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Effect of Boron Carbide Filler on the Curing and
Mechanical Properties of an Epoxy Resin

J. Abenojar1, M. A. Martı́nez1, F. Velasco1,
V. Pascual-S�aanchez2, and J. M. Martı́n-Martı́nez2
1Department of Materials Science and Engineering, University Carlos
III of Madrid, Leganés, Spain
2Adhesion and Adhesives Laboratory, University of Alicante,
Alicante, Spain

The curing process, wear behavior, and mechanical properties of an epoxy
adhesive filled with boron carbide (B4C) were studied. Two different particle sizes
and amount of reinforcing B4C were tested. One advantage of using B4C is its
ability to absorb neutrons, a property of great importance in the nuclear industry.
Gel time and degree of curing were measured to evaluate the effect of adding B4C
to the epoxy resin. The chemical structure was studied by Fourier Transform
Infrared Spectroscopy (FTIR) and the B4C distribution was analyzed by laser
confocal microscopy. Dynamic Mechanical Thermal Analysis (DMTA) tests were
also carried out to monitor the viscoelastic properties and the glass transition
temperature (Tg) of the cured reinforced epoxy. The wear resistance against alu-
mina was measured using a pin-on-disc test, evaluated as mass loss. The wear
tracks were studied by Scanning Electron Microscopy (SEM). The bending
strength was also studied to assess the degree of interaction between the B4C
and the matrix. The results showed that the reinforced epoxy with B4C was very
abrasive, wearing the alumina. The reinforced epoxy had excellent mechanical
properties that increased with B4C content and with small particles. Moreover,
the Tg value decreased slightly upon B4C addition.
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1. INTRODUCTION

The reinforcement in a polymer matrix composite (PMC) increases the
strength and stiffness of the relatively weak matrix. The function of
the matrix is to bond the reinforcements together and transmit the
loads between them.

Polymeric materials are being increasingly used in a wide variety of
applications in which wear resistance is important. Polymers are ideal
for applications where their general resistance to corrosion, galling,
and seizure, their tolerance to small misalignments, and shock loading
are necessary, e.g., bearings. Their low density and high toughness are
desirable properties. In many applications, polymers can be subjected
to abrasive wear, often due to the presence of contaminants, and such
abrasion may result in loss of function.

Epoxy resins are widely used in the industry, being one of the most
applied materials as matrix in composite materials, due to their excel-
lent adhesion to different reinforcements and their slight shrinkage
during the curing process. Their low viscosity, high hardness, and
good resistance to humidity and fatigue must also be highlighted.
They are also used in the atomic energy field, e.g., floor painting in
radiation facilities and for nuclear fuel casks, as they have good
durability to gamma rays [1]. Moreover, epoxy resins show excellent
durability to reactor neutrons with a degassing character and form
stability.

Epoxy resins require a curing process to be crosslinked and produce
polymers with three-dimensional and insoluble networks. The final
properties of the cured epoxy arise from the nature of the epoxy resin
and curing agent, the curing cycle, degree of conversion, and degree of
crosslinking among other factors [2].

On the other hand, the properties of the composite depend on the
matrix, reinforcement, and the interface between them. The matrix
must transfer the applied load to the reinforcement. The reinforce-
ment, depending on volume, size, shape, and nature can affect many
properties including strength, hardness, wear resistance, heat dissi-
pation, and dimensional stability. However, one of the key issues
is finding the optimal ratio between polymer matrix and filler to
yield materials with the desired range of properties for a specific
application.

Boron carbide (B4C) ceramics and composites are important high-
tech materials, mainly due to their high level of hardness and low
density [3]. Specifically, B4C is the third hardest material after dia-
mond and cubic boron nitride [4]. One of the major uses of B4C is
as an abrasive. Different authors have studied B4C wear, with and
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without additives [5,6]. The influence of particle properties on the
erosive wear of sintered boron carbide has also been studied [7]. It
was found that different erodents (silica, alumina, silicon carbide)
cause different erosion mechanisms. B4C also presents a high melting
point and high neutron absorption cross-section [8,9]. Despite being a
neutron absorber material, it does not detect luminescence intensity at
low temperatures (below 5K) and it is opaque to visible light [10]. Its
behavior is similar to other weak neutron absorber materials such as
acrylic or tetraphenyl butadiene (TPB) evaporated on Gore-Tex

1

.
Few researches deal with B4C reinforced polymer matrix compo-

sites (PMCs). B4C has been used with polyethylene at a concentration
of 2wt.%, improving the radiation shielding properties of the neat
polyethylene [11]. B4C-epoxy composites serve as components of the
neutron shield for the fission residues located outside the cavity of a
nuclear reactor, likewise preventing neutrons from escaping and
creating a time-dependent background [12]. Also, epoxy resin mixed
with neutron shielding materials (including B4C) have been used for
several components of neutron spectrometer construction [13], such
as shielding blocks, bricks, beam narrowers, and stoppers.

