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Abstract: Hollow glass microsphere (HGM) reinforced composites are a suitable alternative to energy
absorption materials in the automotive and aerospace industries, because of their high crush efficiency
and energy absorption characteristics. In this study, a polyurethane elastomeric matrix was reinforced
with HGMs for HGM loadings ranging from 0 to 70 vol% (volume fraction). Quasi-static uniaxial
compression tests were performed, subjecting the composite to compressive strains of up to 65%, to
assess stress vs. strain and energy absorption characteristics. The results reveal that samples with
a higher concentration of spheres generally exhibit better crush efficiency. Specifically, the highest
crush efficiency was observed in samples with a 70 vol% HGM loading. A similar relationship was
reflected in the energy absorption efficiency results, with the highest energy absorption observed in
the 65 vol% sample. A correlation exists between the concentration of HGMs and important metrics
such as mean crush stress and energy absorption efficiency. However, it is crucial to note that the
optimal choice of sphere concentration varies depending on the desired performance characteristics
of the material.

Keywords: elastomeric matrix composites; particle reinforcement; hollow glass microspheres; energy
absorption; axial crush; crush efficiency

1. Introduction

A hollow glass microsphere (HGM) is a lightweight material consisting of a thin
glass shell encapsulating air. The wall thickness of the glass spheres is controlled during
their manufacturing process, resulting in a significantly small ratio of the wall thickness
to sphere diameter [1]. These spheres have high isostatic strength with a low density
(0.1-0.6 g/cc) [2,3], and, thus, HGMs are often used as fillers in composite foams.

The lightweight and high-strength properties of HGM reinforced foam make it highly
effective in various applications, including aviation, automotive, and marine industries [4-9]
with their characteristic of high energy absorption capacity. When the foam is compressed,
energy is absorbed as the walls of the spheres come into contact and collapse. Foams with
these energy-absorbing properties can be used to protect occupants during impact events.
Mei et al. demonstrated that the reinforcing particles break upon compression or impact,
effectively absorbing a significant amount of energy [10]. The stress—strain curve obtained
from uniaxial compressive testing demonstrates the energy absorption process. This curve
typically shows a linear elastic region followed by a non-linear plastic region [11-13]. Bud-
dhacosa et al. proposed that the shift from the linear elastic to the non-linear plastic region
is mainly caused by the progressive crushing and collapse of microspheres, which greatly
increases the syntactic foam’s energy absorption capacity [11]. The collapse of individual
spheres leads to the accumulation of localized stress concentrations. When the internal
stress exceeds the matrix’s failure strength, the syntactic foam begins to disintegrate, mark-
ing the onset of the non-linear plastic region. During this non-linear plastic deformation,
the ongoing crushing of the spheres and the disintegration process contribute to energy
absorption, resulting in the highest amount of work being performed [11,14].
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These energy-absorbing characteristics are evident in the stress—strain profile during
crushing events, where energy absorbers in crashworthiness applications typically show an
initial elastic response followed by a plastic response. Figure 1A illustrates a typical stress—
strain profile of an energy absorber (adapted from Figure 3 in [15]), where the area under the
curve represents the energy absorbed. When the material is unloaded, energy stored within
the material is released, which in many situations can be detrimental [15]. The horizontal
dashed line represents an injury or damage criterion used to ensure crashworthiness.
For example, in a seating system designed to protect the lumbar spine, the energy-absorbing
material is compressed during a hard or crash landing so that the lumbar spine is in
compression, which is desirable [16]. However, if there is energy release at the end of
compression, the response of the lumbar spine may lead to tension in the spine, which
is clearly undesirable and can even be catastrophic. Certain cellular materials, such as
the elastomeric matrix composites reinforced with HGMs under discussion here, can
have a stress—strain profile as shown in Figure 1B that is advantageous in the context of
crashworthiness. These materials have similar characteristics to elastic-plastic foam under
compression (see page 177 of [13]). The elastic response is followed by a plastic response,
followed by densification as porosity in the material is eliminated under crush, that is, there
is no energy release if the material is designed appropriately. If the HGM loading is too
low, then the elastic response of the elastomeric matrix will dominate the response, with an
accompanying energy release when the material is unloaded. On the other hand, if the
HGM loading is sufficiently high, the desired cellular material response can be achieved
[Figure 1B], as the crush response of the HGMs dominates, preventing energy release. Key
features of the cellular material response are the peak stress (stress at the boundary between
the elastic and plastic response), the plateau stress, and the densification strain.
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Figure 1. Typical stress vs. strain profile of (A) a generalized energy absorber, and (B) a cellular
material.

