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Infrared Thermography for Inspection of Aramid and Ultra-High-
Molecular-Weight Polyethylene Armor Systems
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*National Research Council Canada, Aerospace Research Centre, 1200 Montreal Rd, Ottawa, ON,
Canada, K1A OR6;
bDepartment of National Defence, Defence Research and Development Canada, 2459 route de la
Bravoure, Québec, QC, Canada, G3J 1X5

ABSTRACT

Non-Destructive Evaluation (NDE) trials were performed on aramid and ultra-high molecular-weight polyethylene
(UHMWPE) based armor systems. Pulsed thermography, continuous heating, and lock-in thermography were
investigated for various types of damage. It is shown that the infrared thermography results vary significantly based on
the material and thickness of the armor system, and only certain types of damage can be confidently identified. While the
pulsed thermography performed in reflection mode was the fastest and provided the strongest indication signal for some
types of damage, deeper damage on thicker armor system needed to be performed in transmission mode. Due to inherent
material properties variations in these armor systems, the infrared images were affected by non-uniformity. In addition,
due to low thermal conductivity, the inspections were sporadically affected by non-uniform heating. Approaches are
presented to address the non-uniform heating issue affecting the inspection of those low thermal conductivity materials.
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1. INTRODUCTION

The need for lighter personal protective equipment (PPE) has led to the development of new ballistic protection
materials. Although these newer materials meet the ballistics protection requirements, the very lightweight armour
systems that are now feasible could present durability challenges over their service life. This is compounded by the fact
that there are very few recognized non-destructive evaluation (NDE) methods that can reliably assess the laminate armor
materials. Therefore, the industry generally relies on destructive batch testing to assess the current state of personal
armors (helmets and body armors). The requirements for field implementation of NDE technology in the case of
personal armors are that it must be simple, lightweight and durable to meet the demands of the battlefield must be
reliable and sensitive to critical levels of damage that would affect protective performance, and must have a sufficient
throughput (e.g. minutes per armor plate, or minutes per helmet) to be of value. The United States Government standards
require personnel armors to be damage-free to guarantee effectiveness [1]. For body armor systems, research has shown
strong correlations between reduction in armor performance and the presence of porosity, cracking, and separations
between the different layers. Body armors experience a wide range of low-level energy impacts on and off the
battlefield. Low velocity impact is the major source of non-ballistic damage that can lead to ballistic performance
degradation.

The high cost (manufacturing and raw materials) of armor systems is a strong economic driver for investments in
technologies that ensure extended service life while maintaining the integrity (e.g. damage free) of armor system and
performance during the period of service. NDE techniques are required to rapidly and non-destructively determine the
extent of damage armors have experienced and then the damage can be used to assess the helmet performance. The
selection of an appropriate NDE technique requires consideration of the armor material and the types and critical sizes of
flaws likely to occur. In addition, NDE techniques could help with quality control during manufacturing of armour
systems.



2. SPECIMEN
2.1 Aramid panels

Aramid fiber panels, having dimension 8 inch by 8 inch, of two different thicknesses were used. The first set had a
nominal thickness of 0.125 inch (3.2 mm), referred to as thin panels, while the second set were 0.275 inch (7 mm) thick
and referred to as thick panels. Both sets were subjected to impact with energy levels varying from 10 J to 120 J. A
photograph of a thick aramid panel is shown in Figure 1. The thin panels were made up of two different groups: #50 and
#51. Panels 50 (A, B, D) were made of Kevlar® KM2 fibers, with the fabric architecture being a plain weave, made of
16 layers. A Nylon polymer matrix was used and the panels had a fiber content of 87% (13% matrix content). Panels
51(A, C, D) used similar material than that of panels 50 but with a lower fiber content of 67% (33% matrix content). The
thick panels were manufactured using the same Kevlar® KM?2 fibers and nylon polymer matrix. They were made of 47
layers of fabric and their fiber content was around 85% (15% matrix content).

