and Dehmer (8). The
stereo images were analyzed using the commercially available photogrammetric software
program ARAMIS (GOM GmbH, Germany, distributed by Trilion Quality Systems in the U.S.).
The cameras were calibrated with a series of standard dot images (8, 9). ARAMIS has a built-in
algorithm for calculating the displacement. Details of the data analysis, including the
determination of the displacement measurement sensitivity and the strain calculation sensitivity,
can be found in Yu et al. (7) and Schmidt et al. (9). The ARAMIS software allows for
calculation of displacement history in the transverse direction (exxand &yy), as well as the
corresponding shear component (eyy).

3. Results and Discussion

TROGAMID T-5000 and TROGAMID CX-7323 exhibited similar Vso values despite their
difference in ballistic impact mode of failure. In order to better understand the role of
microcrystallinity on the overall ballistic impact performance, it is important to first quantify and
compare the dynamic deformation response between the two TROGAMID polyamide materials.



In this work, a digital imaging correlation technique that allows for real-time visualization of an
impact deformation event is utilized to determine the local displacement evolution.

Full Field Deformation Elements

Figure 5 shows the time history of the deformed surfaces of the TROGAMID CX-7323 targets,
which were impacted against a 0.22-cal. FSP at 167 and 350 m/s. The full-field, out-of-plane
displacement profiles reveal the progress in the extent of dynamic deformation with increasing
impact velocity. Initiation of failure, indicated by a discontinuity in the displacement history
profiles, occurs as expected at shorter time upon impact at higher velocity. The ARAMIS
software also allows for calculation of the shear strain deformation. Figure 6 displays the surface
shear strain of TROGAMID CX-7323 at times after impact.

Figure 5. Plots of out-of-plane deformation history measured by impact of TROGAMID CX-7323 against a
0.22-cal. FSP at velocities of 167 and 350 m/s (the white spot is indicative of a discontinuity due to
fracture).




Figure 6. Plots of the surface shear strain, &y, of TROGAMID CX-7323 against a 0.22-cal. FSP at velocities of 167
and 350 m/s (the white spot is indicative of a discontinuity due to the penetration of the FSP).

The extent of out-of-plane displacement in TROGAMID CX-7323 is more significant in
comparison with the corresponding time history plot shown in figure 7 for TROGAMID T-5000.
Similarly, TROGAMID CX-7323 exhibits greater shear deformation in comparison with
TROGAMID T-5000, as shown in figure 8.

Figure 7. Plots of out-of-plane deformation history measured by impact of TROGAMID T-5000 against a 0.22-cal.
FSP at a velocity of 167 m/s.



Figure 8. Plots of the surface shear strain, &y, of TROGAMID T-5000 against a 0.22-cal. FSP at a velocity of
167 m/s.

Figure 9 compares the surface displacement history data obtained for TROGAMID CX-7323 and
TROGAMID T-5000 at impact velocity of about 167 m/s. Both materials exhibit similar
deformation until ~30 us after impact, and thereafter TROGAMID CX-7323 continues to
deform, suggesting TROGAMID CX-7323 is more flexible than TROGAMID T-5000. This is
consistent to the quasi-static mechanical properties shown in table 1. As impact velocity further
increases to 268 m/s, the initial rate of deformation appears to be similar, while the maximal
surface displacement increases in both TROGAMID CX-7323 and TROGAMID T-5000

(figure 10). TROGAMID CX-7323 remains intact; however, TROGAMID T-5000 appears close
to the failure limit at about 40 us after impact. These observations clearly validate that
TROGAMID CX-7323 exhibits noticeably ductile deformation in comparison to TROGAMID
T-5000, despite their similar Vs values.

Figure 9. Plots of surface displacement history obtained at impact velocity of 167 m/s
for TROGAMID CX-7323 (red) and TROGAMID T-5000 (black).
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Figure 10. Plots of surface displacement history obtained at impact velocity of 268 m/s for
TROGAMID CX-7323 (red) and TROGAMID T-5000 (black).

4. Summary

Ballistic impact deformation of transparent TROGAMID polyamide materials was investigated.
A novel digital imaging correlation technique capable of providing real-time, full-field
deformation measurements is a viable approach for use to differentiate dynamic impact
deformation between an aliphatic TROGAMID CX-7323 and an aromatic TROGAMID T-5000.
These observations, which are not obtainable directly from the MIL-SPEC V5, measurements,
will enable the materials design and integration of transparent face shields for the next generation
of ACH helmets.
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