HGM-based foams can be grouped into two distinct categories: (1) sintered foams,
where particle bonding is achieved via sintering, and (2) syntactic foams.

The first type of HGM-based foam is sintered foam, which is effective when trying to
achieve high energy absorption while maintaining low foam density [17]. Foam samples are
formed when the consolidated spheres are raised above their glass transition temperature.
This allows for the spheres to flow in a viscous manner, leading to consolidation when
struts are formed between the spheres, resulting in a closed cellular structure [2,17,18].
These foams have demonstrated superior energy absorption characteristics due to the
ability of the spheres to effectively absorb the crush stresses. Individual spheres exhibit
gradual collapse, minimizing the effects of dynamic loadings [19]. Ren et. al presented
scanning electron micrographs (SEM) of the microstructure of HGMs for foam sintered at
different temperatures [20]. The effects of sintering temperature are seen in the deformed
HGM. Instead of maintaining their original spherical shape, the spheres were elongated
and oval in shape. Also, spheres were shown to have partially or completely fractured
during the sintering stages [20]. These early fractures can contribute to spalling that occurs
during crush testing [2].
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The second type of HGM-based foam is syntactic foam, where a matrix material
is reinforced with HGM particles. Syntactic foams are particulate-reinforced materials
manufactured by adding inorganic hollow spheres into a matrix material such as polymer,
metal, or ceramic [3,4,21-24]. A typical matrix is a brittle epoxy matrix material. HGM-
epoxy composites result in a low volume fraction foam that has a low crush ratio [9,25,26].
It should be noted that a high crush ratio is desired to increase energy absorption capacity.
Syntactic foams, or HGM-epoxy composites, were originally developed for buoyancy
applications, where the crush ratio was of little importance [27-30]. Instead, the design
objective for these HGM-epoxy syntactic foams was to minimize foam density, while
maximizing foam buoyancy.

Prior work in both HGM-based sintered foam and syntactic foam motivates the use
of elastomeric matrix material to manufacture a visco-elastic energy absorber. The HGM-
reinforced elastomeric matrix composite (EMC) foams investigated here enable a much
greater crush ratio than HGM-epoxy syntactic foam because the elastomeric matrix can
sustain large deformation with minimal fracture. The HGMs will come into contact and
be engaged during the compression of the sample and as they collapse energy absorption
capacity is increased [31-33]. Previous studies analyzed samples with volume fractions
between 0 and 60% and assessed thermal and mechanical properties. For this reason, it is
important to find the solids loading that corresponds to the maximum energy absorption
to determine if it is feasible to use an HGM-elastomeric composite as an energy absorber.

In this study, energy absorbers (EAs) in the context of a helicopter seating system
are investigated, the requirements of which are motivated by the work represented by
Farley, et al. [15]. Feasibility of HGM reinforced composites is assessed to address these
EA requirements: (1) constant stress versus strain profile, (2) no energy release. Thus, this
study examines the effects of HGM loading in an HGM-elastomer matrix composite, which
is a polyurethane (PU) elastomeric matrix reinforced by HGMs, which possess low density
and high strength. The energy absorption characteristics of these HGM-PU composite
foam samples are assessed to determine the relationship between HGM loading and energy
absorption metrics such as peak collapse stress, mean crush stress, energy absorption
efficiency, and crashworthiness. A key goal is to determine at what HGM loading the crush
response changes from an elastic response or a response dominated by the elastomeric
matrix to a predominantly plastic response dominated by the crush response of HGMs.
These HGM-PU composite foams are also compared to sintered glass foams with 100 vol%
HGM loading from our prior work [2,17,18], because they provide a realistic upper bound
in the stress—strain profile of HGM-PU composites foams, and, hence, an upper bound on
their energy absorption capacity.

