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A B S T R A C T   

Prior research has observed that the presence of secondary phases in metal alloys influence the failure behaviour 
of the bulk material, a response which varies based on secondary phase morphology and adhesion to the matrix 
material. Particle-reinforced polymer composites offer a material system in which variations in adhesion between 
the sub-phase and polymer matrix can be manipulated with relative ease. In the present study, we investigate the 
influence of both the particle morphology and matrix-particle interface adhesion on the spall strength of particle- 
reinforced polymer composites. Adhesion control was achieved using a adhesion-impeding silane treatment of 
the surface of micron-sized alumina particles. The composites were characterized based on their dynamic tensile 
(spall) failure strengths. The results showed that while particle morphology effects were minimal, the loss of 
surface adhesion resulted in a drastic reduction in spall strength. Fractography performed on the fracture surface 
of the recovered samples showed evidence of poor wetting in the silane-treated composites, confirming the role 
of particle adhesion in moderating this failure mode.   

1. Introduction 

Polymer-matrix composites have been used increasingly in applica
tions that require high stiffness and strength on a mass-normalized basis 
[1,2]. As polymer-reinforced composite panels are commonly com
pressed at high strain rates in ballistic applications, a number of studies 
have previously investigated shock wave propagation and de
laminations of these polymer-matrix composite materials [3–7]. Opti
mizing the polymer matrix of those composites through particle 
reinforcements have been suggested as a means of improving their 
performance [8]. The shock wave propagation and shear characteristics 
of alumina-reinforced epoxy have been studied extensively using 
various techniques [9–15], however the role of these particulate on the 
dynamic tensile strength of these composites have not been thoroughly 
investigated. In the present study, we investigate the dynamic tensile 
failure (spall strength) of a particle-reinforced polymer-matrix com
posite, specifically focusing on the role of surface adhesion on the failure 
behaviour of these materials. 

Spall is the dynamic tensile failure of a material, which is determined 
through the rapid compression and subsequent expansion of a specimen. 
Research into the spall strength and tensile failure mechanisms of metals 
has spanned several decades [16–18], studying the implications of a 

range of material properties and experimental parameters including 
strain rate [19,20], loading wave profile [16,21], micro-structure [22, 
23], and the presence of secondary phases [24,25]. In the case of armour 
grade aluminum alloys, intermetallic secondary phases were deliber
ately introduced through tailored manufacturing processes and were 
found to reduce the spall strength of the alloy [25]. Specifically, there 
was evidence of spall failure originating at the phase boundaries. Earlier 
work found that the spall plane tends to propagate between these in
clusions, with cracks initiating or terminating at phase boundaries [26]. 
Similar work in steels found that cracks clearly nucleated at the phase 
interfaces, then propagated along the interface or through the brittle 
secondary phase [27]. Steel specimens with an increased interface 
density saw a reduced spall strength that was attributed to the higher 
density of nucleation sites. 

Similar observations have been made in metal-matrix composites, 
with reductions in spall strength correlating with increasing filler vol
ume fraction [28]. It was also observed that the aluminum-alumina 
(Al-Al2O3) composite possessed a higher spall strength relative to other 
comparable aluminum-ceramic composites, a result attributed to a 
relatively strong interface adhesion between the aluminum and alumina 
[28]. In contrast, for a metal-metal composite (Cu/Nb), no difference in 
spall strength was observed when compared to the as-received copper, 

* Corresponding author. 
E-mail address: oren.petel@carleton.ca (O.E. Petel).  

Contents lists available at ScienceDirect 

International Journal of Impact Engineering 

journal homepage: www.elsevier.com/locate/ijimpeng 

https://doi.org/10.1016/j.ijimpeng.2020.103801 
Received 29 June 2020; Received in revised form 23 October 2020; Accepted 10 December 2020   

mailto:oren.petel@carleton.ca
www.sciencedirect.com/science/journal/0734743X
https://www.elsevier.com/locate/ijimpeng
https://doi.org/10.1016/j.ijimpeng.2020.103801
https://doi.org/10.1016/j.ijimpeng.2020.103801
https://doi.org/10.1016/j.ijimpeng.2020.103801
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijimpeng.2020.103801&domain=pdf


International Journal of Impact Engineering 150 (2021) 103801

2

which was attributed to comparable phase stiffnesses [29]. This shows 
the competing effects of impedance mismatches within the composites 
and the strength of surface adhesion in controlling failure nucleation. 

