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ABSTRACT

Ballistic impact experiments were performed on triaxially braided polymer
matrix composites to study the heat generated in the material due to projectile
velocity and penetration damage. Quantifying the heat generation phenomenon is
crucial for attaining a better understanding of composite behavior and failure under
impact loading. The knowledge gained can also be used to improve physics-based
models which can numerically simulate impact of composites. Triaxially braided
(0/+60/-60) composite panels were manufactured with T700S standard modulus
carbon fiber and two epoxy resins. The PR520 (toughened) and 3502 (untoughened)
resin systems were used to make different panels to study the effects of resin
properties on temperature rise. Ballistic impact tests were conducted on these
composite panels using a gas gun, and different projectile velocities were applied to
study the effect on the temperature results. Temperature contours were obtained from
the rear surface of the panel during the test through a high speed, infrared (IR) thermal
imaging system. The contours show that high temperatures were locally generated
and more pronounced along the axial tows for the T700S/PR520 composite
specimens; whereas, tests performed on T700S/3502 composite panels using similar
impact velocities demonstrated a widespread area of lower temperature rises.
Nondestructive, ultrasonic C-scan analyses were performed to observe and verify the
failure patterns in the impacted panels. Overall, the impact experimentation showed
temperatures exceeding 525 K (485°F) in both composites which is well above the
respective glass transition temperatures for the polymer constituents. This expresses
the need for further high strain rate testing and measurement of the temperature and
deformation fields to fully understand the complex behavior and failure of the
material in order to improve the confidence in designing aerospace components with
these materials.

INTRODUCTION

The application of composite materials for aerospace structures provides many
benefits including weight savings. Specifically, triaxially braided composites are
being utilized in jet engine fan containment systems due to the delamination resistant
behavior of the material [1]. This trait is particularly useful for fan containment
systems as these structures are designed to sustain and contain a turbofan blade



impact in the case of a blade-out event. Additionally, the containment system has to
maintain structural integrity under dynamic loadings caused by the imbalance of the
fan rotor after the blade-out event. A significant amount of high velocity impact
testing has been performed for carbon fiber reinforced polymer matrix composites
with triaxial braids [1-8] and other textile architectures [9-16] in order to determine
the impact resistance of the material. Several studies have used infrared (IR) thermal
imaging systems on woven and unidirectional composite specimens to monitor the
behavior and energy absorption during low velocity Charpy impact experiments or
drop tests [17-25]. These sources noted temperature increases up to 308 K (95°F)
for relatively low energy impact experiments. Work has also been performed, using
gas gun equipment and rifles, on high speed impact of woven composite panels and
has shown that temperatures above 475 K (395°F) were generated during impact
[26,27]. The high temperatures from these impact studies approach the glass
transition temperature of the polymer constituent. Therefore, it is necessary to
conduct further studies on damage resistant material, such as triaxially braided
composites, as well as determine the effects that different polymer constituents have
on the temperature response.

The present study utilized gas gun equipment and a high speed thermal imaging
system to quantify the temperature response during impact of triaxially braided
composite panels. The panels were manufactured with carbon fiber, and two types
of polymer constituents were used to make toughened and untoughened composites.
The triggering of the thermal imaging system enabled the capture of the complete
temperature-time response of the event, including before, at, and after the projectile
impact on the triaxially braided panel. Due to the various obstacles and reflections
in the radiation path, a detailed temperature measurement process was applied to
transform the radiometric, measured temperature into actual temperature. The
temperature contours for both types of composite materials were compared with
failed regions determined through Ultrasonic C-scan analyses of the impacted panels.

IR BACKGROUND THEORY

A detailed calibration and correction process was used for the IR camera system
in order to account for losses and reflections in the radiation path and transform the
radiometric, measured temperature into the actual temperature of the panel surface.
Since IR cameras measure the radiance, L, of a surface, the process is based on
fundamental radiometric physics and is achieved by balancing the energy observed
from the surface. The full details of the fundamental radiation physics and
formulations are provided in comprehensive references such as Vollmer and
Mollmann [28]. The radiation laws are based on the assumption that the object is a
blackbody, which is an idealized object that absorbs radiation regardless of
wavelength or direction and emits radiation at every wavelength independent of
direction. The plots in Figure 1(a), generated using the aforementioned radiation
laws, show examples of spectral radiance as a function of wavelength and the effect
that temperature has on the radiance emitted from a blackbody. The integration of the
spectral radiance plot produces the necessary radiance terms needed for the energy
balance. However, as illustrated in Figure 1(b), IR sensors do not have the ability to
detect the entire radiation spectrum and the integration of a spectral radiance plot



with a limited wavelength band requires a complex solution methodology [29] since
an analytical solution does not exist for arbitrary values of lower and upper limits.
Additionally, most objects, including composites, do not exhibit idealized blackbody
characteristics and behave more like so-called graybodies, which have lower
emissivities causing the object surface to emit less radiation than that of blackbodies
(Figure 1b).
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Figure 1. Spectral radiance plots of a blackbody for various (a) absolute
temperatures and (b) emissivities