2. Experimental Approach
2.1. Materials

HGM-elastomer matrix composite foam was made using K46 microspheres (3M, St.
Paul, MN, USA). The composition of these HGMs are soda-lime borosilicate glass, with a
density of 0.46 g/cc and a median diameter of 40 um. The matrix resin system used was
Freeman 1035 Polyurethane Elastomer (Avon, OH, USA) with a 35A Shore hardness and a
density of 1.02 g/cc.

2.2. Manufacturing

To manufacture the specimen, elastomeric resin was added to a container of HGMs
as shown in Figure 2A. Weights of elastomeric resin and HGMs were calculated and then
measured to ensure the correct volume fraction was achieved. The elastomeric resin was
poured slowly into the powder to minimize the entrained air. The sample was mixed
until the mixture was homogeneous (Figure 2B). This step was conducted by gentle hand
mixing to minimize damage to the HGMs. The fully mixed sample was then poured
into a mold that has a vacuum port on both the near and far end. To ensure the mixture
was evenly distributed while being poured into the mold a light force of 1-2 Ibs (4-9 N)
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was applied to its surface using a wooden compactor. The mold was then sealed using
Tacky Tape and a bagging film to allow a vacuum to be pulled for 15 min on each side.
As mentioned previously, the mold has two ports located on either end. To guarantee that
any air introduced into the sample is removed, each port was attached to the vacuum pump
while the other side was clamped. This allowed for a more even distribution of suction
pressure, and a higher likelihood of a homogeneous sample (Figure 2C). The sample was
left to cure for 24 h at room temperature before being removed from the mold.

Resin
Vacuum

Stirring
Rod
HGMs
Pump
—> —>
Mixture

A B C

Figure 2. Schematic of HGM-PU composite foam manufacturing. (A) Combine polyurethane
elastomer with K46 HGMs; (B) Create a homogeneous mixture; (C) Pull vacuum to remove air.

To fully characterize the energy absorption behavior at all volume fractions, addi-
tional samples were created using 100% HGMs. The 100 vol% samples were sintered
HGMs [2,17,18]. The manufacturing process involves filling a mold with K46 HGMs and
placing the mold in an oven to be sintered. The temperature was raised to a bonding
temperature of 840 °C using a slow ramp rate (0.5 °C/min), followed by a soak time of
20 min.

2.3. Testing

Once the samples were fully cured, test samples were cut into 1 inch (25.4 mm) cubes
in order to undergo crush testing. Guidance for this test coupon sizing was taken from two
standards for compressive testing of “rigid plastics”. Right prism samples are required by
ASTM D695-15 [34] and ISO-604 [35], and typical aspect ratios of 2:1 (height over width of
a cubic sample) are suggested when testing “rigid plastics”. However, ISO-604 allows for
a reduction in aspect ratio when samples are prone to buckle. These elastomeric samples
are much softer than rigid plastics, so that an aspect ratio of 1:1 was selected. A similar
approach was taken in Ref. [36], in which syntactic foam using a hard resin matrix was
fabricated and crush tested, and where an aspect ratio of 1.67:1 was used. Also, it should
be noted that these standards do not encompass crush tests to the point of densification, as
was done here and in [36], so that these standards are only used as guidance.

A representative sample from each batch was analyzed using scanning electron mi-
croscopy (SEM) to ensure that a homogeneous mixture was achieved. Figure 3A shows one
of these SEM images. There appears to be an even distribution of HGMs, with very few
that were fractured during manufacturing.

The samples were tested under uniaxial compression using an MTS servo-hydraulic
testing machine (Model 810, Warren, MI, USA) at a strain rate of 1 x 1073 1/s up to
65% strain. During testing, images were collected every 100 s using a Nikon D5100
camera (Nikon Inc., Melville, NY, USA), so that failure methods could be analyzed later.
Figures 3B and 3C show samples with low and high HGM loadings, respectively, during
compression testing.
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Figure 3. Samples prepared for testing. (A) An SEM image of a cross-sectional view of HGM-PU composite
foam; (B) 40% volume fraction sample, and (C) 65% volume fraction sample (red scale is 6.35 mm).