In polymers, the spall strength is also highly correlated to the 
microstructure of the polymer. Pepper et al. [30] observed that the spall 
strength of an epoxy based on the choice of curing agent showed up to 
50% improvements due to increased cross-linking of the polymer chains. 
The addition of carbon nanotubes (CNT) to that same epoxy to create an 
CNT-epoxy composite resulted in a notable reduction in spall strength in 
a study by Huneault et al. [31]. Bie et al. [32] studied a similar 
CNT-epoxy composite system and found that the spall strength of the 
neat epoxy and pristine CNT-epoxy composites were identical. Scanning 
electron microscopy (SEM) from both studies noted fiber pullout at the 
internal fracture surface as a common failure mode, which was indica
tive of a low CNT-epoxy interface strength [31,32]. Accordingly, Bie 
et al. also investigated functionalizing CNT surfaces for improved 
adhesion to the epoxy, however the spall strength was observed to 
decrease and was attributed to a change in the failure mechanism of the 
composite [32]. Similarly, Katz et al. [33] investigated the use of 
micron-scale fibers to reinforce an epoxy matrix, observing a drastic 
reduction in spall strength of the functionalized composite in compari
son to the pristine fiber-reinforced composite. Strong matrix-filler 
adhesion would prevent the relaxation of thermal stresses, resulting in 
significant residual stresses that reduced the overall spall strength [33]. 
In a recent study of neat and halloysite nanotube-reinforced poly
urethanes, Aguiar et al. [34,35] noted the role of the functionalized 
nanotubes participating in the polymerization process, leading to a 
refinement of the polymer microstructure that resulted in an improved 
spall strength of the polymer. Aguiar et al. [34,35] presented a markedly 
different concept of particle reinforcement, where the chemical pro
cesses in the polymerization reaction were altered by the presence of the 
nanotubes and the improvement in spall strength was not attributed to 
the nanotubes themselves. Thus, particle reinforcement may result in a 
competition between the standard void nucleation mechanisms and 
changes to the polymer microstructures. 

The purpose of this study was to directly investigate the influence of 
particle morphology and matrix-particle interface adhesion on the spall 
strength of particle-reinforced polymer matrix composites. The model 
system used in this investigation was a polyurethane matrix reinforced 
with micron-scale alumina particles. Using silane functionalization of 
the alumina particle surfaces, the adhesion between the matrix and 
particles could be varied. The investigations included two morphologies 
of alumina particles and spall testing was conducted using a plate impact 
experiment. 

2. Experimental details 

The matrix material selected for the present study was a commercial 
thermoset polyurethane sold under the tradename Clearflex 95 (Smooth 
On). The particle reinforcement used in the present study was alumina 
(Panadyne), which was sourced in two different morphologies, spherical 
(Fig. 1a) and irregular (Fig. 1b). Both particle types had a nominal mean 
characteristic lengthscale of 5μm. All particle-reinforced composites in 
the present study had a fixed particle-phase volume fraction of 20%. In 
total, five sample types were prepared: (i) a baseline neat polyurethane; 
(ii) polyurethane reinforced with pristine spherical alumina; (iii) poly
urethane reinforced with pristine irregular alumina; (iv) polyurethane 
reinforced with spherical alumina particles subjected to an adhesion- 
impeding silane-functionalization; and (v) a polyurethane silane blend. 
Each set of particles was sourced from the same batch from the manu
facturer and each sample type was prepared from a single batch. 

2.1. Preparation of materials 

Prior to integration, the alumina particles were dried in an oven at 
180◦ C for twelve hours to remove any moisture, allowed to cool, then 

stored in a nitrogen purged container to maintain a desicated state. To 
prepare the particle-reinforced composites, alumina was added at an 
appropriate mass fraction that was calculated to achieve a 20% volume 
fraction in the final composite. The alumina was added evenly to each 
part of the two-part polyurethane resin and mixed with a magnetic 
stirrer for 5 mins. An ultra-sonic probe mixer (Fisher Scientific FB 505) 
was used to thoroughly mix each suspension. A pulse cycle of 20 s on: 10 
s off was used at 70% amplitude for a period of 5 minutes. After being 
allowed to cool, the two parts were combined and mixed via magnetic 
stirrer for 4 minutes. The mix was poured into open-faced moulds and 
degassed under vacuum for 4 minutes, after which point any remaining 
bubbles or foam were manually removed. Samples were then cured at 
room temperature for 6 hours, followed by a post-cure in an oven at 
72◦ C for 16 hours. After being allowed to cool, samples were removed 
from their moulds. 

