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ABSTRACT

Polymers and polymer-based particulate composites are becoming increasingly used in aerospace
structural applications, where they experience complex, non-static loads. Correspondingly, the high strain
rate mechanical properties are of increasing importance. This paper investigates the properties of epoxy -
bisphenol-A/diethanolamine epoxy (Epon 826/DEA) — and epoxy-based particulate composites across
strain rates from 10 to 10° /s. The samples were tested using Instron, traditional split Hopkinson pressure
bars (SHPBs) and a miniaturized SHPB for ultra-high strain rates. Additionally, the epoxy samples are
tested with dynamic mechanical analysis to look at the effects of time-temperature superposition on the
strain rate effects in the samples. The results of the testing are compared to the Hasan-Boyce model for
polymers, which has shown good agreement with other epoxy studies, to develop constitutive equations for
these materials.

INTRODUCTION

Particulate composite materials composed of one or more varieties of particles in a polymer binder are
widely used in military and civilian applications. They can be tailored for desired mechanical properties with
appropriate choices of materials, particle sizes and loading densities. In this study, the effects of particle
size and volume fraction on the mechanical properties of a model particulate composite, aluminum-filled
epoxy are presented. Several studies on similar epoxy-based composites have been reported and have
shown that particle size, shape [1], and concentration and properties of the constituents can affect the
properties of particulate composites. In composites of Al,O3 particles in epoxy (Epon 828/Z), increasing the
particle concentration and decreasing the particle size were found to increase the stress at 4% strain [2]. A
study of aluminum filled epoxy (DGEBA/MTHPA) found adding a small amount of filler (~ 5 vol.%) increased
the compressive yield stress, but additional amounts of filler decreased the compressive yield stress [3].
However, tests on epoxy (DOW DER 331/bisphenol-A) found that increasing the volume percent of glass
bead filler increased the yield stress and fracture toughness of the material [4, 5].

EXPERIMENTAL PROCEDURE
Sample Characterization and Preparation

In this study, epoxy-based particulate composites, consisting of aluminum powder in an epoxy binder, were
prepared, as detailed in Table 1. The epoxy binder is Shell Epon 826 with a DEA hardener.
Characterization of the powders’ particle size, surface area, and density was conducted. The particle size



was determined using Mie light scattering with a Micromeritics Saturn Digisizer. The surface area was
determined with a Micromeritics Gemini V using a static volumetric technique. A Quantachrome
Ultrapycnometer 1000 was used to determine the density of the as-received powders. The results of the
characterization are presented in Table 2. The as-received powders were examined with scanning electron
microscopy (JEOL JSM 5900LV). Micrographs of the powders are presented in Figure 1 (a) and (b).

Table 1. Sample Description and Properties

Sample Description Vol. % Avg. |Density
(Wt.%) | Particle | [g/cm?]
Particles | Size |(%TMD)
(pm)
Epoxy-65H2 |Shell Epon 46 3.5 1.862
826/DEA with (65) (99)
Valimet H2 Al
Epoxy-65H5 |Shell Epon 46 5.4 1.853
826/DEA with (65) (99)
Valimet H5 Al

Table 2: Characterization of H2 and H5 aluminum powder
H2 Aluminum | H5 Aluminum
Surface Area (m°/g)
1.522 + 0.093 | 1.145 + 0.032
Particle Size (um)
3.479 + 0.042 | 5.425 + 0.076
Density (g/cm®)
2.720+£0.012 | 2.688 + 0.009

(b)

Figure 1: SEM micrographs of (a) H2 Aluminum powder and (b) H5 Aluminum powder

Mechanical Properties Testing

All samples were tested in compression across a range of strain rates from 10° to 10 at room
temperature. An Instron model 1332 was used for quasi-static loading, in which the samples were
nominally 8 mm diameter by 3.5 mm thick. It is generally accepted that quasi-static compression samples
should have a length to diameter ratio of 2 : 1. However, in these experiments, samples with dimensions
identical to those used for the split Hopkinson pressure bar were tested. The strain in the sample was
determined from crosshead displacement, and the stress was determined from the load cell output. All data
was acquired using Instron’s Merlin software. Additionally, the particulate composite samples were tested
in using a three point bending apparatus, according to ASTM Standard D790-03.