2.4. Metrics for Energy Absorption

A key goal of this study is to assess the feasibility of applying HGM-PU composite
foam in crashworthiness applications, so that it is important to measure the energy ab-
sorption characteristics of these samples. Energy absorption can be measured using the
stress—strain data obtained during compressive or crush testing.

The energy absorbed by the sample can be expressed as follows:

U(e) = /Oe o(e)de 1)

where Ul(e) is the energy absorbed, ¢ is the stress, and € is the strain. From this, the crush
efficiency (CE) can be determined. The crush efficiency, 7¢ is the ratio of the energy
absorbed over a given strain range, normalized by an ideal (rectangular) constant stress vs.
strain profile where the constant stress is the peak stress reached over the strain range:

B U(e) B e
e = max[c(0),0(e)le  max[o(0),c(¢)] @

The mean crush stress, oy, is the average stress up to the densification point and can

be expressed as:
_ Ufe)

Oime . 3)

A similar approach is used to determine the energy absorption efficiency (EAE) [37,38].
The energy absorption efficiency, 17 4 is the ratio of the area under the stress—strain curve
divided by the maximum stress value over the whole strain range as below:

U(e) U(e)

TEA = nax[o(0), c(e)](e)  max[e(0), o(€)] (1) @)

As shown in previous studies [37-40], the densification point is the corresponding strain
when a sample reaches its peak value of energy absorption efficiency, 77 4.

3. Results and Discussion
3.1. Qualitative Results

The HGM-PU composite foams were manufactured by mixing an elastomeric resin
with HGMs for different HGM loadings. The elastomeric resin has a low Shore hardness
of 35 A. The 1 inch cube samples are compressed under load in the vertical direction and
expand (bulge) in the horizontal plane. As discussed above, for low HGM loading, the
test sample exhibits an elastic response due to the elastomeric matrix dominating. In this
case, the sample can recover allowing energy to be released, which is not desirable for
crashworthiness applications. For sufficiently high HGM loadings, as the HGM-PU foam
undergoes crush, the HGMs engage with each other and exhibit brittle failure or crush.
A key goal is to determine the HGM loading when this transition occurs.
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The behavior of the HGM-PU composite foams with different HGM loading can be
observed in Figure 4. The modulus, derived from the initial linear region of the curves,
demonstrates a dependency on the volume fraction. In this figure, the lower volume
fraction sample (40 vol%) exhibits a linear increase in stress up to 50% strain, while the neat
resin sample (0 vol%) shows a linear increase up to 40% strain. At 40 vol%, the composite
has a lower elastic modulus of about 5 MPa when strained from 0 to 10%. Both samples
are predominantly influenced by the elastic properties of the elastomeric (PU) matrix.
In contrast, the sample with 70 vol% HGMSs shows a modulus of approximately 10 MPa
within the 0 to 5% strain range. The modulus increases with higher HGM concentration
due to enhanced particle-to-particle interactions, indicating that the composite is reinforced.
While low HGM loading samples show a continuous increase of stress over applied strain,
the higher HGM loading samples (>60 vol%) experience a peak in the stress—strain curve at
around 10% strain. The sample with HGM loading of 55 vol%, positioned between low and
high HGM volume fractions, demonstrates a slight bump around 20% strain, indicating
a transition in mechanical behavior. This peak is a representation of the transition into
the plastic region from the elastic region, which is caused by HGMs interacting during
compression. The lack of HGM engagement for the lower HGM loading samples explains
their linear-elastic behavior. For an HGM loading of 55 vol% is, HGM engagement initiates
at 20% strain, which is reflected in the flattening of the stress—strain curve so that a plateau
stress is manifested. As HGM concentration continues to increase, this characterization
above becomes more distinct. Increasing the HGMs concentration by 5% from 55 to 60 vol%
has a significant increase in sphere engagement. In the 60% stress—strain curve, this can
be seen in the change in slope around 15% strain, where a peak stress is becoming visible.
This is the point when the HGMs have been engaged, and carry the load, until the spheres
have broken within the sample. After a specimen is able to achieve its peak stress, stress vs.
strain data progresses into the plateau region, where the stress appears to stabilize. Once
the densification strain is reached, the HGMs have been engaged to the point of brittle
failure and are mostly crushed and collapsed, so that the stress increases dramatically.

