On the Thermomechanical Response
of HTPB-Based Composite Beams
Under Near-Resonant Excitation

Daniel C. Woods

School of Mechanical Engineering,
Birck Nanotechnology Center and
Ray W. Herrick Laboratories,
Purdue University,

West Lafayette, IN 47907

Jacob K. Miller

School of Mechanical Engineering,
Birck Nanotechnology Center and
Ray W. Herrick Laboratories,
Purdue University,

West Lafayette, IN 47907

Jeffrey F. Rhoads'

School of Mechanical Engineering,
Birck Nanotechnology Center and
Ray W. Herrick Laboratories,
Purdue University,

West Lafayette, IN 47907

e-mail: jfrhoads@purdue.edu

Currently, there is a pressing need to detect and identify explosive
materials in both military and civilian settings. While these ener-
getic materials vary widely in both form and composition, many
traditional explosives consist of a polymeric binder material with
embedded energetic crystals. Interestingly, many polymers exhibit
considerable self-heating when subjected to harmonic loading,
and the vapor pressures of many explosives exhibit a strong
dependence on temperature. In light of these facts, thermome-
chanics represent an intriguing pathway for the stand-off detec-
tion of explosives, as the thermal signatures attributable to
motion-induced heating may allow target energetic materials to
be distinguished from their more innocuous counterparts. In the
present work, the thermomechanical response of a sample from
this class of materials is studied in depth. Despite the nature of
the material as a polymer-based particulate composite, classical
Euler—Bernoulli beam theory, along with the complex modulus
representation for linear viscoelastic materials, was observed to
yield predictions of the thermal and mechanical responses in
agreement with experimental investigations. The results of the
experiments conducted using a hydroxyl-terminated polybuta-
diene (HTPB) beam with embedded ammonium chloride (NH4Cl)
crystals are presented. Multiple excitation levels are employed
and the results are subsequently compared to the work’s analytical
findings. [DOIL: 10.1115/1.4029996]

1 Introduction

To address matters of security in military and civilian settings,
there is, at present, a significant need for new technologies capa-
ble of detecting explosive materials. Though there is a wide vari-
ety of detection systems currently in use, many exploit the
volatility of energetic materials and detect the saturated vapors
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that exist near the materials’ surfaces [1,2]. Unfortunately, vapor
pressures drop significantly if the explosive materials are sealed
or packed in a bag, or both, which is often the case [3]. These
pressures also drop considerably in certain environments, such as
with strong winds and at lower temperatures. As such, trace vapor
detection of improvised explosive devices remains a substantial
technical challenge.

Given the strong dependence of vapor pressure on temperature
[4], explosive detection capabilities may be significantly enhanced
by heating the target material. Though energetic materials vary
widely in form and composition, many traditional explosives con-
sist of a polymeric binder material with embedded energetic crys-
tals. Polymers exhibit considerable self-heating when subjected to
harmonic loading, owing to distinctly out-of-phase stress and
strain oscillations [5]. In addition, low-frequency mechanical and
acoustic excitations can be transmitted over relatively large distan-
ces, allowing for stand-off excitation. Taken collectively, these
seemingly disparate statements suggest that thermomechanics
may provide an intriguing pathway for explosives detection, as the
self-heating response of explosive materials to low-frequency ex-
citation may be exploited to increase vapor pressure from a stand-
off distance, and thus increase the relative utility of vapor-based
detection systems. However, for this particular class of materials,
the elicited thermal response under mechanical loading has not
been studied in depth, to the best of the authors’ knowledge.

Heat generation in response to mechanical or acoustic excita-
tion is well-documented for pure materials and composites. Ther-
momechanical coupling is described by the thermodynamic
theory of solids, which is inclusive of both viscoelastic and ther-
moelastic effects [6]. Thermal responses are elicited along modal
structures due to material damping [7] and are particularly exacer-
bated near stress concentrations, which is commonly exploited in
the field of vibrothermography [8,9] to identify structural defects.
The related self-heating effect has been documented in polymeric
materials and polymer-based composites [10,11], including partic-
ulate composites, for which the particle/binder ratio is known to
have a strong impact on material properties [12,13]. For explosive
materials, the works of Loginov et al. [14,15] provide insight into
the nature of the heating of explosives subjected to mechanical
excitation.