The derivation of the band radiance (depicted by the red highlighted region in
Figure 1b) is necessary to solve for the total radiation path from the object to the IR
detector. A schematic of the radiation path for an impact experiment is shown in
Figure 2 and the balance of the radiant power terms that are incident on the IR
detector, @get, is given in Equation 1.

D er = Egpi TuinPopy + (1_ Eobj )Twinq)reﬂl + (1_ Toin )q)refIZ (1)

The radiant power from the surface of the object, @obj, is multiplied by the object’s
emissivity, eopj, to determine the emitted radiant power from the surface.
Additionally, the reflectivity properties of the object and the unwanted radiation from
the surroundings send an ambient reflection, @refi1, from the surface of the object to
the sensor. An IR window, installed in the impact chamber wall, allows the IR
camera to view inside the chamber to focus on the composite panel, but the
transmission losses due to the transmissivity of the window, zwin, reduces the
magnitude of radiant power being sent from the object. The IR window also
introduces another reflection power term, @ref2, in the energy balance. The radiant
power terms are converted to radiance terms for direct insertion of the radiance values
measured from the IR camera, and the equation is rearranged into the form shown in



Equation 2 in order to calculate the radiance of the object and solve for the
temperature.
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_Figure 2. Schematic of radiation path for an impact equipment setup

EQUIPMENT AND METHODS

The material in this study was a six layer laminate of triaxially braided composite
consisting of Toray® T700S standard modulus carbon fiber and two epoxy resins
with a total thickness of 3.18 mm (0.125 inches). The Cycom® PR520 (toughened)
and Hexcel® 3502 (untoughened) resin systems were used to make different panels
to study the effects of resin properties on temperature rise. The fiber preforms
consisted of a quasi-isotropic 0/+60/-60 braid with 24K tows in the axial direction
and 12K tows in the bias directions, and the composite panels were manufactured
using a resin transfer molding process. The average fiber volume fraction value
determined for the composite panels was approximately 56%. The composite panels
were 61 cm (24 in.) square plates from which four smaller 30.5 cm (12 in.) square
panels were cut for the impact tests.

The ballistic impact response was measured by impacting the composite panels
with projectiles at a normal incidence using a single stage gas gun with a 5.1 cm (2
in.) bore and a length of 3.66 m (12 ft.) as per ASTM D8101 [30]. The composite
test specimens were clamped in a circular fixture with an aperture of 25.4 cm (10 in.).
Slipping was prevented at the boundary by applying 28 bolts which fixed the front
clamp of the fixture, the specimen, and the rear fixture plate. The projectile was a
thin walled hollow Al 2024 cylinder with a nominal mass of 50 gm. and a front face
with a compound radius. The projectile was used to impact the front surface of the
composite panel. Further details of the impact setup and the projectile design are
given by Pereira et al. [5,7]. A Telops FAST-IR 2K camera was used to capture the
temperature fields on the composite panel and was positioned to view the back
surface of the panel through an Argon coated IR window. The Telops IR camera is
operational in the 3-5.4 um wavelength range and is capable of performing image
windowing to achieve frame rates up to 90,000 frames per second. For the present
impact tests, the IR camera was set to capture a 256 x 56 pixel area at 10,000 frames
per second.



The temperature correction process, previously described in the background
theory section, was applied to the IR camera measurements using the expression in
Equation 2. The calibration procedures outlined in the ASTM E1862 standard [31]
were followed to determine the ambient reflections and involved placing an IR
reflector parallel to the target object or the IR window. Blackout curtains were fixed
to the inside walls of the gas gun receiving chamber to minimize the ambient
reflections as much as possible. Similarly, the emissivity of the composite panel was
calculated using the calibration methods in the ASTM E1933 standard [32]. The
contact thermometer approach was adopted from this standard where the composite
panel was heated to various temperatures, and the thermocouple measurements were
compared to those from the IR camera. The average emissivity values measured for
the T700S/PR520 and T700S/3502 composite materials were 85.9% and 77.1%,
respectively. The manufacturer data for the IR window specified that the average
transmissivity was 96% for the operable wavelength range of the IR camera. The
validity of the temperature correction process was assessed by heating the different
composite systems and applying the algorithm to the radiometric IR data. Figure 3
shows the results from this assessment where “IR” represents the radiometric IR data
and “Corrected IR” denotes the IR temperature measurement with the applied
correction algorithm. These plots demonstrate that the data processed with the
correction method provides better correlation with the thermocouple data. It is also
important to note that the error between the thermocouple and radiometric IR data
becomes larger for higher temperatures. Consequently, the extrapolation of the
curves indicates as much as a 30 K difference for a thermocouple temperature of 525
K (485°F) which establishes the necessity of applying the correction method.
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EXPERIMENTAL RESULTS