Compression experiments at intermediate strain rates (10° — 10*) were conducted using two split Hopkinson
pressure bars (SHPB) [6, 7]. The SHPB system is comprised of 1524 mm long, 19 mm diameter incident
and transmitted bars of 440-HT stainless steel or 6061-T6 aluminum. The striker is 305 mm long and made
of the same material as the other bars. The samples, which were nominally 8 mm diameter by 3.5 mm thick
or 5 mm diameter by 2.5 mm thick, depending on strain rate, are positioned between the incident and
transmitted bars. The bar faces were lightly lubricated with paraffin wax to reduce friction.

Experiments on epoxy samples at ultra-high strain rates (10* s*) were conducted using a miniaturized split
Hopkinson pressure bar (MSHPB), which is, in principle, identical to the full sized SHPB. However, the bars
are 300 mm long and 3 — 3.2 mm in diameter. Samples tested in this apparatus are nominally 1.5 mm
diameter by 0.6 mm long. Miniaturized direct impact bar systems have been widely studied [8-10] and Jia
and Ramesh [11] recently published a comprehensive analysis of a similar miniature bar system. A major
advantage of the split bar system, over direct impact, is that mechanical equilibrium in the specimen may be
conformed by comparing one- and two-wave analyses, as described by Gray [6]. The MSHPB provides the
opportunity to test materials up to strain rates of 10° s, with tungsten carbide (WC) and titanium alloy (Ti-
6Al-4V) bar materials available.

For all bar systems, the properties of the sample are determined by measuring the incident, reflected, and
transmitted strain signals, €, g, and 7 respectively, using Kulite AFP-500-90 semiconductor strain gages.
These gages are smaller (1 mm long) than traditional foil gages and have a much higher gage factor (140).
The gages form part of a potential divider circuit with constant voltage excitation, which transforms the
resistance change of the gages to a voltage change and compensates for temperature changes. The strain
gages are dynamically calibrated in situ by performing a number of impacts with carefully measured striker
bar velocities. From the measured impact velocity and mass of the striker, the force amplitude of the stress
pulse introduced, F, can be determined and compared to the voltage output, V, from the strain gages to
give a calibration in the form:

F=KV(+bV), 1)
where K and b are calibration factors.

The full derivation of the data reduction used to calculate the strain rate and stress in the specimen, as
functions of time, can be found in references [6, 7, 12]. In order to make representative measurements of
material properties, it is necessary that the specimen achieves mechanical equilibrium during the
experiment, and this is sometimes assumed as it makes the strain rate calculation more straightforward [6].
The software used in the experiments presented in this paper performs the one- and two- wave analyses
automatically for every specimen, so stress state equilibrium can be verified in every experiment. However,
the calculation of strain rate does not assume mechanical equilibrium, rather it uses all three of the incident,
reflected and transmitted force pulses to calculate specimen strain rate through the following equation:

40{&}(6. 0)-c.0)-2, (1) . @

where g, &g, and & are the incident, reflected and transmitted strain pulses time shifted to the front and rear
faces of the specimen, respectively, Cy is the sound speed in the bar material, and Is is the length of the
sample. This specimen strain rate is then integrated to give the strain,

)= [t @

and the transmitted strain pulse is used to calculate the reported one-wave specimen stress,
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where Ey, and A, are the elastic modulus and cross-sectional area of the bar material, respectively, and A
is the cross-sectional area of the sample. The two-wave specimen stress is calculated using Equation 4
with gr replaced by g + &. |If true stress is required, As is typically updated using the strain calculation,
assuming that volume is conserved during deformation.

Quantitative Microstructural Analysis

Previous work [13-18]. has shown that the spatial distribution of phases in particle-reinforced composite
microstructures can have a significant effect on the mechanical properties of the material; including but not
limited to strength [19, 20], ductility [21, 22], fatigue [23], damage evolution [24, 25], and fracture behavior
[26, 27]. In order to provide quantifiable relationships between mechanical properties and microstructural
attributes, detailed quantitative microstructural analysis must first be carried out. In this study, Scanning
Electron Microscopy (SEM) was used to provide digital micrographs for this purpose. Secondary Electron
Imaging (SEI) of metallographically-polished, carbon-coated specimens provided adequate contrast
between the aluminum particles, the epoxy matrix and any porosity present after curing. The digital
micrographs were obtained using a FEI Sirion microscope operating at 15kV, with 4Pi image acquisition
system providing 1024x1024 pixel images at 16-bit depth.