One set of samples was prepared to impede the surface adhesion of 
the alumina particles to the polymer matrix. For these samples, the 
alumina particles were subjected to an adhesion-impeding silane-func
tionalization of the alumina particles prior to integration into the 
polyurethane matrix. Interface adhesion between the polymer and 
ceramic phases was tailored using a silane, n-octyltriethoxysilane 
(SIO6715.0 - Gelest), which was selected to suppress or impede adhe
sion. It was anticipated that the addition of this specific silane as a 
functionalizing agent would bonds to the active alumina surface and 

Fig. 1. SEM images of the (a) spherical and (b) irregular alumina particles.  
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present a less reactive aliphatic group to the polyurethane. This is shown 
schematically in Fig. 2. 

A silane mass fraction of 5% (with respect to the alumina particles) 
was selected based on a literature survey of silane treatments of filler 
materials [36,37]. The silane treatment was applied to the dried alumina 
particles using the following technique. The silane was diluted in 
ethanol at a 1:2 ratio by mass and then mixed with the alumina. For 
every 100 g of alumina particles, 5 g of silane and 10 g of ethanol were 
used. Once coated, an additional 40 g of ethanol was added to the so
lution. An ultra-sonic probe mixer (Fisher Scientific FB 505) was used to 
thoroughly mix the solution. A pulse cycle of 20 s on: 10 s off was used at 
70% amplitude for a period of 5 minutes. The mixture was then placed in 
an oven at 60◦ C overnight to evaporate the ethanol. The 
silane-functionalized alumina particles were then added to the poly
urethane matrix following the procedure described above to prepare 
samples for testing. This silane treatment was only applied to spherical 
alumina particles. 

Once the samples were cured, the density and sound speed of each 
sample type were determined experimentally. The density of each 
sample type was measured using four specimens from the same batch 
and the scatter is reported in Table 1. The longitudinal sound speed was 
determined using a pulse echo transducer (Olympus Technologies 
MG45) and a M202-RM linear transducer at a frequency of 10 MHz. A 
summary of the density and sound speed measurements for the samples 
investigated are shown in Table 1. 

2.2. Plate impact testing 

Plate impact testing was used to investigate the dynamic tensile 
(spall) strength of the various particle-reinforced polymer samples. The 
tests were conducted with a 67 mm internal diameter smooth-bore 
single-stage gas gun. Thin flyer plates were launched onto the samples 
at speeds ranging from 270 to 580 m/s. The instrumented samples were 
mounted in a machined target assembly (Fig. 3a) affixed with a small 
offset to the end of the barrel to ensure planarity of the mounted target 

Fig. 2. A schematic demonstrating the effect of the silane on the surface adhesion of the spherical alumina particles.  

Fig. 3. Schematics of (a) the spall target assembly and diagnostics at the 
muzzle and (b) the flyer plate and sabot assembly. 

Table 1 
Summary of the measured density and longitudinal sound speed for each sample 
type used in the present investigation.  

Sample Density (g/cm3)  Sound Speed(m/s) 

Neat Polyurethane 1.09 ± 0.03  2170 ± 10  
Spherical Al2O3  1.66 ± 0.04  2090 ± 10  
Irregular Al2O3  1.69 ± 0.04  2060 ± 10  
Silane-Treated Al2O3  1.60 ± 0.04  1990 ± 20  
PU + Silane Blend 1.09 ± 0.03  2020 ± 10   
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with respect to the projectile. An 89 mm long PVC sabot supported a 64 
mm diameter by 3.3 mm thick flyer plate with an air pocket immediately 
behind it, a schematic of which is shown in Fig. 3b. A combination of 
aluminum and acrylic flyer plates were used to achieve different loading 
conditions. A magnet was embedded within the sabot sidewall and used 
in conjunction with a stationary pair of annular induction coil gauges to 
determine the flyer plate velocity immediately prior to impact. The 
uncertainty in the coil gauge system was previously determined through 
a series of experiments comparing the exit velocity of projectiles 
measured by the PDV system and coil gauges concurrently. The uncer
tainty in the coil gauges measurements was determined to be on the 
order of 1.5% of the measured speed [38]. The gun barrel and test 
chamber were evacuated to a pressure of approximately 100 Pa prior to 
firing the projectile. The target material sample thicknesses (wt) varied 

