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Polymer-ceramic composites are widely used in biomedical applications. This
paper presents the results of an experimental investigation on the crack
extension inside epoxy-alumina. Specimens with 5 vol.%, 10 vol.%, ..., 25 vol.%
fillers fractions were fabricated. Three-point bending on single-edge notched
bend specimens were performed using conventional mechanical tester and
in situ mechanical tester coupled with micro-CT, respectively. Fracture
toughness was measured to be 2.10-2.51 MPa./m, and it decreased with
increasing filler fraction. When cracks were shorter than 0.88 mm, crack
resistance for 5 and 25 vol.% epoxy-alumina was similar. Beyond 0.88 mm, 25
vol.% epoxy-alumina exhibited no crack resistance, whereas stress intensity
factor kept increasing in 5 vol.% epoxy-alumina. The matrix-particle inter-
faces were the weakest link, where cracks often initiated from. Crack bridging
by uncracked ligament and crack deflection were commonly observed tough-
ening mechanisms. To design robust epoxy-alumina composites, increasing

matrix-particle interface strength is recommended for future work.

INTRODUCTION

Polymer-ceramic composite materials are widely
used in biomedical applications, such as tissue
engineering scaffolds,’ orthopedic implants,”> and
drug delivery devices.? In our prior works, epoxy-
zirconia and epoxy-alumina composites were used
in the bio-inspired design of functionally %raded
materials for dental restoration crowns.*® The
critical loads under contact loading in the structures
fabricated using these composite materials were
found to be about 20-40% greater than those in the
conventional structures using commercially avail-
able dental adhesive materials. The load-bearing
capacity of these structures are related to the
fracture properties of composites, which have not
been fully explored.

The recent developments of x-ray based imaging
techniques have provided new opportunities to
study internal damage and cracks in composite
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materials. Synchrotron radiation computed tomog-
raphy (SR-CT) has been used to investigate fracture
in natural composite materials, such as dentin® and
bone.” Micro x-ray computed tomography (micro-
CT) was used to study the internal damage in
polymer-fiber composites.® In situ mechanical test-
ing coupled with SR-CT revealed damage mecha-
nisms in epoxy-fiber laminates.? In situ mechanical
testing coupled with micro-CT was used to measure
the three-dimensional (3D) deformation in carbon
fiber reinforced polymer composite'® and 3D inter-
nal strain in bone.'"

In this paper, the internal crack growth was
studied in a model polymer-ceramic composite sys-
tem, epoxy-alumina, using in situ mechanical test-
ing coupled with micro-CT. The fracture toughness
of pure epoxy and epoxy-alumina containing 5
vol.%, 10 vol.%, ... 25 vol.% alumina fillers were
measured, respectively. The crack growth resis-
tance curves (R-curves) were obtained for 5 vol.%
and 25 vol.% epoxy-alumina composites. The crack
paths and crack toughening mechanisms were
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revealed by the micro-CT images. The implications
of the results are then discussed for the design of
more robust epoxy-alumina composites and for the
experimental methods of studying cracks in
composites.

MATERIALS AND METHODS
Sample Preparation

The epoxy-alumina composite specimens were
fabricated by mixing epoxy matrix (EPO-TEK 301,
Epoxy Technology Inc., Brillerica, MA) with 180-
grit (~82 pm) alumina particles (Saint-Gobain,
Worcester, MA). Mixtures containing 5 vol.%, 10
vol.%, 15 vol.%, 20 vol.% and 25 vol.% alumina,
respectively, were prepared. The volume percentage
was estimated using the weight of each component
measured by a scale, the specific gravity of the
epoxy, 1.09, provided by the manufacturer, and the
density of alumina, 3.97 g/cm3.'?