Two different techniques for quantifying the composite microstructures were used in the present work;
firstly, particle volume fractions and size distributions for the two materials (Epoxy-65H2 and Epoxy-65H5)
were obtained using the commercially-available Clemex Vision® PE software; secondly, an in-house code
(MSAAF: Multi-Scalar Analysis of Area Fractions) was employed in order to measure the level of
microstructural homogeneity in each of the materials. Homogeneity was quantified using the negative slope
of the MSAAF plot, according to the analysis of Spowart et al [20, 21, 28], as outlined below.

Multi-Scalar Analysis of Area Fractions (MSAAF)

This technique works by dividing up the microstructure into local grid squares and then measuring the
coefficient of variation of local area fractions on that sectioning plane, CV(A;) = oAs/ A;, where A is the
standard deviation of the individual local area fractions on the plane and Ay is their statistical mean. It has
been previously shown that for a Poisson (random) distribution of mono-sized circular particles of diameter
dp, this statistical parameter should vary with grid size, Q, according to the following relationship, for Q >>
d,,

0.5 -1

QY (5)

CV(Q)= A r
f p

When this relationship is plotted on a log-log scale (i.e. the MSAAF plot) the result is a straight line with a
slope of —1. In general, for any spatial distribution of mono-sized particles, the slope of the line is given by
the parameter &, i.e.

dlog(CV)
dlog(Q/d,)

The utility of this metric is that for microstructures that contain particles that are more clustered than the
corresponding Poisson random case, & > -1; for microstructures that are more uniformly arranged, § < -1.
Furthermore, the same overall relationship is also valid for moderately poly-dispersed particle distributions,
as in the present case of the aluminum particles used to reinforce the epoxy matrix.

- (6)



RESULTS AND DISCUSION
Epoxy Behavior and Comparison with Hasan-Boyce Model

Epoxy samples were tested at a range of strain rates from 1 x 10 to 38000 /s, as shown in Figure 2. It can
be seen that the epoxy demonstrates a rise to a peak pressure, followed by strain softening, a region of
nearly perfectly plastic flow, and strain hardening, which is comparable to behavior seen in similar epoxy
materials [29]. The Hasan-Boyce model has been used for glassy polymers [29-31], and is described in
detail in these references. Application of the Hasan-Boyce model depends on the appropriate choice of
several constants, detailed in Table 3. As a first approximation, the constants derived by Lu, et al [29], for
the same epoxy resin with a different curing agent, were used to compare to the experimental data in this
study. It can be seen from Figure 2, that, although there is qualitative agreement, the model curves greatly
over-predict the experimental behavior. This is hypothesized to be due to the difference in the epoxy
strength using two different curing agents. Additional work is underway to optimize the Hasan-Boyce
parameters for the particular epoxy used in this study.

Table 3: Constants used in Hasan-Boyce Model [29]

. - 3 * -1 -1
o (Hz) Vo (™) S AAM) AV (R a0 (€V7)
75x 10" 4.0x 10" 80 2 1090 1
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250
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/
;‘f 150 |
=
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|: 100 9_;1’ —
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0 005 01 045 02 025 03 035 04

True Strain

Figure 2: Compressive stress-strain behavior of Epon 826/DEA compared with Hasan-Boyce model
using constants from Table 3