To our knowledge, a systematic study dealing with the use of B4C as
filler of epoxy resin has not been performed. Therefore, the main objec-
tive of this study is the addition of different amounts of two different
boron carbide fillers with different particle size to epoxy resin, and to
specifically analyze the effects of their addition on the curing and
mechanical properties of the filled epoxy materials.

2. EXPERIMENTAL DETAILS

2.1. Materials

The epoxy used was Hysol 9483, supplied by Henkel Adhesivos y
Tecnologı́as S.L. (Navalcarnero, Madrid, Spain) [14]. It shows low
viscosity (7 Pa � s), high mechanical strength (UTS of 47N=mm2

according to the manufacturer), and it cures at room temperature
during 12h. The epoxy resin was 4,40-isopropylidendiphenol-based
and the hardener was 4,7,10-trioxa-1,13-tridecanediamine-based.
The mix ratio (by wt.) resin:hardener was 100:46.

Two different B4C particle sizes were used: one with an average
particle size of 7mm (Fig. 1a), supplied by Strem Chemicals
(Bischheim, France), and the other with 23 mm (Fig. 1b), supplied by
Presi (Grenoble, France). Both of them have high purity (more than
99%). The morphology of the particles was analysed by scanning
electron microscopy (Philips XL 30, FEI Europa, Eindhoven,

218 J. Abenojar et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Netherlands). The particles have a polygonal shape with sharp edges
(Fig. 1). No surface treatment was applied to the B4C particles.

The particles were added to the resin in two different amounts, 6
and 12% (by wt.). It is important to adequately disperse particles in
the polymer without producing their agglomeration, in particular
when adding nano-particles [15,16]. The mechanical agitation method
was used in this case, maintaining the same high-speed shearing force
constant during an approximate period of 5min. The mixture was sub-
sequently poured into silicone (Silastic 3481, Feroca, Madrid, Spain)
molds to obtain the desired test specimen form (30� 12.5� 2mm3).
The five studied materials are summarized in Table 1.

2.2. Experimental Techniques

2.2.1. Infrared Spectroscopy
The cure kinetics and the degree of conversion of the materials were

monitored by using a Bruker Vector 22 (Ettlingen, Germany) infrared
spectrometer, fitted with transformed Fourier (FTIR) analysis.

FIGURE 1 SEM microstructures of B4C particles: (a) 7mm and (b) 23 mm.

TABLE 1 Composition and Abbreviation of the Studied Materials

Reinforcement (B4C)

Epoxy resin % weight Particle size (mm) Sample reference

Hysol 9483 H
Hysol 9483 6 7 H6C7
Hysol 9483 12 7 H12C7
Hysol 9483 6 23 H6C23
Hysol 9483 12 23 H12C23
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The FTIR spectra of the composites used in this study were
obtained by means of ‘‘transmission in film,’’ depositing a small drop
of the materials on a potassium bromide (KBr) window, and carefully
spreading it with a spatula to obtain a thin film. It was then placed in
the sample holder of the spectrometer in such a way that the infrared
spectroscopy beam crossed it perpendicularly. A total of 60 scans were
carried out for each infrared spectrum with a resolution of 4 cm�1.

It was possible to follow the temporary evolution of the concentra-
tion level of the species involved in the curing process of the epoxy
resins, as well as the conversion percentage. Consecutive infrared
spectra were measured to follow the curing kinetics of the epoxy
resin-hardener mixture. Measurement were carried out every 15 min
for 15 h. To quantify the cure kinetics and degree of conversion (a) of
the filled epoxy with time (t), the ratio of the areas of the bands at
1035 cm�1 (characteristic of the stretching of the C-H in the aromatic
ring of the bisphenol, Abs1035 cm�1) and 915 cm�1 (characteristic of the
oxirane group in the epoxy ring, Abs915 cm�1) were chosen [(Eq. (1)].
The curing produced the disappearance of the oxirane at 915 cm�1,
so it was used to quantify the degree of conversion. The band at
1035 cm�1 of the aromatic ring of the bisphenol is not affected by the
curing reaction and it was used as a reference.