3 T T T T T T

Stress [MPa]

0 0.1 0.2 03 04 05 0.6
Strain [-]

Figure 4. Stress—strain performance for HGM-PU composite foams manufactured using different
HGM loading. The 0% sample has no HGMs and is a neat elastomer, while the 100% sample is
manufactured using the sintering process.
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Figure 5 presents a series of images depicting uniaxial compression testing on test
samples with varying HGM loading. With increased HGM loading, the HGM-elastomer
foams show more brittle failure under compression, resulting in material spalling, or break-
ing into small pieces. Conversely, samples with lower HGM loading do not experience
spalling but instead demonstrate elastic behavior. As the 40 vol% sample is compressed
to higher strains, the material bulges or is displaced in the lateral direction. Overall, this
sample experiences little to no visible damage. Once the force is removed, the sample
returns to its original shape within 10 minutes. This indicates that permanent deformation
of the foam is minimal, resulting in its reversible behavior. When reviewing the images
from the 70 vol% sample, spalling is immediately noticeable. The image of 70 vol% at 40%
strain shows the sample breaking apart into several pieces due to the matrix’s inability
to hold the sample together at high strain. For samples at these higher HGM loadings,
the response is dominated by the crush response of the HGMs and the low volume fraction
of the elastomeric matrix is insufficient to ensure that the HGMs remain bonded, especially
under higher strains. As a result, these samples are more prone to spalling. It is important
to note that the random packing fraction of polydispersed spherical objects is known to
be around 70%, making it hard to achieve a significantly higher HGM loading [41]. Lastly,
the 100 vol% samples without the matrix material experienced brittle failure.

£ [%]

----——

Figure 5. Images of uniaxial compression testing of samples. The top row represents the applied
strain, while the left axis indicates the HGM volume fraction.

The elasticity of HGM-PU composite foams with varying HGM loading was observed
when the top platen was removed from the compressed samples. Upon removal, the sam-
ples began to decompress and partially return to their original shape. This rebound was
noted in most samples with different sphere volume fractions, but to varying degrees.
In Figure 6, the rebound of the 40 and 70 vol% samples are shown. As the top platen is
being removed after the samples were compressed up to 65% strain, it appears that both
samples have some amount of instantaneous recovery. The top row in the Figure, which
depicts the 40 vol% sample, has no visible cracks or deformations after the load is entirely
removed. This is to be expected because the HGM loading is low, and the rebounding is
controlled by the PU matrix. On the other hand, the 70 vol% sample developed permanent
deformation, which can be seen by the cracking along the outer surface. However, even
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with this permanent deformation, these samples are still able to regain some of their original
shape. This is due to the elastic matrix being present, even if it is in small quantities.

The degree of recovery depends on the HGM loading, ranging from 98% in the 0 vol%
to 83.5% in the 70 vol%. Although these low HGM loading samples (0 and 40 vol%) have
superior rebound characteristics, these samples are unable to hold as much load and are
also less crush efficient. When the low HGM sample undergoes compression, the HGMs in
the sample are likely not engaged, and instead, the matrix carries the load.

End

Start: t=0s

Figure 6. Behavior of HGM-PU composite foam samples as the load is removed from the sample.
Lower volume fractions rebound, while higher volume fractions experience minimal recovery.

3.2. Mechanical Characteristics

Stress—strain data shown in Figure 4 is used to calculate the energy absorption effi-
ciency (7ga). These curves are nearly linear until a maximum energy absorption efficiency
is achieved. The strain at the peak energy absorbed efficiency corresponds to the onset of
densification for the samples [37-40] or when

diga _
Te 0 5)

Figure 7 shows that the HGM loading influences the onset of densification. As HGM
loading increases, the strain value at which the onset of densification occurs decreases.
As HGM volume fraction increases, the HGMs are packed closer together, so that under
compression, the HGMs engage at a lower value of strain, so that the onset of densification
occurs at a lower strain level.