Figure 1: Photograph of a thick aramid based panel.
2.2 Ultra-high-molecular-weight polyethylene based panels

Ultra-high-molecular-weight polyethylene (UHMWPE) based panels made of 34 plies of Dyneema HB-26 [2], which
consist of unidirectional sheet cross plied at 90 degrees to each other and consolidated with a polyurethane based matrix.
The panels used in this evaluation had dimension 8 inch by 8 inch, thickness of approximately 0.275 inch (7 mm) and
9 kg/m” areal density. The panels were subjected to impact with energy level varying from 10 J to 120 J. A photograph
of an impacted UHMWPE panel is show in Figure 2.

Figure 2: Photograph of a 40J impacted UHMWPE panel.



2.3 Helmets

Helmets with thickness in the 0.3 to 0.35 inch range were also inspected. The inspected helmets were based on an aramid
fiber matrix, and an outer layer or shell. This type of configuration is typical of modern combat helmet [3]. Those
helmets had been previously mechanically tested: either by low velocity impact testing or compression testing [4]. A
photograph of a helmet is shown below in Figure 3.

Figure 3: Photograph of a helmet.

3. THERMOGRAPHY SETUPS AND RESULTS

Thermography inspection is an NDE method that uses thermal stimulation to detect defects through the generation of
thermal contrast. Its protocol consists of heating the specimen and to monitor the surface temperature evolution. After
the excitation, the surface temperature increases (in the case of warm excitation) and decreases due to thermal diffusivity
loss and convection loss from the environment. The thermal diffusion is affected by the presence of discontinuities in the
structure or changes in material properties. These discontinuities change the propagation of the thermal wave and cause a
temperature difference between sound and defective areas. Thermography inspection can typically be used for detection
of subsurface defects, inclusions and delaminations as well as for materials characterization.

3.1 Pulsed Thermography

The pulsed thermography (PT) experiments were carried out using commercial PT system having two 2400 joules
Xenon photographic flash tubes. The surface temperature of the specimen was monitored by an infrared (IR) camera that
is sensitive to long wavelengths (8—12 um) and have a noise equivalent differential temperature (NEDT) of 20 mK. The
acquired thermal images were then processed using different algorithms such as, thermographic signal reconstruction
(TSR) [5][6], pulsed phase thermography (PPT) [7] and principal component analysis (PCA)[8][9]. A photograph of the
pulsed thermography setup during the inspection of a helmet, in reflection mode, is shown in Figure 4. While in the
reflection mode, both the heat source and camera and located on the same side of the sample, in transmission mode they
are on opposite side.

=

Figure 4: Pulsed thermography inspection setup in reflection mode.



Pulsed thermography results obtained on the thin aramid panels revealed some damage areas, as can be seen in Figure 5.
As mentioned, there were 2 groups of thin panels #50(A, B, C) and #51(A, C, D). Interestingly, the damage sites present
in the group #51 panels were easier to inspect than those from group #50 as can be seen by comparing the left and right
sets of images in the top row of Figure 5. The only difference between those 2 groups is the lower fiber content in those
from group 51, 67% vs 87% for those of the group 50. The higher matrix content in the group 51 seems to help with
thermal wave propagation and facilitates the damage detection. Inspection carried out from the strike face showed more
damage than the inspection performed from the back face. In addition, pulsed thermography performed in through-
transmission yielded better results as it detected damage sites in both 50 and 51 panels as can be seen in Figure 6.

Panels 50A, 50B, 50C Panels 51A, 51C, and 51D

Figure 5: Pulsed thermography in reflection mode of thin aramid panels (top-row) inspection from strike face panels;
(bottom-row) inspection from back face.

Figure 6: Pulsed thermography in transmission mode of thin aramid panels (top-left) S0B, (bottom-left) 50C,
(top-right) 51C, (bottom-right) 51-D.

The same setup was used to perform inspections of the thick aramid panels. However, no damage was detected in
reflection mode, while the transmission mode only revealed faint indications of damage. To increase the contrast created
by the impact damage, alternative heating sources were assessed such as heating lamps shown in Sections 3.2. No
damage was detected using this technique on the UHWMPE panels.