After mixing, the mixture was poured into a
silicon rubber mold (Allied High Tech Products Inc.,
Rancho Dominguez, CA) and degassed in a vacuum
chamber for 20 min. It was then removed from the
vacuum and stirred for 2—5 min. The degassing and
stirring cycles repeated for ~ 3 h. Then the mixture
was cured in an oven at 100°C for 30 min. The
optical image for a thin slice of a representative
epoxy-alumina specimen (Fig. 1a) shows that the
specimens did not contain visible gas bubbles and
the alumina particles were evenly distributed in the
matrix. Pure epoxy specimens were also fabricated
using similar method.

Single-edge notched bend (SENB) specimens were
prepared according to ASTM standard E399.'* They
were cut using a diamond saw (Isomet 1000 Preci-
sion Cutter, Buehler, Lake Bluff, IL) and then
polished using a grinder polisher (MetaServ® 250,
Buehler, Lake Bluff, IL) with 120-grit sandgaper.
The SENB specimens were ~5 x 5 x 25 mm®. The
length of initial notch was measured using an
optical microscope (ProScope, Bodelin Technologies,
Oregon City, OR) to be about half of the specimens’
width.

Three-Point Bend Using Conventional
Mechanical Tester

Three-point bending tests were performed on the
epoxy-alumina specimens using a mechanical test-
ing machine (Electro E3000, Instron, Norwood, MA)
with a loading span of 20 mm (Fig. 1b). They were
conducted in air at room temperature. Four to five
specimens were tested for each volume fraction of
the epoxy-alumina specimens and for pure epoxy
specimens, respectively. They were loaded mono-
tonically to failure under displacement control at a
cross-head speed of 0.1 mm/min. The loads and
displacements were recorded by the tester.

The stress intensity factor is given by'*
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where P is the applied load; S, a, B, W are the span,
notch length, thickness, and width of the SENB
specimens, respectively; f (%) is the compliance
function, given by*®
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Modules I fracture toughness (Ki.) was deter-
mined from the maximum applied load recorded
during test and the initial notch length.

Three-Point Bend Coupled with Micro-CT

Incremental three-point bending tests were per-
formed on one 5 vol.% and one 25 vol.% epoxy-
alumina specimens using a loading device (CT5000,
Deben, Suffolk, UK) coupled with micro-CT (Phoe-
nix vltome | x L300, GE, Boston, MA) (Fig. 1c). The
specimen geometry, loading span and the displace-
ment rate were the same as previously described in
“Three-Point Bend Using Conventional Mechanical
Tester” section. 0.1 mm/min is the lowest displace-
ment rate in the loading device coupled with micro-
CT.

The tests were performed under displacement
control and were paused discretely, when the load-
ing frame was held still for 20-30 min to allow the
specimen to fully relax. After stress-relaxation,
micro-CT scans were then performed using 140 kV
voltage, 35 pA current and isometric voxel size of 8
um. Each scan took about 30 min. For each speci-
men, the tests were paused for 5-6 times for micro-
CT scans, until they fractured completely or until
the load dropped to zero.

The load and displacement were recorded by the
tester. The corresponding incremental crack
growths were measured from the micro-CT images,
using the longest crack length in all image slides.
The crack growth resistance (R-curves) were deter-
mined using Eqs. 1 and 2 using the loads recorded
at the moment when the tests were just paused
without stress-relaxation.

The micro-CT image stacks were segmented using
image processing software Avizo (FEI Visualization
Sciences Group, Burlington, MA). The specimen,
notch and crack were labeled, respectively. 3D
images were generated using volume rendering
algorithm to visualize the cracks in 3D. Two-dimen-
sional (2D) micro-CT image slices were examined to
determine the crack paths and toughening
mechanisms.
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Fig 1. (a) Optical image of a thin slice of specimen (Scale bar 100 um). (b) Experimental setup for 3-point bending test on epoxy-alumina SENB
specimens using a conventional mechanical tester and (c) an in situ mechanical tester coupled with micro-CT.