The second key metric to evaluate the performance of these HGM-elastomer composite
foams is crush efficiency (7¢). The useful strain range considered here is defined as the
strain range up to the onset of densification. It is desired that the crush efficiency be
maximized throughout the useful strain range. Figure 8 shows that when the HGM loading
increases, so will the crush efficiency. The peak crush efficiency increases as HGM loading
increases, for the simple reason that more HGMs implies a greater load-bearing capacity.

Similarly, as HGM loading increases, the peak energy absorption efficiency also in-
creases. The energy absorption efficiency (¢ 4) increase was measured from 18.78% for
the 0 vol% sample to 55.96% for the 100 vol% sample. These two trends emphasize the
importance of selecting the desired HGM loading for the given application (Figure 9). The
100 vol% sample exhibits the greatest crush and energy absorption efficiencies, however,
the HGM-PU composite is more durable and less prone to brittle fracture.
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Figure 7. Energy absorption efficiency for different volume fraction samples. The densification strain

for each HGM loading is denoted on its respective curve with a black dot. The 0% sample has no
HGMs, while the 100% sample is manufactured using the sintering process.
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Figure 8. Crush efficiency of samples at different volume fractions of HGMs. The 0% sample has no
HGMs, while the 100% sample is manufactured using the sintering process.

These results are shown in Table 1. The peak crush efficiency, 89%, is recorded in the
Table for the 100 vol% sample and the lowest, 44%, for the 0 vol% sample. The neat resin
is the least crush-efficient during testing due to its elastic behavior during compression
and the absence of crushable spheres. Efficiency increases with higher HGM loading, up to
the 100 vol% HGM sample. This demonstrates the feasibility of using HGMs to increase
energy absorption and crush efficiencies when used in elastomeric matrix composite sys-
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tems

. As shown in Table 1, the sample with an HGM volume fraction of 40% exhibits a

densification strain of €; = 0.58, which gradually decreases with increasing HGM volume
fraction. The densification strain was €; = 52% for the sample with an HGM volume
fraction of 70%. At 40 vol% HGM loading, the densification strain is the highest (0.58)
except 100 vol% sample.

1

Efficiency [4]

00 r

#* Crush
90 1 | ® Energy Absarbed ’
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Figure 9. The crush efficiency and and energy absorption efficiency as a function of HGM loading.

Table 1. Characteristics of HGM-PU foams as a function of HGM volume fraction.

HGM Volume Density p [g/cc] Peak Crush Peak EA Efficiency Densification Mean Crush
Fraction V [%] yrlis Efficiency #¢ [%] 71EA [%] Strain e [- ] Stress o, [MPa]

0 1.00 £ 0.00 44.70 +1.36 - - 0.49 £ 0.09

40 0.76 £ 0.00 51.33 £3.18 - - 1.04 £0.10

55 0.64 £ 0.01 57.45 £ 4.41 26.54 +£2.45 0.54 £ 0.02 1.35+ 0.09

60 0.62 & 0.01 67.45 £+ 2.55 30.80 £ 3.15 0.54 £ 0.02 1.15+£0.17

65 0.65 £ 0.01 76.38 +5.44 34.63 +4.24 0.52 £ 0.02 1.09 £ 0.11

70 0.51 £ 0.00 7744 +1.14 3243 +£1.24 0.52 £ 0.01 0.97 £0.10

100 0.37 89.26 55.96 0.63 1.85

3.3. Analysis of Composite Modulus

The results from this study can be validated using models from the literature. Here,

we consider the Paul Model, the Issay-Cohen Model, and the Four-Part Model, as described
in [42]. Assumptions used to define the Representative Volume Element (RVE) in these
models are:

PN AL

Particles are cubic in shape.

Distribution of matrix volume to each particle is also cubic.

Particles are uniformly distributed.

Both matrix material and particles are elastic, isotropic, and homogeneous.

The particle volume fraction is small enough that particle interactions can be ignored.
The applied deformation is small, so linearity is maintained.

The strains do not vary when components are in parallel.

The stresses do not vary when components are connected in series.
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The RVEs used in this study, adopted from Bourkas et al. [42] are shown in Figures 10A,
10B, and 10C, for the Paul, Issay-Cohen, andd Four-Part Model, respectively.