Pulsed thermography inspections of the helmets were carried out in reflection mode. Damage sites were seen in some of
the helmet as shown in Figure 7. Based on the time sequence at which the damage become visible it was determined that
those damages were very near surface, likely resulting from delamination between the hard outer shell and the remaining
of the helmet. Subsequent inspections performed by micro computed tomography (microCT) confirmed that the
indications found by PT correspond to delaminations of the outer shell. In addition, some potential manufacturing issue
with poor compaction in high fold areas and wrinkling of the plies caused during the forming of the ear cup can be seen
in Figure 7(b).



Figure 7: Pulsed thermography results of damaged helmet a) rear view; b) side view.

3.2 Lock-in thermography

Since pulsed thermography was not successful at detecting damage in thicker aramid panels, another thermography setup
using longer heating time and lamps rather than flashes was used. In this technique, the experiments were carried out in
transmission mode, i.e. the heating lamps on one side of the panel while the IR camera monitored the temperature from
the opposite side, as seen in Figure 8. Precautions were taken to ensure that the temperature remained well below glass
transition temperature (T,), and the highest temperature reached during the trial was in the 50-60°C range, while most
experiments were performed in the 30-40°C range.

In lock-in thermography (LT), also known as modulated thermography, the surface of the sample is periodically excited
by an intensity modulated heat source to generate thermal waves into the specimen. The thermal response is recorded
using an IR camera and decomposed to extract the amplitude and phase of the response. Sinusoidal waves are typically
used in LT, although other periodic waveforms are possible. Using sinusoids as input has the advantage that the
frequency and shape of the response are preserved; only the amplitude and phase delay of the wave may change (i.e.
sinusoidal fidelity). The periodic wave propagates by radiation through the air until it touches the specimen surface
where heat is produced and propagates through the material. Internal defects act as barriers for heat propagation, which
produce amplitude and phase changes in the response signal [10].

Several experiments were performed to identify the optimal heating period required for inspecting the thick panels. If the
modulation is too fast, the thermal response on the back face will not be modulated, and would appear like continuous
heating, if the modulation is too slow the experiment runs longer than necessary. From the trials, it was found that a
minimum heating period of 180 s was necessary. Two types of camera, cooled and uncooled with different NEDT,
20 mK and 50 mK were used without significant influence on the results.

IR camera

R B lamp
camera : panel \

- -Figure 8: Experimental setup lock-in thermogrphy transmission.



During the LT experiment, if one looks only at the temperature data, the results would be equivalent to a temperature
image obtained during continuous heating. Those images are typically severely affected by non-uniform heating. This
was one of the challenges faced during those trials. The lamps available provided more heat in the center of the panel
and less at the edges. The phase image helps improve the results, as can be seen by comparing results from Figure 9 with
those from Figure 10. Lock-in thermography results successfully detected damage areas for panels impacted with energy
levels of 30 J and above. However, the results were still affected by non-uniform heating and inherent variations in
material properties, which made it difficult to detect the exact areas and could lead to false calls or misses in real

applications.

Figure 9: Lock-in thermography transmission example of raw temperature data.

No Impact

70J 90 J 120 J
Figure 10: Lock-in thermography transmission phase image.

LT thermography trials on UHMWPE panel show that although it is possible to heat up the panels, flawed areas could
not be differentiated from other areas. Due to the helmet shape and the heat source non-uniform intensity, inspection of
helmet using heating lamps was not practical. Attempts to overcome this non-uniform heating issue for helmet are
discussed in Section 3.3 and 3.4

3.3 Oven heating

The easiest approach to uniformly warmup the panels and helmet is to put the entire sample in an oven. To reduce
temperature changes caused by handling, the helmet was put on a piece of plywood. To ensure the test remains non-
destructive the oven temperature was set below T, at 50°C. The helmet was heated in the oven for 10 minutes, until it
reached a 50°C, and IR cameras were used to monitor the helmet during the cool-off period until it returned to room
temperature, which lasted close to 30 minutes. Raw temperature data and data processed using PCA were analyzed.
Results (Figure 11) revealed a few features but not as clearly as those obtained by pulsed thermography (section 3.1).
Although some new features were detected, such as the round dots, the longer heating and monitoring time needed to
perform the inspection were a severe draw back for field implementation compared to the PT technique.