a ¼ 1 �
Abs915 cm�1

Abs1035 cm�1

� �
t

Abs915 cm�1

Abs
1035 cm�1

� �
t¼0

ð1Þ

2.2.2. Gel Formation (Gelation Process)
Another parameter used for the characterization of the materials in

this research was the gelation period. During the curing process of a
thermostable polymer, the glass transition temperature, Tg, increases
as its molecular weight increases. As a consequence, a reduction of the
free volume of the epoxy groups and of the unreacted primary amines
takes place, given that some chains remain trapped in the infinite
molecular weight networks. Gelation corresponds to the step that
turns a viscous liquid into an elastic gel, taking place suddenly and
irreversibly, which represents formation of infinite molecular weight
molecules. This transition takes place at a specific conversion and
within a certain time period. In epoxy-amine stoichiometrical
amounts, having all the hydrogens the same reactivity, the theoretical
gelation takes place at 58% of conversion [17].

As the reaction advances, the molecular weight of the polymer
increases. The glass transition temperature is also affected, as it
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increases with the degree of crosslinking from an initial Tg0 value [18]
to Tg1, which is the curing temperature at which total conversion
is reached.

Gel times can be determined by different techniques. A texturom-
eter fitted with a previously rated gauge was used. The gel time was
reached when the gauge uses 0.2 N load to go inside and outside the
material. The equipment used to determine the gel time was a
TA-XT2i Texturometer (Stable Micro Systems LTd, Surrey, UK),
using a 50 g mixture sample.

2.2.3. Dynamic Mechanical Thermal Analysis (DMTA)
Dynamic mechanical measurements were employed to determine

variation of properties such as glass transition temperature, crystalli-
nity, polymer crosslinking degree [19], and the storage modulus.
DMTA is one of the most widely used techniques to study the influence
of the molecular structure on the physical properties of polymers. It
allows the study of the structure and mechanical properties of the vis-
coelastic solids and liquids through their dynamic and storage moduli.
Storage modulus (E0) measures the energy stored during a sinusoidal
cycle. The loss factor [tan d, Eq. (2)] is defined as the ratio of the loss
modulus (E00) to the storage modulus per cycle in the material and is
defined as the tangent of the phase angle:

tan d ¼ E00=E0 ð2Þ
The peak in the loss factor is associated with the highest damping of
the polymeric structure. Therefore, small groups and chain segments
can move. This happens close to Tg [20]. Damping is low when the
polymer is below Tg, recovering the energy that is stored in the defor-
mation when stress is removed. In that case, E00 is very small, as
opposed to E0, and tan d< 1. The industrial interest in DMTA focuses
on the knowledge of the Tg of the material and in its long term beha-
vior [18]. It is the most important parameter to indirectly determine
average lifetimes, chemical degradations, etc.

Dynamic mechanical measurements were carried out in Rheometric
Scientific DMTA Mk III equipment (TA Instruments, Newark, DE,
USA) using a temperature range of 0–140�C at a frequency of 1 Hz
and with a heating rate of 5�C=min. Rectangular test samples of
approximately 30� 12.5� 2 mm3 were used. A pre-established dis-
placement of �32mm was used in all samples, using a bending mode
in a simple cantilever. The apparatus included a 2 mm free length
frame in which the sample was clamped while being subjected to a
sinusoidal movement. The clamping method was always the
same, tightening the bolts with a coupling torque of 10 N �m. All tests
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were done in dry nitrogen to ensure that no moisture remained
inside the apparatus.

2.2.4. Confocal Microscopy
The curing of the filled epoxies was also monitored by confocal

microscopy. This technique uses point illumination and a pinhole in
an optically conjugate plane in front of the detector to eliminate out-
of-focus information. As only one point is illuminated at a time in con-
focal microscopy, 2D or 3D imaging requires scanning over a regular
raster (i.e., a rectangular pattern of parallel scanning lines) in the spe-
cimen. The confocal laser microscope that was used is a DM IRBE2
microscope (LEICA, Deerfield, IL, USA), with a clear field in trans-
mitted and fluorescent incident light and an optical fitting for inter-
ferential contrast. It includes three fluorescence filters.

In order to monitor the curing process of the adhesive in the compo-
site material, 1% (by wt.) fluorescein was added to render the material
fluorescent. Monitoring was done by taking images every 3 min for
30 min and after that, every 15 min for 60 min.