RESULTS AND DISCUSSION
Load-Displacement Curves

The load-displacement curves recorded by con-
ventional mechanical tester during three-point
bending tests of epoxy-alumina are presented in
Fig. 2a. One representative specimen was chosen for
each volume fraction that it exhibited the fracture
toughness closest to the average value for the group.
As the filler fraction of the composites increased, the
stiffness (slope of load-displacement curves) also
increased. On the other hand, the maximum load
reduced with increasing filler fraction. The displace-
ment corresponding to the maximum load also
reduced with increasing filler fraction. Several
researchers have reported that the modulus for
epoxy-alumina composite increased with increasing
filler fraction.'®®!” Shukla et al.'’® have also
reported that the strength and failure strain in
the wuniaxial tensile tests for epoxy-alumina

composite decreased with increasing filler fraction.
These are in good agreement with the load-displace-
ment curves obtained in this study.

The load-displacement curves also showed that
pure epoxy specimens fractured immediately after
the maximum load was reached; 5 vol.% epoxy-
alumina specimens deformed a little after the
maximum load was reached and then fractured;
1025 vol.% epoxy-alumina specimens kept deform-
ing after the maximum load was reached and did
not fully fracture even after the load dropped to
almost 0.

Fracture Toughness

The fracture toughness of pure epoxy was mea-
sured to be 3.46 MPa,/m, whereas other studies
reported the fracture toughness of epoxy to be
between 0.58 and 1.51 MPa,/m.'*'%!® The higher
toughness value reported in this study may be
attributed to the different type of epoxy used than
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Fig 2. (a) Load-displacement curves and (b) fracture toughness
values obtained from 3-point bending test for epoxy-alumina SENB
specimens with various filler fractions.

other studies. It can also be attributed to the blunt
notch in the SENB specimen in this study. Besides
the specimens prepared in “Sample Preparation”
section, some other specimens SENB specimens
were prepared with a sharp pre-crack introduced by
a razor blade. However, the metallic debris trapped
in the notch caused severe beam-hardening artifacts
in the micro-CT images and hindered other image-
based measurements and characterizations. A
direction for future work would be creating sharp
pre-crack in SENB specimens without introducing
metallic debris.

Fracture toughness of epoxy-alumina was mea-
sured to be between 2.10 and 2.51 MPa,/m, and it
decreased with increasing filler fraction, as shown
in Fig. 2b. Marur et al.’® reported that the fracture
toughness of epoxy-alumina first decreased with
increasing filler fraction from 5 vol.% to 25 vol.%
and then increased when the filler fraction
increased to 30-40 vol.%. There were also other
studies showed that the fracture toughness of the
epoxy-alumina increased with increasing filler
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Fig 3. Comparison of load-displacement curves obtained from 3-
point bending test in a conventional mechanical tester and in an
in situ mechanical tester coupled with micro-CT: (a) 5 vol.% and (b)
25 vol.% epoxy-alumina SENB specimens.

fraction from 1 vol.% to 50 vol.%.'%16:18 The differ-
ent trends reported in these literatures and in this
study can be attributed to the different types of
epoxy resin the much smaller or to the fact that the
80 um alumina fillers in this study are much bigger
than the sub-micron or nano-scale fillers in the
above-mentioned literatures.

Crack Growth Resistance (R-curves)

The load-displacement curves recorded during the
incremental three-point bending tests coupled with
micro-CT are presented in Fig. 3. They are com-
pared with the load-displacement curves recorded in
the tests using conventional tester (Fig. 3). The
initial loading portions of the curves with and
without coupling with micro-CT were overlapping.
When the tests were paused, the loading frame was
held still and the applied load on the specimen
reduced during stress relaxation. Hence the load
recorded in the tests coupled with micro-CT was
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lower than that in the conventional tests (Fig. 3).
When the tests went past the maximum load, the
load-displacement curves with and without coupling
with micro-CT overlapped again, especially for the
25 vol.% epoxy-alumina specimen.