Figure 11: Thermography result a) helmet 1 front view; b) helmet 1 side view; c) helmet 2 front view; d) helmet 2 side view.
3.4 Internal convection heating

Another heating technique that was assessed for the inspection of helmets was the use of convection heating. For this
trial, a custom convection heating system was developed in-house (Figure 12). It used 2 heating elements and a blower
fan to circulate the hot air across copper tubing into a chamber to heat-up the inside of the helmet. The hot air from the
chamber was recirculated in the copper tubing and fed back through the heating elements. The blower speed was
controllable to adjust the heating and cooling. To reduce the heat loss, the copper tubing was insulated. This system was
specifically developed for the inspection of helmets and the upper part of the chamber was carved so that the helmet can
rest on it while IR cameras monitored the temperature evolution of the helmet outer layer. No panels were inspected with
this system. The temperature of the heating elements, copper tubing, the inside and outside of the helmet was monitored
using 4 thermocouples. A 2 minutes heat on, 2 minutes heat off cycles were applied. While the copper pipe fluctuated
between 30 and 60 °C, the helmet temperature fluctuated only by a few degrees between 25 and 30°C.

=" _

Figure 12: Setup of hot air convection system developed for the inspection of helmet.



Some of the same features and indications found with pulsed thermography were detected in the helmets. However,
those indications had a lower signal to noise ratio than those obtained by pulsed thermography as well as requiring a
much longer testing time. Examples of result obtained are shown in Figure 13.

Figure 13: Inspection result of brown helmet obtained with convection heating temperature image.

4. DISCUSSIONS

Several thermography techniques were assessed on various samples. Pulsed thermography (PT) has the advantage of
being fast (few minutes at most) and works well for detecting damage in thin aramid panels, as well as damage located at
the outer layer of helmets. PT however lacks in capability to detect internal flaws in thick aramid and UHMWPE panels.
Lock-in thermography seems promising for flaw detection in thicker panels, however issues of uneven heating and
inherent material variation makes it challenging to differentiate between flaw and areas of low matrix content. Despite
several attempts in modifying the LT setup to provide uniform heating the detection of flaws remain challenging with
this technique. Heating up the helmet in an oven and monitoring the temperature evolution during the cool-down phase
revealed some flaws, however the thermal contrast was not as strong as with pulsed thermography and overall inspection
was longer due to the heating time and cool-off period. Although none of the thermography techniques worked for flaw
detection of the UHMWPE panels, it is believed that for a complete armor system using UHMWPE, containing a outer
shell such as the one present in the helmet investigated herein it should be possible to detect flaws resulting from damage
at that layer similarly to those found by PT in Figure 7.

For comparison purposes other NDE methods were employed: microCT and ultrasounds. MicroCT worked well on all
samples (aramid panels, UHMWPE panels and helmets) assessed herein. It showed disbond between plies, cracking, and
inclusion of dense materials. Ultrasonic inspection did not work well on aramid panels due to their low density that
heavily attenuated the ultrasonic signal. Ultrasonic testing looked more promising for inspecting the UHMWPE samples
where all damage sites were detected. Due to the complex shape of the helmet it was not possible to inspect with our
ultrasonic immersion system.

5. CONCLUSION

Although the thermography techniques assessed provided clear indication only in some instances, they can still be
considered a valid option. Since impacts on helmet are likely to cause damage at the outer layers, a rapid way to screen
those helmets could be the use of pulsed thermography. As shown, impact damage or compressive load that results in
damage to the outer layers are clearly visible with pulsed thermography and only take a few minutes for inspection and
analysis combined. Moreover, it could be relatively cost-effective to implement in theater. The alternative of using
micro-computed tomography, although more capable of finding deeper damage (within aramid or UHMPWE) not visible
in thermography, is more expensive, time consuming (~1.5 hr inspection and analysis time) and not practical in theater
due to low inspection throughput.
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