2.3. Mechanical Properties

The mechanical properties were evaluated during the second part of
this research work. Dry wear tests were carried out at room tempera-
ture using a pin-on-disk tribometer (Microtest, Madrid, Spain). A
6 mm diameter alumina ball was used for the pin. The test conditions
were 180 rpm, with an applied load of 15 N, and relative humidity
below 30%. The sliding distance was 1000 m. Wear was evaluated by
volume loss (weight loss divided by the density of the material) and
by the applied load and the sliding distance. Strength was evaluated
by means of three-point bending tests and Shore D hardness measure-
ments. In order to carry out three-point bending tests, rectangular
specimens were manufactured. Afterwards, wear tracks as well as
the fracture surface of the specimens were studied by SEM.

3. RESULTS

3.1. Infrared Spectroscopy

The IR spectra of the resin and hardener before mixing are shown in
Fig. 2. Normally commercial epoxies are not pure but in fact mixtures
of different components. The IR spectrum of the hardener shows that
it is formed by primary amines because two stretching peaks appear at
3360 and 3297 cm�1. The peaks lying between 1607 and 1508 cm�1 can
be assigned to the C-C bond of the aromatic ring, to the NH bending
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vibration, and to the C=O stretching vibration. The peaks at 2918 and
2862 cm�1 correspond to C�H stretching of CH2 groups, and that at
1458 cm�1 represents the C�H bending of the CH2 groups. The hard-
ener also shows the characteristic of C�O�C bands, symmetric
stretching vibration at 1036 cm�1, and asymmetric stretching vibra-
tion at 1101 cm�1.

FIGURE 2 Infrared spectra of the hardener and resin before mixing.
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Assignment of the bands [21] for the resin (before curing, Fig. 2) can
be observed in Table 2. The characteristic groups of the oxirane in the
epoxy resin are located at 1035 and 915 cm�1, both of which were used
in this study to monitor the curing process. Apart from these bands,
the aromatic ¼C-H stretching band can be observed at 3057 cm�1,
overlapping with the stretching C-H bands of the methyl group and
of the terminal methanols. Asymmetric and symmetric stretching
interactions of the methyl and methanol appear at 2966 and
2926 cm�1, respectively, and the stretching vibration of the methyl
and scissor stretching of the methanol appear at 1452 cm�1. At 1607
and 1508 cm�1, the stretching bands of the aromatic ring appear.
Asymmetric stretching of the oxirane group corresponds to the band
at 1296 cm�1, although this band can also correspond to the wagging=
bending vibration of the OH group. Stretching of the C-H link in the
plane and out of the plane at 827 cm�1 can also be observed at
1183 cm�1, both corresponding to the aromatic ring. Finally, the band
at 1112 cm�1 corresponds to the stretching vibration of the alcohols
and the band at 760 cm�1 is typical of the diglycidyl ether structure
of an epoxy.

TABLE 2 Assignment of the Most Characteristic IR Bands of the Uncured
and Cured Epoxy Resin

Wavenumber (cm�1) Assignment (uncured epoxy) Assignment (cured epoxy)

3419 -OH st
3057 ArC-H st, C-H st oxirane ArC-H st, C-H st oxirane
2966–2926 -CH3, -CH2- st -CH3, -CH2- st
2066–1890 ArC-C armonics
1607 ArC-C ArC-C
1508 ArC-C ArC-C
1452 -CH3 d as, -CH2- d -CH3 d as, -CH2- d
1361 -CH3 d st
1296 C-O-C st as, oxirane

- CH2, t CH2

C-O-C st as, oxirane
- CH2, t CH2

1236 ArC-O-C-al st as ArC-O-C-al st as
1182 ArC-H d ip ArC-H d ip
1111 C-OH st C-OH st
1035 ArC-O-C-al st s ArC-O-C-al st s
915 C-O-C st s, oxirane C-O-C st s, oxirane
827 ArC-H d oop ArC-H d oop
754 -CH2 c, for C-(CH2)n-C

n< 4
-CH2 c, for C-(CH2)n-C
n< 4

st: stretching, Ar: aromatic, d: bending, s: symmetric, as: asymmetric, -: wagging,
t: twisting, al: aliphatic, ip: in plane, oop: out of plane bending, c: skeleton vibrations,
n: number of CH2 groups.
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During the polymerization reaction of an epoxy-amine system, the
active hydrogens from the amine react with the epoxy group, opening
it. Most research indicates that this reaction mainly takes place
through two simultaneous paths, one being not catalyzed and the
other one catalyzed by OH groups generated in the reaction [22,23].
The degree of polymer crosslinking can be determined by formation
of tertiary amines [24]. Other authors have used the infrared absorp-
tion band close to the epoxy group (4530 cm�1) and the primary amine
(4937 cm�1) for calculation of crosslinking [2,25]. Since the wavenum-
ber range used in this study was 400–4000 cm�1, it was not possible to
monitor the evolution of these peaks.