Post-test images for the back side of the impacted T700S/PR520 and T700S/3502
composite panels are presented in Figure 4 for different projectile velocities. The
images highlight several failure features visible in the central region of the panels and
demonstrate the progressive development of failure. For the lower velocity impacts
of the T700S/PR520 composite panels (Figure 4a), tow splitting and pullout occurred
primarily along the axial direction. Figure 4(b) demonstrates the damage
accumulation for a T700S/PR520 composite test which resulted in penetration.
Comparatively, for similar lower velocity tests, the T700S/3502 composite panels
(Figure 4c) did not exhibit the same severity of fiber damage near the impact site as
the T700S/PR520 composite panels. However, there was a larger area of matrix
damage surrounding the impact site for the more brittle T700S/3502 composite. The
image of the penetrated T700S/3502 panel in Figure 4(d) shows a splintering failure
pattern of the fibers opposed to the punch-out failure of material at the impact site
shown for the penetrated T700S/PR520 composite tests.

In addition to the visible post-test failure modes, the difference in ductility
between the two composites affected the temperature response during the impact
event. Radiometric temperature contours for the T700S/PR520 and T700S/3502
composite tests are presented in Figure 5 and Figure 6, respectively, and display the
IR features evident at impact for various projectile velocities.  Significant
temperature increases were generated during the impact event where local
temperatures reached up to 525 K (485°F) for tests at the penetration threshold. The
contours for the T700S/PR520 composite tests show localized temperature rises in
the center of the frame with small rises in the resin surrounding the center bias fiber
tows and more prominent rises in vertical resin areas around the axial tow. Similar
temperature rises occurred during impact of the T700S/3502 composite panels, but
the results differed from the T700S/PR520 composite tests in that the temperature
rises were more prevalent in resin areas around the bias fiber tows and were not as
distinct in the resin areas along the axial fiber tow. It is important to note that these
high local temperatures exceed the resin glass transition temperature listed in the
manufacturer datasheets, which is approximately 434 K (322°F) for the PR520 resin
and 464 K (376°F) for the 3502 resin. Since the PR520 resin has a higher ductility,
large, localized deformations developed during the tests which caused the generation
of higher temperatures in the T700S/PR520 composite. Specifically, this local
deformation allowed the projectile energy to be focused at the impact site. In
contrast, the brittle behavior of the T700S/3502 composite enabled temperature rises
in a large, widespread area of the panel. The variations in the temperature magnitudes
and patterns between the composites suggests that the differences in material
properties and local failure modes affected the mechanisms which generated heat
within the material.
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Figure 4. Images showing the back side of the failed (a,b) T700S/PR520 and
(c,d) T700S/3502 composite panels impacted at different velocities
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Figure 5. IR contours at impact for T700S/PR520 composite tests with different
projectile velocities
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Figure 6. IR contours at impact for T700S/3502 composite tests with different
projectile velocities

Maximum temperature values were extracted from the IR contours for each time
increment of the impact tests to obtain the temperature-time responses shown in
Figure 7 and Figure 8. The data was processed for each test to show impact occurring
at 39.9 ms. and IR camera frames were captured during the 0 — 39.8 ms. time range
to obtain a consistent temperature measurement of the composite surface before
impact. The response shows a large temperature increase at impact and a cooling in
temperature after impact. The penetrated impact test results show a sharp, smaller
decrease in temperature which followed soon after impact due to the projectile
penetrating the panel and moving into the IR camera’s field of view for a short
duration. The temperatures at impact and immediately after impact are emphasized
in the narrower time range plots of the T700S/PR520 and T700S/3502 results shown
in Figure 7(b) and Figure 8(b), respectively. The T700S/PR520 panels experienced
a longer cooling period compared to that of the T700S/3502 results because the local,
central failure of the T700S/PR520 panels created a debris cloud of failed material.