First, we examined the Paul Model. It is a three part model that assumes a uniaxial
load is applied to the composite. The particle is represented as a cube. A similar cube of
matrix is stacked on top of the particle cube. The remaining matrix volume is in parallel
with this stack. Using this arrangement, the composite modulus, E., can be determined as

follows [42]:
1+ (m— 1)0}2/3
Fe = Em 1+(m—1)(02/3—v ©
7o)

where m is the E f/ E,., where E ¢ Em, and E. are the elastic moduli of the particle, matrix,
and composite, respectively, and vy is the volume fraction. Figure 10D shows the Paul
Model plotted using the moduli for the particle and matrix of this system.
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Figure 10. The Representative Volume Element (RVE) for the analytical models adopted from Bourkas
et al. [42]: (A) Paul Model; (B) Issay-Cohen Model; (C) Four-Part Model. (D) The experimental
moduli are plotted versus HGM loading along with predictions from the Paul, Issay-Cohen, and Four-
Part Models.
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The second model considered was the Issay-Cohen model Figure 10B. This also starts
with a three-part model and this modulus is combined in parallel with the remaining matrix
to determine the composite modulus, or:

Ee=En(1+ i 7)
m/(m—l)—v)l/3

As shown in Figure 10D, the Issay-Cohen model tends to underpredict the modulus.

The final model considered was the Four-Part Model Figure 10C. Here, the RVE is
divided into four different components, where the modulus is derived from a combination
of components in parallel and series [42]. The composite modulus for this RVE is given by:

of
E.=E,|1+ 8
( 1/(m—1)+v}/3—012/3> ®)

Figure 10D shows the Four-Part Model plotted using the moduli of this system. The Issay-
Cohen model tended to underpredict the composite modulus, while the Paul model tended
to overpredict. The composite modulus from the Four-Part model provided a useful
middle ground.

These models were applied to a range of HGM loading and presented with the
experimental results. There is a marked deviation between the models and the experimental
for samples above 65 vol%. Once an HGM loading of 65 vol% is reached, there is an
interaction between the spheres and the matrix, as observed in Figure 4. One of the
assumptions underlying these models (Assumption 5 above) is that the particle volume
fraction is sufficiently small that particle interactions can be ignored. However, examining
the stress vs. strain data in Figure 4 for the 60, 65, and 70 vol% curves, there is a noted
shoulder in the stress vs. strain data when the cellular nature of the HGM-PU composite
foam is evident in that the HGMs interact with each other. This directly violates assumption
5 listed above. In order to use these models, the volume fraction must be low enough such
that interactions do not occur, therefore the models cannot be used to determine the moduli
of samples with a volume fraction greater than 60%. However, these models did prove to
be useful in validating the measured moduli.

3.4. Discussion Summary

Quasi-static compression tests were conducted on samples of various HGM loading
in an elastomeric matrix. From these tests, a series of trends were identified. As the
HGM loading increases, there is an increase in the crush efficiency and energy absorption
efficiency. The densification strain and mean crush stress decrease with increasing HGM
loading. These trends can be seen from the data presented in Figure 11. Here, the 0 and
100 vol% were not shown.

Another method for quantifying the performance of the samples in a multi-metric
assessment is using a radar plot. The radar plot places the metrics on spokes radiating
outwards so that the most ideal values are furthest out. Each sample creates a closed
polygon describing the performance of that sample. Figure 12 shows a radar plot with the
four best performing samples: 55, 60, 65, and 70 vol%.

The radar plot in Figure 12 shows that the optimal HGM loading for these metrics
is 60 vol%. This HGM loading shows consistently high values for each metric. Other
HGM loadings, like the 65 and 70 vol%, show high crush and energy absorbed efficiencies,
but a low mean crush stress and an early densification strain. The 60 vol% is one of the
highest densification strains and mean crush stress without compromising on the energy
absorbed and crush efficiencies (Figure 12). The 60 vol% sample demonstrates the best
performance in both crush efficiency and energy absorption efficiency due to particle
engagement through particle collapse. This particle collapse results in the permanent
deformation of the composite structure, and thus, shape recovery is not observed.
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Figure 11. The average (A) crush efficiency; (B) energy absorption efficiency; (C) densification strain;
and (D) mean crush stress for each HGM loading.
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Figure 12. The best performing HGM loading samples are shown in a radar graph to assist in down
selecting optimal HGM loading for a given application.