Epoxy — Aluminum Composites

The particulate composites, Epoxy-65H2 and Epoxy-65H5, have been formulated and testing is ongoing on
these formulations. The materials have been tested in a static three point bend configuration as well as in
compression, both statically and dynamically, with a summary of the results presented in Table 4. Flexural
testing of these materials has revealed that both materials fail by particle pull out, i.e. the failure of the
interface between the aluminum particles and the epoxy binder, as shown in Figure 3. Additionally, these
materials fail in a brittle manner in tension, as evidenced by the lack of yield and flowing in the stress —
strain curve. The lower flexural failure stress in the Epoxy-65H2 material, with a smaller aluminum particle
size maybe due to a larger number of interfaces per unit volume. Alternatively, if one assumes a similar
natural oxide layer thickness for both the H2 and H5 particles, the smaller (H2) aluminum particles will have
a higher overall oxide-to-metal ratio than the larger (H5) particles, possibly lowering the overall composite
strength. Although inconclusive on its own, the slightly higher density of the H2 powder (see Table 1) would
also be consistent with this hypothesis.

The compressive stress-strain curves at three strain rates (0.001, 1.3, and 1150 /s) for both composites are
presented in Figure 4 (a). Both materials show a rise to a “yield” stress followed by strain softening, a
region of nearly perfectly plastic flow, and then a region of strain hardening. This is similar to the behavior
of the epoxy binder material, indicating that the properties of the binder are dominating in compression. At
all three strain rates, the smaller particle size material (Epoxy-65H2) has consistently higher strength. A
plot of the “yield” or peak stress for both materials versus log strain rate, Figure 4 (b), reveals a nearly
straight line, which indicates that the epoxy binder is not undergoing any phase transitions in this strain rate
regime.

Table 4: Summary of mechanical testing data on Epoxy-65H2 and Epoxy-65H5

Material <dp> E Grail Opeak (¢= 10-3) Opeak (¢= 100) Opeak (¢= 103)
(um) (GPa) (MPa) (MPa) (MPa) (MPa)
Epoxy-65H2 3.5 0.92+0.05 8.0+x0.8 101 £ 0.7 127+ 0.4 170+ 4
Epoxy-65H5 54 0.83+0.03 9.6+0.5 95+0.1 117 £ 0.2 150 + 2
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Figure 3: Flexural testing results and associated fracture surface micrographs of Epoxy-65H2 and
Epoxy-65H5.
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Figure 4: (a) Compressive stress-strain curves for Epoxy-65H2 and Epoxy-65H5 at quasi-static and
dynamic strain rates and (b) peak stress versus log strain rate for both composites.

Quantitative Microstructural Analysis

Figures 5(a) and 5(b) show typical SEM micrographs of the as-polished Epoxy-65H2 and Epoxy-65H5
composite specimens. These images were obtained using SEI contrast, and clearly show the 3 major
constituents of the microstructure; epoxy matrix (dark gray), aluminum particles (light gray) and pores
(black). In addition to these, there is evidence of particle pull-out during polishing, as characterized by the
dark gray features with bright halation due to charging under the electron beam. However, due to
uncertainty in their exact origin, these features were ignored in the statistical particle-counting process,
which may lead to an under-representation of the true particle volume fraction, to be discussed later.

(@) (b)

20 gm

Figure 5: Typical SEM micrographs of as-polished epoxy-aluminum composite specimens; (a)
Epoxy-65H2; (b) Epoxy-65H5. Images obtained with SEI contrast clearly show epoxy matrix (dark
gray), aluminum particles (light gray) and small pores (black). Dark gray features with bright
halation are evidence of particle pull-out during polishing.



The microstructures in Fig. 5 were gray-level thresholded using the Clemex Software, to obtain the following
binary images where the black features are the aluminum particles and the white background is the epoxy
matrix, Fig. 6. Binarization of the images allows the patrticle size statistics and area (volume) fraction
measurements to be made automatically, using the same software. In addition, the binary images were

used as input into the MSAAF code in order to measure the levels of microstructural homogeneity in each
specimen.

@)

(b)

Figure 6: Binarized (thresholded) images of the aluminum-epoxy composite specimens; (a) Epoxy-
65H2; (b) Epoxy-65H5. These images were used to obtain particle size statistics, overall area
(volume) fractions of particles using the Clemex software and formed the basis of the MSAAF

analysis for microstructural homogeneity. Black features are aluminum particles and white
background is the epoxy matrix.