The aim of this work is to characterize the thermomechanical
response of a polymeric particulate composite material subjected
to mechanical excitation, with an eye toward explosives detection.
Specifically, a viscoelastic model is applied to predict the thermo-
mechanical behavior of an HTPB beam with embedded ammo-
nium chloride (NH4Cl) crystals subjected to harmonic mechanical
loading. The sample composition, also used in previous work
[13], is a mock mechanical material intended to resemble common
plastic-bonded energetic materials. Despite the nature of the poly-
meric composite considered here, classical Euler—Bernoulli beam
theory, along with a homogenized material model for linear visco-
elastic materials, was observed to yield predictions of the thermal
and mechanical responses in agreement with experimental investi-
gations. With the goal of maximizing self-heating for the applica-
tion of trace vapor detection, near-resonant excitations are
considered. The thermal and mechanical responses of the sample
are recorded using infrared thermography and scanning laser Dopp-
ler vibrometry. Multiple excitation levels are employed and the
results are subsequently compared to the work’s analytical findings.

2 Modeling of a Thin Polymer-Based Beam Subjected
to Harmonic Excitation

Thermomechanical coupling in polymers is due to both
reversible thermoelastic effects and internal energy dissipation.
Experiments show that under intensive loading, the dominant
mechanism in polymers is internal dissipation [16], generally
described by a viscoelastic model. During harmonic loading, the
energy losses caused by out-of-phase oscillations between stress
and strain generate heat [11]. Due to the poor thermal conductivity
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of most polymers, this leads to considerable self-heating. The tem-
perature of the polymer rises until a thermal steady-state is
reached, at which point the heat dispelled to the environment bal-
ances that generated from dissipation. Thermal runaway is also
possible [17].

2.1 Equation of Motion. The polymeric particulate compos-
ite material of interest here is modeled as a homogenized linear
viscoelastic material. The utilized x-axis is defined along the
beam axis at the centroid of the rectangular cross section. The
beam is subjected to harmonic excitation in the transverse, Yy,
direction, and the z-axis lies along the width dimension. The beam
has length L, thickness 4, and width b.

In modeling the mechanical response, the standard assumptions
of Euler—Bernoulli beam theory [18] are used and the equation for
transverse motion is thus given by

*u Pu
D*(w, 0)8_x4+ hW:f )]

where, using complex quantities where appropriate, u is the trans-
verse displacement of the neutral surface, ¢ is the time variable,
is the circular forcing frequency, 0 is the temperature of the mate-
rial as measured from ambient, p is the mass density, f is the
forcing function per unit area, and D" is the flexural rigidity,
which is given by

E*(w,0)l?
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where E" is the complex modulus [19,20], and v is Poisson’s ratio.
For beams with a considerable aspect ratio (b/h), the effective
stiffness is increased due to the two-dimensional effect in the xz-
plane, as in platelike bending [18,21]. Accordingly, the flexural ri-
gidity for a thin plate is used, which accounts for the effect of
Poisson’s ratio on the flexural stiffness.

Considered here is the case for which the ends of the beam,
x=0 and x=L, are subjected to a harmonic acceleration, Ae'’.
The suspended beam is then under inertial excitation with the
complex forcing function f~ set to zero and the transverse dis-
placement of the form u(x,t) = (A/w?)e’™ + ii(x,t), where i is
the relative deflection resulting from the base excitation
(A/w?)e™". The equation for transverse motion becomes

D*(w, 9)%+ ha— = phAe'™ 3)

The beam is clamped on both ends and, using the normal mode
approach [18], the steady-state displacement can be computed as

L
o phAJ U,(x)dx
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where the U, are the niode shapes for a clamped—clamped beam,
normalized such that |, U2dx = 1, and the B, are the nth positive
roots of the corresponding characteristic equation [18].

2.2 Heat Transfer Equation. Given that the polymer com-
posite is modeled as a homogenized linear viscoelastic material,
thermal isotropy is assumed as well. In addition, the material’s ther-
mal properties are modeled as constant and the effects of thermal
expansion are neglected for the small temperature fluctuations con-
sidered. Using the Fourier law of conduction and considering heat
diffusion in all three dimensions, the heat transfer equation is [22]
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where k is the thermal conductivity, o is the thermal diffusivity,
and r is the volumetric energy generation. The volumetric energy
generation is computed analytically here and used in conjunction
with numerical methods to recover the predicted temperature
distributions.