Although the same displacement rate was used in
the 3-point bending tests without and with micro-
CT scans, the time length deferred in the two types
of testing, due to the holding and micro-CT scans in
the tests coupled with micro-CT. This could con-
tribute to the differences in the load-displacement
curves (Fig. 3). The effects of loading rate need to be
explored in future works.

Micro-CT images taken during the incremental
three-point bending tests coupled with micro-CT are
presented in Fig. 4. The 5 vol.% specimen was
scanned five times when the displacement was 0.21,
0.29, 0.34, 0.38, and 0.46 mm, respectively. It then
fractured when the displacement reached 0.53 mm
(Fig. 3a). The 25 vol.% specimen was scanned six
times when the displacement was 0.09, 0.12, 0.15,
0.29, 0.44 and 0.58 mm, respectively (Fig. 3b). At
0.58 mm displacement, the load dropped to about
zero, but the specimen did not fully fracture. These
are consistent with observations in the conventional

3-point bending test without micro-CT scans (“Load-
Displacement Curves” section).

Micro-CT image slices at the same locations
inside the specimens at each incremental step are
compared (Fig. 4). During the test, multiple cracks
developed from the notch and propagated into the
specimens. The crack length, Aa, from the notch to
the tip of the longest crack inside the specimens
(arrows in Fig. 4) were measured from the image
slices to be 0.14 mm, 0.31 mm, 0.58 mm, 0.76 mm
and 1.04 mm for 5 vol.% epoxy-alumina and 0 mm,
0.29 mm, 0.88 mm, 1.94 mm, 2.15 mm and 2.20 mm
for 25 vol.% epoxy-alumina, respectively.

The crack growth resistance curves (R-curves) for
the 5 vol.% and 25 vol.% epoxy-alumina composites
are given in Fig 5. The results show that the two
composites had similar crack-initiation toughness
around 1.33 MPa,/m. The crack resistance capabil-
ities for the two composites were also similar, when
the cracks were shorter than 0.88 mm. When the
crack length was greater than 0.88 mm, the 25 vol.%
epoxy-alumina exhibited no crack resistance, with
the stress intensity factor first remained constant
and then decreased with crack extension. In con-
trast, stress intensity factor kept increasing in 5
vol.% epoxy-alumina and the slope of the R-curves

(a) Displacement

0.21 mm 0.29 mm 0.34 mm

0.15 mm

3-point bending test. Arrows are pointing at the crack tips.

Displacement

0.38 mm

0.29 mm 0.44 mm



even slightly increased with increasing crack
length.

Crack Paths and Toughening Mechanisms

3D volume rendered images revealed the 3-di-
mensional development of cracks inside the materi-
als (Fig. 6). To better visualize the cracks, only a
section of the specimens near the longest crack was
presented. The images (Fig. 6) show that multiple
one-dimensional (1D) needle-shape cracks initiated
from the notch (0.21 mm displacement); while
extending into the materials, they also extended in
the thickness direction of the specimen and became
2D plate shape (0.29 mm displacement); multiple
cracks extended at the same time while new cracks
initiated from the notch (0.34 mm displacement);
these cracks had different lengths and the longest
crack can be considered as the main crack (0.38 mm
displacement); crack coalescences can be observed
at the final stages of damage (0.46 mm
displacement).

The 2D micro-CT image slices show the typical
crack paths inside the materials (Fig. 7a). Cracks
propagated through the epoxy matrix, through the
alumina particles, and also along the particle-ma-
trix interfaces. Cracks going through the alumina
particles and causing particle fracture were
observed less frequently than other cases.
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Fig 5. Crack-resistance curves for epoxy-alumina composites.
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The 2D micro-CT image slices also show several
toughening mechanisms for epoxy-alumina compos-
ites. Crack deflection was a commonly observed
toughening mechanism. It can be seen in Figs. 4b
and 7b. Crack bridging by uncracked ligament was
also common (Figs. 4a and 7c). Crack bridging by
the filler particles can be seen in Fig. 7d, but it was
not commonly observed. Additionally, the 3D vol-
ume rendered images (Fig. 6) demonstrated tough-
ening by micro-cracks.