between 4.5 and 11.2 mm. 
The target material samples were instrumented with a two-channel 

photonic Doppler velocimeter (PDV) to monitor the backface velocity 
history of the test material [39,40]. The backface velocity history of the 
rear free surface of the target materials can be related to the mechanics 
of the wave processes occurring within the target material, which can be 
related to the spall failure strength of the samples [41]. A 50-μm-thick 
piece of aluminized Mylar foil was adhered to the back face of each 
sample using cyanoacrylate to serve as a reflector for a PDV laser 
collimator probe. Two PDV probes were placed on a common radius 
from the centre of the sample for redundancy. The PDV system recorded 
the signal with a peak bandwidth of 12.5 GHz and was sampled at a rate 
of 40 GS/s. 

2.3. Analysis of plate impact data 

The spall strengths of the material samples were determined from the 
velocity history measured in the experiments (Fig. 4). These values were 
calculated using an acoustic approach [41] to relate spall strength to the 
pullback velocity according to the equation, 

σ* =
1
2

ρ0C0Δufs, (1)  

where ρ0 is density, C0 is bulk sound speed, and Δufs is the difference 
between the peak and pullback free surface velocity of the sample. As we 
were unable to obtain reliable shear wave velocities for these polymers, 
the bulk sound speed will be approximated by the measured longitudinal 
sound speeds (Table 1). The experimental strain rate (ε̇) relating to the 
spall event can also be measured from the velocity history based on the 
rate of backface unloading in the target material, 

ε̇ ≈
1

2⋅C0

dufs

dt
. (2)  

Table 2 
Summary of the results from the plate impact tests.    

Target wt  wf  VFlyer  Flyer Material upeak  upull  σspall  ε̇  
(mm) (mm) (m/s) (m/s) (m/s) (MPa) (104s− 1)  

1 - Neat PU 8.4 3.3 431 Acrylic 471.0 327.6 167 ± 2  3.0 
446.9 307.4 

2 - Neat PU 8.4 3.3 292.1 Acrylic 317.7 165.30 180 ± 2  2.4 
3 - Neat PU 8.2 3.3 290.4 Acrylic 275.1 122.7 180 ± 2  2.5 
4 - Neat PU 8.1 3.3 286 Aluminum 417.2 266.1 179 ± 2  1.8 
5 - Neat PU 3.6 3.3 291 Acrylic 334.8 192.2 169 ± 2  3.4 
6 - Neat PU 4.0 3.3 287 Acrylic 318.8 172.0 174 ± 2  3.4 
7 - PU + Sph. Al2O3  11.1 3.3 437 Acrylic 417.2 316.5 175 ± 9  1.9 
8 - PU + Sph. Al2O3  8.9 3.3 292 Acrylic 251.9 158.9 167 ± 6  1.6 

251.9 152.4 
9 - PU + Sph. Al2O3  8.7 3.3 576 Acrylic 532.2 403.0 210 ± 14  2.0 

517.0 404.0 
10 - PU + Sph. Al2O3  8.8 6.4 287 Acrylic 259.6 147.2 195 ± 10  0.9 
11 - PU + Irr. Al2O3  8.7 3.3 439 Acrylic 356.5 266.1 160 ± 2  1.6 

378.5 285.5 
12 - PU + Irr. Al2O3  8.7 3.3 286 Acrylic 210.5 95.6 201 ± 3  1.5 
13 - PU + Irr. Al2O3  9.2 3.3 412 Acrylic 436.6 344.9 162 ± 2  1.1 

427.0 333.2 
14 - PU + Silane + Sph. Al2O3  4.5 3.3 427 Acrylic 422.6 383.0 57 ± 6  2.2 

412.3 380.3 
15 - PU + Silane + Sph. Al2O3  4.8 3.3 402 Acrylic 382.0 356.5 38 ± 2  1.6 

382.8 360.0 
16 - PU + Silane + Sph. Al2O3  5.1 3.3 403 Aluminum 603.5 566.0 60 ± 4  3.8 
17 - PU + Silane + Sph. Al2O3  10.2 3.3 548 Acrylic 487.2 433.5 81 ± 5  1.9 

471.2 424.2 
18 - PU + Silane Blend 8.7 3.3 281 Aluminum 436.1 280.0 172 ± 1  3.1 
19 - PU + Silane Blend 8.2 3.3 290 Acrylic 311.7 163.6 159 ± 1  2.7 

303.1 153.3  

Fig. 4. An experimental backface velocity history from a spall test with labelled 
elements for data analysis. 