The mechanical energy dissipated in the beam per cycle of har-
monic loading can be approximated as the area under the hystere-
sis loop of the stress—strain plot in the mechanical steady-state
[19,20]. Assuming that the temperature varies on a much slower
order than the mechanical loading, the volumetric energy genera-
tion can be time-averaged over one mechanical loading cycle
[17]. For a thin beam, the volumetric energy generation can
also be spatially averaged over the thickness [7]. If the energy is
dissipated solely as heat, then the resulting volumetric energy
generation is

E'nol®

) = St ) ©

where E’ is the storage modulus, 1 is the material loss factor, and
Ko 18 the maximum value (over one cycle) of the curvature, as
given by Euler—Bernoulli theory.

If a thermal steady-state is reached, the heat lost to the environ-
ment balances that generated from dissipation, though thermal
runaway can occur, for example, in materials with sufficiently
poor thermal conductivity [17]. In this work, the transient temper-
ature behavior is investigated in a three-dimensional (3D) numeri-
cal simulation using the heat source given in Eq. (6).

3 Experimental Study of a Particulate
Composite Beam

Experiments were conducted using an HTPB beam with
embedded NH,CI crystals. These ammonium chloride crystals
were selected to approximate the particle sizes of ammonium per-
chlorate (AP), and, as such, the sample serves as a mechanical
mock material for common plastic-bonded energetic composites.
The thermal and mechanical responses of the sample were
recorded using infrared thermography and scanning laser Doppler
vibrometry, as subsequently described.

3.1 Sample Preparation. To create the experimental sample,
powder-form HTPB was heated to 60 °C and allowed to harden
using an isocyanate agent. For mixing with the NH,CI crystals, a
wetting agent, Tepanol, was applied and a Resodyn acoustic mixer
was used to ensure homogeneity. The mixture, targeted to be 75%
NH4CI by volume, was poured into a purpose-built plate mold
and cured overnight, and then cut into a beam measuring
25.6 x 2.5 x 1.4 cm. The density of the beam was computed from
direct length and mass measurements as 1028.2kg/m>. This den-
sity is significantly lower than what would be predicted by a linear
mix of the densities of pure HTPB and crystalline NH,Cl, a dis-
crepancy likely attributable to voids in the mixture.

3.2 Experimental Setup. A TIRA 59335/LS AIT-440 elec-
trodynamic shaker was used to provide mechanical excitation to
the beam, allowing for band-limited white noise or single-
frequency harmonic inertial excitation. A VibeLab VL-144 vibra-
tion control system was employed to control the system through
direct monitoring of an accelerometer mounted on the shaker
head. The beam was attached to the shaker using a custom fixture,
which was machined to simulate clamped boundaries on both
short ends of the beam. The final mounting yielded a 22.9 cm
(9 in.) unsupported length. The frequency responses and opera-
tional deflection shapes of the beam were recorded using a Polytec
PSV-400 scanning laser Doppler vibrometer. The test sample and
experimental apparatus are shown in Fig. 1.

For the purposes of mechanical analysis, broadband
(10-1000 Hz) white noise excitation was applied at three forcing
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Fig. 1 The experimental sample, an HTPB beam with embed-
ded NH,4CI crystals, mounted on a TIRA 59335/LS AIT-440
electrodynamic shaker

levels (1, 1.86, and 2.44 g root mean square (RMS)). The system
response was estimated using the classical H1 estimator, which
compares the measured cross-spectral density of the accelero-
meter and vibrometer readings to the measured power spectral
density of the accelerometer. The H1 frequency response estima-
tors were calculated at two distinct points, the geometric center of
the top face of the beam and an offset point on the top face, for all
three forcing levels. The offset point was located one quarter of
the distance along the beam, on the centerline.

The transient and steady-state thermal responses of the top face
were recorded using a FLIR A325 thermal camera, which has a
temperature sensitivity of 0.07°C at 30°C and an accuracy of
+2°C or =2%. The infrared data were calibrated to the emissiv-
ity of the beam using a thermocouple at ambient conditions. For
thermal testing, the beam was excited near first resonance for
60 mins and was seen to approach thermal steady-state within this
time. Though no attempt was made to control the ambient temper-
ature or flow conditions, neither was observed to change signifi-
cantly for the duration of the experiment.

4 Numerical Simulation

To solve the heat transfer equation highlighted above, numeri-
cal methods were employed. A 3D finite element simulation,
implemented in comsoL, was utilized to compute the mechanical
response of the beam and numerically solve the three-dimensional
problem of heat diffusion using the heat source given in Eq. (6).
The density value was specified as 1028.2 kg/m>, as obtained from
direct measurement. The Poisson’s ratio was estimated as 0.39,
based on perceived similarities to more common materials. The
storage modulus was estimated from the resonant response of a
cylindrical sample of the same HTPB composite as 83.57 MPa
[23]. The material loss factor was estimated as 0.35 by using the
half-power bandwidth method on data taken from experimental
frequency responses [24].