Implications

The current results suggest that the matrix-
particle interface is the weakest link in the epoxy-
alumina composites. The damage initiated from
debonding of matrix-particle interfaces, which can
be contributed to the stress concentration at the
interfaces or to the low interface strength. The
fracture toughness decreased with increasing filler
fraction, because the weakest link, matrix-particle
interfaces, increased in the materials, and because
the crack bridging by uncracked filament was
reduced. To design robust epoxy-alumina compos-
ites, increasing matrix-particle interface strength is
recommended as a direction for future work.

The conventional methods to visualize crack
morphology and exam the fracture surfaces include
optical microscope and scanning electron micro-
scopy (SEM),'#16:1820.21  transmission  electron
mic1“osc<)2py22_26 and atomic force microscopy
(AFM).?? They can only examine the specimen
surfaces or fracture surfaces. Sometimes, specimens
need to be cut and sectioned to visualize the internal
damage and cracks. An advantage of x-ray based
microscope techniques is that they can be used to
image the internal structures, including cracks,
without cutting and sectioning the specimens. The
limitations of these methods include the possible
damage to the specimens due to radiation. Among
these techniques, micro-CT is more accessible than
SR-CT, but it often requires a longer scanning time
and results in images with greater voxel size than
SR-CT. The results of current study show that the
image quality of micro-CT is good enough for the
study of 3D crack growth in polymer-ceramic
composites.

Displacement
0.21 mm 0.29 mm 0.34 mm 0.38 mm
|
200 pm Crack =

Fig 6. 3D volume rendered micro-CT images for a 5 vol.% epoxy-alumina SENB specimen at different stages during 3-point bending test.
Red—notch; blue—cracks. The specimen was rendered fully transparent for better presentation of the cracks.
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No-load

Fig 7. Comparison of micro-CT images of 5 vol.% epoxy-alumina
taken at no-loaded and loaded conditions showing (a) the crack
growth paths through the matrix, across the particles (red arrow) and
at the matrix-particle interfaces (blue arrows), (b) crack deflection
toughening, (c) crack bridging by uncracked ligament and (d) crack
bridging by the fillers (Color figure online).

In ex situ studies, measurements were often
carried out after the specimens were fully fractured
or when applied load was removed. The in situ
method used in this study allowed imaging while
the mechanical loads were applied on the speci-
mens, when the cracks were open and easy to
visualize in the images. The in situ method used in
this study also enabled the tracking of crack growth
process at the same micro-scale locations at differ-
ent stages of loading.

CONCLUSION

This paper presented the results of an investiga-
tion on the internal cracks in epoxy-alumina com-
posite materials using in situ mechanical testing
coupled with micro-CT. Fracture toughness was
measured by three-point bending test to be between
2.10 and 2.51 MPaym for epoxy-alumina with
alumina fillers between 5 vol.% and 25 vol.%, and
it decreased with increasing filler fraction. The
crack resistance capabilities for 5 vol.% and 25 vol.%
composites were similar, when the cracks were
shorter than 0.88 mm. When the crack length was
greater than 0.88 mm, the 25 vol.% epoxy-alumina
exhibited no crack resistance. In contrast, stress
intensity factor kept increasing in 5 vol.% epoxy-
alumina.

The matrix-particle interfaces were the weakest
link in the materials, where the cracks often
initiated from. The crack bridging by uncracked
ligament and crack deflection were the commonly
observed toughening mechanisms. Other toughen-
ing mechanisms include crack bridging by filler
particles and micro-cracks toughening. To design
robust epoxy-alumina composites, increasing
matrix-particle interface strength is recommended
as a direction for future work.
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