A. Lebar et al.                                                                                                                                                                                                                                   



International Journal of Impact Engineering 150 (2021) 103801

5

3. Results 

A total of 19 experiments were conducted for the present study, the 
test parameters and results from which are summarized in Table 2. 
Those experiments with multiple PDV probe measurements list both sets 
of data and an average spall strength and strain rate. The uncertainty in 
the spall strengths of a given experiment were determined from the 
variations seen among the two PDV probes monitoring the same 
experiment. The uncertainty among samples for which only one PDV 
probe measurement was available was estimated as the average multi- 
probe scatter measured in other samples of the same type. The 
average uncertainty values estimated from the experiments were 
approximately 4% of the measured strengths. This method of estimating 
PDV uncertainty was similar to the approach of Farbaniec et al. [42]. 

The backface velocity histories are shown in Fig. 5 and the results 
from all of the materials tested are plotted against strain rate in Fig. 6. 
Many of the free surface velocity histories in Fig. 5 show a showed a 
sharp jump associated with wave arrival and a slow rise to peak 
amplitude. This is characteristic of the visco-elastic response of these 
materials [43,44]. 

There are several trends that were immediately apparent from the 

datasets (Fig. 6). The first observation was that despite the addition of 
alumina particles, when they were in their pristine form, the spall 
strength of the composite was indistinguishable from failure strength of 
the neat polyurethane matrix. The scatter in the data becomes more 
significant however the mean value was unchanged. The results also 
showed that the morphology of the particles was not an important factor 
in the failure strength of the composite, as both irregular and spherical 
particles had the same spall strengths. The significant change in spall 
strength was seen for the spherical alumina particles that were treated 
with an adhesion-impeding silane-functionalization prior to integration 
into the composite. This was a significant drop in strength, which ap
pears to be related to the change in the surface chemistry of the particles. 

Out of concern that the change in spall strength was due to the silane 
interfering with the chemistry of the polymer matrix, two samples were 
cast with a polyurethane and silane blend, where the silane was present 
with the identical silane to polymer volume fraction as in the silane- 
functionalized particle systems. The spall strength of the 
polyurethane-silane blend was unchanged from the values measured in 
the neat polyurethane (Fig. 6). 

4. Discussion 

The spall strengths measured for neat polyurethane, which ranged 
between 167–180 MPa, were consistent with previously reported values 
for different polymers, which often range between 100–200 MPa [18,30, 
43]. These spall strengths are one order of magnitude higher than the 
quasi-static tensile strength (17 MPa) quoted by the manufacturer. This 
increase was consistent with Ree-Eyring theory [45], which suggests a 
strengthening response due to a restricted molecular mobility at high 
strain rates, as well as the results of previous work on epoxy [30]. 

4.1. Effect of particle reinforcement on spall strength 

From Fig. 6, it is clear that the addition of alumina particles into 
polyurethane resulted in no discernible change in the spall strength of 
the composite. These results stand in contrast to prior work on the 
presence of second phase particles in other material systems, which has 
been shown to reduce spall strength of a material in both metals [25,26] 
and polymers [31]. In these cases, the onset of spall is typically attrib
uted to the matrix-filler interface behaving as a preferential site for void 
nucleation, due to poor matrix-filler adhesion in polymers [31,46] and 
debonding at secondary phase boundaries [25]. These results would 
suggest that adhesion between the pristine alumina particles and the 
polyurethane matrix is strong, a fact that has been noted in prior studies 
on similar polymeric material systems [47,48] as well as in metals [28]. 
Strong matrix-filler adhesion would likely suppress the preferential 
nucleation of voids at the particle-matrix. 