The purpose of this study was to determine the feasibility of using HGM-PU composite
foams in an energy absorption application. According to Farley [15], energy absorption
materials are intended to (1) maintain a constant stress versus strain profile and (2) have no
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energy release. To further demonstrate that these materials meet Farley’s requirements for
an energy absorber material, Figure 1 has been reconstructed alongside the samples with
60-70% solids loading in Figure 13. As shown, these HGM-PU composite foam samples
exhibit behaviors of those energy absorption materials.

1.57
g
=
7
o
%)
0.5 60%
——65%
e 15
— = Farley Model [13]
D | | 1 Il
0 0.1 0.2 0.3 0.4 0.5

Strain [-]

Figure 13. The Farley Model of a typical cellular material plotted as a stress—strain curve alongside
the 60, 65, and 70% samples.

4. Conclusions

The goal of this study was to find the optimal HGM loading conditions for a foam
using K46 HGMs and a visco-elastic polyurethane matrix, so that it can be used as a
protective layer in the event of a low-impact collision. Some key conclusions have been
made in the course of this work.

1. As HGM loading increases, the stress—strain behavior of the samples transitions
from a linear elastic response to an elastic-plastic response with densification, reflecting
the contribution of the HGMs in this cellular material. At low HGM loading (<40%,
the elastomeric matrix dominates the compressive stress vs. strain response. For samples
with an HGM loading of 55% or more, the compressive stress vs. strain data exhibited a
peak stress, a collapse in stress to a nominal plateau stress, and densification, indicating
that HGMs are carrying the compressive load, and collapsing maintain a plateau stress,
and densifying once porosity in the HGM-PU composite has been largely eliminated.

2. Increased HGM loading in the HGM-PU composite foam increases both energy
absorption efficiency and crush efficiency. HGM-PU composite foams exhibited stress vs.
strain behavior required for energy-absorbing materials suitable for crashworthiness or
occupant protection applications.

3. The matrix will rebound if there is a sufficient amount of matrix present. In this
study, it was determined that samples with less than 55 vol% were able to recover with
minimal external deformation, and exhibited energy release. However, such energy-
releasing materials do not meet the requirements for occupant protection systems, as in [15].

4. The HGM loading of composites affects spalling behavior under compression.
As HGM loading increases, the volume of matrix holding the HGMs decreases. With less
matrix, the samples experience an increase in spalling under compression and, thus, an in-
ability to recover after testing, when compared to low HGM loading samples. However,
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this spalling negates the possibility of energy release, which meets the requirements of
minimal energy release expressed in [15].

The behavior of these HGM-reinforced elastomer matrix composites demonstrated the
feasibility of these HGM-PU composites as an energy absorber material for occupant
protection systems. From the data in this study, it is shown that the 60% HGM-PU
composite foam sample is well suited for energy absorber applications.

In our future work, drop tests will be performed using a drop tester modified for test-
ing HGM-PU composite foam samples. This system drops a 5 kg mass onto a sample, atop
an anvil, with a specified impact speed, or AV. We are currently performing impact tests on
HGM-PU composite foam samples at speeds ranging up to 5 m/s based on the industrial
standard used for automotive crashworthiness testing [43], as well as requirements for
helicopter seating systems [16].
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Abbreviations

The following abbreviations are used in this manuscript:

Acronyms

CE Crush efficiency

EA Energy absorber

EAE  Energy absorbed efficiency
HGM  Hollow glass microsphere

MTS  Materials Test System

PU Polyurethane

RVE  Representative Volume Element
SEM  Scanning electron microscope

Notation

E. Elastic modulus of composite
En Elastic modulus of matrix
Ep Elastic modulus of particle
€ Strain

€4 Densification strain

1c Crush efficiency

NEA Energy absorbed efficiency
o Stress

Time Mean crush stress

U(e)  Energy absorbed

V¢ Volume fraction

vol%  Volume fraction
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