The debris cloud affected the heat transfer mechanisms within the material and
temporarily obstructed the line of sight between the IR camera and the remaining
portion of the panel which caused inaccurate temperature measurements of the panel
during this short time period. The widespread failure at impact for the T700S/3502
composite panels caused a smaller debris cloud in the central region and the debris
cloud lasted a shorter amount of time. Therefore, the obstruction of the line of sight
between the panel and the IR camera was reduced resulting in better accuracy of the
temperature measurements and a shorter cooling period.
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Figure 7. Temperature-time plot of (a) the entire time range for two
T700S/PR520 composite tests and (b) a smaller time range focusing on the
behavior at impact
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The maximum temperature value generated at impact was calculated for each
temperature-time response and plotted as a function of velocity (Figure 9). The
plotted temperature values were corrected, using the process and expressions
described in the IR background theory section, in order to perform a direct and
accurate comparison. The plot shows that, for a specific projectile velocity, the
T700S/PR520 composite tests produced higher temperatures compared to the
T700S/3502 tests, but the material had a lower penetration threshold. As previously
stated the higher temperatures generated in the T700S/PR520 composite was due to
the higher ductility of the resin. The high temperatures occurred because the ductile,
toughened resin deformed but maintained a bond with the fiber tows, and local failure
initiated when a fiber tow fractured at its maximum strain. Furthermore, the
concentration of the energy at the impact site enabled large local strains and failure
in the T700S/PR520 composite causing lower penetration velocities. In contrast,
local deformation and failure of polymer regions released the constraint on the fiber
tows in the T700S/3502 composite tests resulting in a more widespread dispersion of
the impact energy and higher penetration velocities. The differences in energy
absorption behavior are further verified by the failure of the penetration tests shown
in Figure 4 where the T700S/PR520 composite has a smaller punched out failure
pattern and the T700S/3502 composite exhibits a splintering failure in a larger region
of the panel.
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NONDESTRUCTIVE ANALYSIS OF DAMAGE

Nondestructive evaluation was performed using ultrasonic C-scan equipment on
the composite panels before and after the tests to analyze the damage caused by
impact. The C-scan results for the composite panels, both before and after the tests
conducted at lower projectile velocities, are displayed in Figure 10 where the “AMP”
in the legend represents the percentage of the transmitter transducer’s signal
amplitude that was able to permeate through the material to the receiver transducer.
The maximum throughput of the signal amplitude was normalized using known,
undamaged regions of the material in order to emphasize the damage. As a result,
the maximum amplitude value is displayed for the bolt holes since they are through
holes. The results show that the damage induced in the T700S/3502 panels was
significantly more severe than the visible damage determined from the corresponding
failure image presented in Figure 4(c). This provides further verification for the
cause of the large spread of temperature rises previously shown in the IR contours
for the T700S/3502 panel tests. Similar results are noticeable in the C-scan results
for the T700S/PR520 composite panels (Figure 10d) where barely visible damage is
detected but not as prevalent as the T700S/3502 composite results. Area fraction
measurements of the damage shown in the post-test C-scan images were computed
by creating a binary image and measuring the area of the region associated with
damage. The area of the damaged region was divided by the total reference area,
which was designated as the circular region defined by the centers of the bolt holes,
and the area fraction values for each test are depicted in Figure 11 as a function of
velocity. Overall, the C-scan analyses established that, for a particular velocity, there
was approximately three times as much damage induced in the T700S/3502
composite compared to the T700S/PR520 composite.

(b) 159 m/s — Post test



< . 5% % i Y SEE
(c) 160 m/s — Pretest (d) 160 m/s — Post test
Figure 10. C-scan images of (a,b) T700S/3502 and (c,d) T700S/PR520
composite panels
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CONCLUDING REMARKS

The current study used a single stage gas gun and a high speed, IR thermal
imaging camera to examine the temperatures generated in composite materials during
ballistic impact.  Several panels were manufactured from T700S/3502 and
T700S/PR520 triaxially braided composite material for impact experimentation. A
temperature correction process was applied to radiometric IR camera values in order
to obtain the actual temperature of the specimen at impact. This correction process



was essential since the controlled heating trials indicated as much as a 30 K difference
between the thermocouple and radiometric IR temperature measurements. The
corrected temperatures generated by impact reached values over 525 K (485°F)
which is well above the glass transition temperature of these materials. The
temperature contours correlated with damage areas measured by C-scan equipment.
For a particular projectile velocity, higher and more localized temperature rises
occurred in the toughened T700S/PR520 composite compared to the untoughened
T700S/3502 composite. Temperature increases manifested primarily in resin regions
adjacent to fiber tows. These results suggest that high temperature transient effects
should be considered in deformation and damage models when simulating ballistic
impact of composite materials.
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