The thermal conductivity and thermal diffusivity were measured
using the transient plane source technique [25] as 0.52 W/(m K)
and 3.13 x 107 7m? /s, respectively. In the finite element simula-
tion, the heat source was applied to a 259-node 3D mesh with
insulated boundary conditions on the beam’s ends and convective
conditions elsewhere, using a convection coefficient of 5 W/(m>
K) in an attempt to match the transient behavior observed experi-
mentally. This convection coefficient is comparable with values
recovered in experimental investigations [26-28] and is within the
range for free convection estimates given in Ref. [22]. The simu-
lation was used to generate the transient behavior over 60 mins, as
well as top-down thermal profiles, which allow for direct compari-
son to the experimentally obtained thermal images.

Journal of Vibration and Acoustics

5 Results and Discussion

5.1 Mechanical Response. The H1 frequency response esti-
mators for the beam in response to the three levels of band-limited
white noise excitation are presented as Fig. 2. Data at both the
center and offset points on the top face are presented. The beam
exhibits multiple clear resonant peaks, which decrease slightly in
relative amplitude and frequency as the forcing level increases.

The beam was also excited with harmonic forcing at the first
resonant frequency, which was estimated from the H1 frequency
response estimators for each of the respective forcing levels. The
system model approximates the mechanical behavior of the partic-
ulate composite to an acceptable degree, with errors on the order
of 5% in the measured response amplitude at the center of the
beam compared to the theoretical prediction. Due to the imperfect
nature of the clamping fixture, which results in some rotation at
the ends, there are notable deviations in the predicted values near
the fixture, resulting in higher local predicted stresses as compared
to the stresses encountered in the experiment.

5.2 Thermal Response. With the beam excited with 1 g, 2 g,
and 3 g harmonic forcing near the first natural frequency, the tran-
sient thermal response of the top surface was recorded. The
recorded maximum and mean transient surface temperatures are
presented as Fig. 3. Due to the intrinsic noise in infrared tempera-
ture measurement, the data points presented represent the average
of five temporally adjacent thermal measurements. For each of the
forcing levels, the temperatures asymptotically approach steady-
state values in the 60 mins of recording time. In general, greater
forcing levels lead to greater heating, and the maximum recorded
surface temperatures increase with forcing level. The highest
mean surface temperatures are for 3 g forcing, though the recorded
mean temperatures for 1 g and 2 g forcing are comparable. In addi-
tion, the largest separation between the maximum and mean
temperatures was recorded for the 3 g forcing.

The surface temperature distributions recorded after 60 mins
are presented in Fig. 4. Maximal heating was recorded near the
center of the surface for all forcing levels. The axial variation of
the temperature is observed to coincide with the stress and strain
fields expected with a linear viscoelastic material. The volumetric
heat generation is proportional to the square of the strain magni-
tude, as is given in Eq. (6) for the particular case of an
Euler—Bernoulli beam. This effect is especially prominent with
the 2 g and 3 g forcing levels, where higher local temperatures are
observed in areas of high local stress near the ends of the beam.

1

10

10 ¢

[H1| (9/9)

10°

400 600 800
Frequency (Hz)

200 1000

Fig. 2 The experimental H1 mechanical frequency response
estimators for three levels of excitation. The blue, green, and
red curves represent responses at 1, 1.86, and 2.44g RMS,
respectively (see color version online). Solid lines correspond

to data from the center point and dashed lines correspond to
data from the offset point.
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Fig. 3 The experimental maximum and mean transient surface
temperatures obtained with harmonic forcing near the first nat-
ural frequency. The red, green, and blue data points represent
responses to forcing at 19, 2g, and 3 g, respectively (see color
version online). Circles correspond to maximum surface tem-
peratures and “x” correspond to mean surface temperatures.

Variations in temperature through the width of the beam are at-
tributable to the convective boundaries on each surface. Specifi-
cally, heat is dispelled to the environment at the surfaces and
greater temperatures are generated at the center, farthest away
from those surfaces. The effects of the stress field and convective
boundaries interact in the surface temperature distributions
recorded. The lesser prominence of structure for the 1g forcing
level is due to the comparatively lower temperature deviations
recovered.