4.2. Effect of particle morphology 

Two particle morphologies of the alumina particles integrated into 
the polyurethae were investigated in the present work, spherical and 
irregular morphologies; however, there was no discernable difference in 
the spall strength of these two polymer composites (Fig. 6). It was 
anticipated that the composites with particles having irregular mor
phologies would outperform the composites with spherical particles 
based on prior dynamic fracture experiments on particle-reinforced 
epoxy [49] and quasi-static and ballistic data on particle-reinforced 
elastomers [48]. Those prior studies had found that fillers having 
higher aspect ratios outperformed comparable filler volumes with lower 
aspect ratios, which were explained in terms of differences in energy 
dissipation [49] and elastomer mobility [48]. 

The similarity in spall strengths between the irregular and spherical 
alumina composites reinforce the hypothesis that the failure of these 
samples was dominated by void nucleation at the particle-matrix 
interface. At the elevated volume fractions investigated in the present Fig. 6. Experimental spall strength for the five samples against strain rate.  

Fig. 5. A sample of the typical backface velocity histories measured for each 
sample type. The time axis of the signals have been arbitrarily shifted for 
visualization purposes. The arrows indicate the chosen peak and pull
back velocities. 
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study, spall failure was not limited by interface density, thus void 
nucleation densities would have been similar. Recent results on spall 
behaviour in silicon oils [50] observed that the presence of pre-existing 
bubbles in silicon oil did not reduce its spall strength. While this may 
similarly seem counter intuitive, this was attributed to the fact that 
randomly formed bubbles within the oils served as sufficiently favour
able nucleation sites. Having an abundance of nucleation site candidates 
in both composite samples, spall behaviour was likely energy limited. 
Since the applied energy is comparable, regardless of particle 
morphology, the nucleation of voids depends primarily on the adhesion 
at the particle-matrix interface. 

4.3. Silane-Treated composite samples 

As a means of interrogating the hypothesis surrounding the role of 
particle surface adhesion on the spall failure of particle-matrix com
posites, an adhesion-impeding silane functionalization was used to coat 
the particles prior to their integration within the polymer matrix. As the 
adhesion between alumina and polyurethane was determined to be 
sufficiently strong, the functionalization was used as a means of sup
pressing this adhesion. From Fig. 6, the silane functionalization of the 
particles resulted in a significant drop in spall strength, in comparison to 
both neat polyurethane and the composite with the pristine particles. 
These results showed a substantial drop, which is directly attributable to 
the change in particle surface chemistry reducing the particle-matrix 
adhesion at the interface. 

As a further note, identifying the pullback velocity for polymer ma
terials undergoing spall can be difficult. For example, comparing two of 
the backface velocity histories in Fig. 5, one from the pristine particles 
and the other from the silane-treated particles, the spall pulse signals 
differ significantly. This can be attributed to the dispersion of the 
compression waves generated at the spall plane [31]. These types of 
spall pulse signals are commonly seen in a variety of polymers and have 
lead to significant scatter between reported results, as the choice of 
pullback velocity was not clear. For the silane-treated samples, the spall 
pulse had two characteristic values that could be considered when 
calculating the spall strength, which can be seen as an inflection point in 
the unloading and the local minimum of the velocity history. 

In the present study, the inflection point was determined to be the 
suitable pullback velocity for two primary reasons: the strain rate of the 
material pre- and post-inflection and the timing of the internal wave 
interactions. The most compelling reason to choose the inflection point 
as the true onset of spall, is that the strain rates prior to the inflection 
point were on the order of 104 s− 1, which was consistent with every 
other material tested, while the strain rate post-inflection was on the 
order of 103 s− 1. Given that the silane treated samples were thinner than 
the pristine samples (see Table 2), the strain rates were expected to be 
higher in the silane-treated samples. A second consideration is the 
amount of time required for the silane treated samples to unload and 
spall. A simple estimate for a silane-treated sample struck at 400 m/s, 
predicts a free surface velocity plateau with a duration of ≈ 1.5 μs, prior 
to the arrival of the leading edge of the rarefaction rarefaction fan. The 
tailing edge of the fan arrives about 1 μs after that, based on the 
measured speed of sound. Since spall relies on the interaction of rare
faction fans to generate a tensile state, spall would occur prior to the 
arrival of the tailing edge of the rarefaction fan. The above described 
inflection point lies within this one microsecond window, while the 
minimum point of the free surface spectrogram is seen almost 4 μs after 
the onset of unloading. This suggests one should use the inflection point 
in the velocity history as the pullback velocity. 