The overall area (volume) fractions of the aluminum reinforcement were measured from these binarized
images. For the Epoxy-65H2 and Epoxy-65H5 composites, As (=V;) = 0.32 and 0.38, respectively. These
volume fractions differ significantly from the expected values of 0.45, based on the information in Table 1. It
is postulated that this discrepancy is primarily due to those particles which are pulled-out during
metallographic preparation not being counted in the statistical analysis. In addition, statistical particle size
analysis using the same thresholded images gave mean equivalent spherical particle sizes for the Epoxy-
65H2 and Epoxy-65H5 composites of 2.4 £ 0.5 um and 5.5 £ 0.6 um, respectively, as shown in Figures 7(a)
and 7(b). Although the mean equivalent spherical particle size for the Epoxy-65H5 specimen is in good
agreement with the value of <d,> measured directly from Mie light scattering, this is not the case for the
Epoxy-65H2 specimen. In addition, there is significantly more experimental error in the measurement made
on the images, than that from light scattering, possibly due to fewer particles being sampled. The difference
between the two measures of particle size can be explained by the higher levels of porosity observed in the
Epoxy-65H2 specimen, which, due to thresholding can be erroneously included as a population of smaller
particles, thereby dragging down the mean. Fig. 8 shows the typical, small-scale porosity that was
observed in each material. For the Epoxy-65H2 specimen, the pore fraction was measured at 0.007,
almost twice that of the Epoxy-65H5 specimen, at 0.003. Moreover, the increased levels of porosity in the
Epoxy-65H2 specimen may have contributed to a small extent to the larger under-prediction of the overall
area (volume) fraction in this material than in the Epoxy-65H5 material.
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Figure 7: Particle size analysis from binarized images; (a) Epoxy-65H2; (b) Epoxy-65H5.

(b)

Figure 8: Images showing the porosity present in the aluminum-epoxy composite specimens; (a)
Epoxy-65H2; (b) Epoxy-65H5. The red features are pores superposed on the epoxy matrix with
aluminum particles. Overall pore fractions were measured to be P; = 0.007 (Epoxy-65H2) and P; =
0.003 (Epoxy-65H5).

The level of microstructural homogeneity present in each microstructure is very similar. The slopes of the
MSAAF plots generated from the Epoxy-65H2 and Epoxy-65H5 materials were calculated to be — 0.96 +
0.01 and — 0.97 £ 0.01, respectively. Effectively, the slope of the MSAAF plot is a quantitative indicator of
how randomly the particles are arranged in space. A slope of — 1.00 indicates perfectly random, non-
overlapping placement of particles; slopes that are more positive indicate increasing degrees of particle
clustering; and slopes that are more negative indicate a predisposition for the particles to be well-separated,
as if by repulsive forces. Hence, in these aluminum-epoxy composite materials, the particles are only very
slightly clustered, possibly due to attractive forces operating during the cast-cure processing or due to the
presence of the small satellite particles, as previously indicated in Figs 1(a) and (b). In all other respects,
the particles have been well-dispersed throughout the matrix by the mixing process.

SUMMARY

Two particulate composites, Epoxy-65H2 and Epoxy-65H5, have been prepared and mechanically
characterized using static flexural testing and static and dynamic compression testing. In tension, as
loaded in the flexural test, both materials failed at the interface between the aluminum particles and the
epoxy binder. The smaller particle size sample (Epoxy-65H2) showed a lower flexural failure stress
perhaps due to; (i) the increase in number of interfaces per unit volume; or (ii) the greater oxide component
in the smaller aluminum particles. In compression, the smaller particle size sample was consistently



stronger than the larger particle size sample due to the larger number of particles per unit volume, which
constrain the epoxy flow behavior. The difference in the compression and tension behavior of these
materials reveals that the interface is weak compared to the strength of the matrix. Microstructurally, both
composites were similar in terms of their microstructural homogeneity, which was consistently high.
However, the Epoxy-65H2 material revealed higher porosity levels than the Epoxy-65H5 material. Careful
thresholding and binarization is needed in order to provide volume fraction and particle size measurements
that are consistent with those from the other techniques. Specifically, particle pull-out during metallographic
polishing should be minimized in order to suppress image artifacts that can arise due to thresholding.
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