The numerical simulation results for the maximum and mean
transient surface temperatures at all three forcing levels are pre-
sented in Fig. 5. The steady-state surface temperature distribution
recovered from the simulation for 3 g harmonic excitation is pre-
sented in Fig. 6. The temperature magnitudes obtained from the
3D simulation show reasonable agreement with the recorded val-
ues, and the steady-state surface temperature distribution shows a
character consistent with the distribution recorded at 3 g forcing.
A local region of higher temperatures is generated near the center
and the effect of the convective boundaries is apparent at the
edges. The simulation also captures the higher relative tempera-
tures at the ends of the beam, but the observed effect is magnified

Temperature Increase (° C)

0 10 20 30 40 50 60
Time (minutes)

Fig. 5 The maximum and mean transient surface temperatures
obtained in the 3D numerical simulation with harmonic forcing
near the first natural frequency. The red, green, and blue curves
represent responses to forcing at 1g, 29, and 3 g, respectively
(see color version online). Bold lines correspond to maximum
surface temperatures and thin lines correspond to mean sur-
face temperatures.

0.2

04 06 038 1 1.2
Temperature Increase (° C)

Fig. 6 The steady-state surface temperature distribution
obtained in the 3D numerical simulation in response to 3 g har-
monic forcing near the first natural frequency

as compared to experiments. This is attributable to the fact that
insulated boundaries at the ends were assumed in the model,
whereas in the experiment there is additional material at the ends,
along with contact with the fixture, which yields a nonzero heat
flux. Also, as previously noted, the imperfect nature of the clamp-
ing fixture leads to higher predicted stresses near the ends of the
beam when they are modeled as clamped boundaries, which also

0 0.1 0.3
Temperature Increase (° C)

(@)

0 0.2

0.4
Temperature Increase (° C)

(b)

0 0.4
Temperature Increase (° C)

0.8

Fig. 4 The experimental surface temperature distribution recorded after 60mins in
response to harmonic forcing at: (a) 1g; (b) 29; and (¢) 3 g. Forcing was near the first natural

frequency for each case.
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contributes to the higher temperatures at the ends of the beam in
the simulation.

6 Conclusions

A thermomechanical model of a polymeric particulate compos-
ite beam has been presented, wherein the composite is modeled as
a homogenized linear viscoelastic material. The composition
under consideration, which consists of an HTPB binder with
embedded NH4Cl crystals, is intended to resemble common
plastic-bonded energetic materials. Despite the material composi-
tion as a particulate composite, classical Euler—Bernoulli beam
theory, along with the complex modulus model for viscoelastic
materials, yielded predictions of the thermal and mechanical
responses consistent with experimental measurements. The
acquired results revealed a strong dependence of the thermal
response on the stress and strain fields produced within the beam.
In addition to modal structure, convection at the surfaces was
shown to impact the thermal response, and temperature excursions
were noted near the center of the beam geometry.

Since explosive vapor pressures exhibit a strong dependence on
temperature, the capabilities of vapor-based detection systems
may be enhanced significantly by heating. Heat generation in
response to harmonic excitation increases, as noted, with strain
magnitude and, for a given strain level, with forcing frequency.
The strain magnitude may be increased with greater forcing levels
or selective boundary conditions, though obviously there is lim-
ited control over boundary conditions in many explosives detec-
tion systems. Heat generation is also intensified as the phase
difference between stress and strain oscillations, quantified by the
material loss factor, is increased. The phase difference depends on
the forcing level and frequency [19], and thus may be used to
enhance heating. Though heating also depends on other moduli,
there is little control over material properties and sample geometry
in explosives detection applications.

It should also be noted that the authors have explored various
nonlinear structural mechanics mechanisms as a means of eliciting
greater heating. These investigations have leveraged the fact that
at large strain levels, geometric nonlinearities are significant.
Unfortunately, the forcing levels necessary to exploit such behav-
iors for appreciably enhanced heating, at least within the context
of the polymeric particulate composite considered here, are too
large to achieve in practice, where excitations up to approximately
10 g are considered attainable.

In addition to the structural heating considered in this work,
microscale heating of energetic materials through laser or ultra-
sonic excitation [29-31] may also constitute a viable pathway to
improved trace vapor detection capabilities. Targeting local hot
spots in the composite structure can result in greater thermal
responses, but doing so generally requires proximal access to the
material’s surface. In contrast, low-frequency acoustic excitations
can be transmitted over large distances, and thus may be used for
stand-off heating, though the proportionality of heat generation to
forcing frequency and the dependence of the stress—strain phase
lag would have to be considered in the design of an effective
stand-off detection system.
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