With the drastic reduction in spall strength with the integration of 
silanes into these composites, there was some concern that the silane 
itself may be interfering with the polymerization of the polyurethane. To 
discount this possibility, a polyurethane-silane blend to the same ratio 
seen in the adhesion-impeding silane-treated composites. As can be seen 

in Fig. 6 and Table 2, a negligible difference was observed in the spall 
strength and physical properties of the neat polyurethane and 
polyurethane-silane blend. This implies the silane alone has a minimal 
effect on the overall chemistry of the polyurethane, suggesting that 
differences seen in the composite treated for negative adhesion can be 
attributed to impeded interface adhesion. Furthermore, the backface 
velocity histories of the neat polyurethane and polyurethane-silane 
blend shown in Fig. 5, suggests that the silane did not impede the 
polymerization of the neat polyurethane. 

Reviewing the results of the spall testing listed in Table 2 and shown 
in Fig. 6, it is clear that impeding the interface adhesion between the 
alumina and polyurethane resulted in a drastic reduction in dynamic 
tensile strength. The stronger interface adhesion in the untreated com
posite benefits the overall composite by behaving as a less suitable 
candidate for spall nucleation. As per the energy-limited and flaw- 
limited theories [22,51], this would suggest that more energy is 
expended in developing the interface, so that it can behave as a suitable 
nucleation site. On the contrary, the silane-treated composite is likely to 
behave as an excellent candidate site for spall nucleation, as the low 
strength interface would possess little strength to resist void nucleation. 

4.4. Fracture surface analysis 

Several samples were recovered from the spall experiments for a 
qualitative analysis of their fracture surfaces using a Scanning Electron 
Microscope (SEM). The recovered samples were carefully sectioned 
along their spall plane and sputter-coated with a 10 nm layer of gold. 
Two SEM images of fracture planes are shown in Figs. 7a and 7b for 
pristine and silane coated spherical alumina particles, respectively. 

The micrographs in Fig. 7 captured several features that deserve 
attention. The first observation is that both images showed evidence of 

Fig. 7. SEM images displaying the fracture surface of a spherical alumina 
reinforced PU sample. 
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particle pullout for the two particle composites. The two images show a 
number of pockets remaining where a spherical alumina particle was 
pulled out of the matrix under the applied dynamic tensile load, as well 
as several exposed particle surfaces that were pulled out of the adjoining 
matrix material prior to fracture. This was to be expected, as the alumina 
particles are extremely hard and were not expected to fracture under 
these loading conditions. 

A second, more nuanced, observation that can be made from these 
micrographs is that while both composites feature well-dispersed par
ticle phases, there is a notable difference in the surface wetting of the 
particles in the two composites. The pristine alumina particles in Fig. 7a 
appear to have bonded well to the matrix with excellent surface wetting. 
In contrast, the adhesion-impeding silane-functionalization of the par
ticles in Fig. 7b appeared to have created a poorly wetted particle sur
face, as one would expect. These images visually demonstrate that the 
silane treatment did reduce the adhesion of the particle surface to the 
polyurethane matrix, as intended. These gaps were a consequence of the 
silane treatment applied to the particles prior to integration. These gaps 
at the particle-matrix interface would readily behave as preferential 
void nucleation sites within the composite. Since particle pullout is 
common in both materials, the reduction in particle wetting, and thus 
adhesion, caused a drastic reduction in the spall strength of the silane- 
treated samples. 

5. Conclusions 

The objective of the present study was to assess the role played by 
particle morphology and matrix-filler interface adhesion on the spall 
strength of particle-reinforced polymer matrix composites. The addition 
of the pristine particles did not result in a change in spall strength as 
compared to the matrix material, regardless of particle morphology. In 
evaluating matrix-filler adhesion, a drastic reduction in spall strength 
was observed with a reduction in adhesion between the two phases. This 
reduction was attributed to a loss of adhesion at the particle surface with 
the addition of a silane surface treatment on the alumina particles, 
despite otherwise having an identical sample composition. From this, 
concerns of silane interference with the polymer matrix were eliminated 
showing a near identical behaviour and spall strength between the 
polyurethane and silane-polyurethane blend. Microscopy of the fracture 
surfaces of silane-treated and untreated particle composites corrobo
rated the interpretation of the experimental spall strength measure
ments. The silane treatment reduced the wetting of particle surfaces, 
creating preferential nucleation sites for spall failure. 
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