The infrared spectrum of the cured epoxy shows the characteristic
peaks of an epoxy, as can be observed in Fig. 3. The assignment
of the bands is shown in Table 2. Similar bands for the uncured
resin (Fig. 2) are obtained and only two new weak bands appear:
one corresponding to harmonics (at 2066 and 1890 cm�1) and the sym-
metric stretching vibrations of the methyl at 1361 cm�1. Apart from
this, the OH stretching band corresponding to the hydroxyl group is
shifted to a higher wavenumber due to the creation of hydrogen bond
interactions.

Figure 4 shows an enlarged IR spectrum of the zone corresponding
to the bands that were used to monitor the epoxy curing process. Dis-
appearance of the peak corresponding to the oxirane (915 cm�1) was
monitored as well as the peak at 1035 cm�1 that corresponds to
stretching of the bisphenol aromatic C-H link in the ring. The degree

FIGURE 3 Infrared spectrum of the epoxy 9843 after cure (12 h).
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of conversion of epoxy upon curing is obtained by applying Eq. (1). The
variation of the degree of conversion as a function of time is given in
Fig. 5a. The degree of conversion ranges between 85 and 95%. Addi-
tion of B4C, in general, increased the degree of conversion, except
when 6% of the 7 mm B4C was added, in which the degree of conversion
was slightly lower. The highest percentage was obtained for 6% of the
23 mm B4C. The degree of conversion for additions of 12% was very
similar and slightly superior to that of the epoxy without reinforce-
ment. The differences found were very slight and did not follow a
definite pattern. The epoxy containing 12% B4C (23 mm) showed a
faster reaction in such a way that 90% conversion was reached in only
30 min.

However, when studying the reaction for shorter time periods, that
is to say the degree of conversion in the first hour of reaction, then
major differences were observed between the different materials. In
Fig. 5b it can be observed how the B4C of 7 mm accelerates the reaction
at the beginning, acting like a catalyst. In this case, a curing of almost
40% was obtained within the first 15 min, after which the reaction
started to slow down. For a higher percentage of particles more con-
version was obtained, reaching 57% for the epoxy with 12% of the
7mm B4C and 49% for the epoxy with 6% of the 7 mm B4C, after a 1 h
reaction (Fig. 5b).

Addition of 23 mm B4C particles delays the epoxy curing reaction
(Fig. 5b). The degree of conversion was 2% at 15 min for the epoxy with

FIGURE 4 Enlarged infrared spectra of the epoxy before cure (0 h) and of the
epoxy after cure (12 h).
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12% B4C, while the degree of conversion was 12% for a 6% addition.
However, the base epoxy showed 28% degree of conversion after
15 min. Once the reaction started, 6% additions of 23 mm B4C increased
the degree of conversion almost linearly up to 1 h. With the same par-
ticle size and 12% B4C, the reaction was very fast, reaching superior
curing in relation to the base material within 1 h. At first, 23 mm

FIGURE 5 (a) Influence of the amount and particle size of B4C in the degree
of conversion as a function of time (logarithmic scale). (b) Detail of degree of
conversion of the materials during the first hour of reaction.
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B4C delayed the reaction and then acted as a catalyst, increasing the
speed of reaction.

All low particle size B4C additions acted as catalysts (Fig. 5b). The
OH groups generated in the polymerization reaction also did [24,26],
increasing the initial reaction rate. Equation (3) showed the catalytic
process produced by OH. In the first stages, the concentration of the
OH groups is scarce and the B4C acts as a catalyst. The amount of
OH groups increases as the reaction advances, becoming the main cat-
alyst of the reaction. This effect is observed in Fig. 5b, where epoxy
with 7mm B4C and the base epoxy have the same kinetic mechanism,
although the conversion rates are different.

However, when 23 mm B4C particles are added, their effect on the
epoxy curing is exactly the opposite, delaying the reaction, to a greater
extent by increasing the B4C amount. Because of their particle size, a
hindrance by the B4C is produced, inhibiting the catalytic behaviour of
23 mm B4C. The OH groups that act as a catalyst are formed as the
reaction advances. In the end, the degree of conversion is similar in
all the materials.

3.2. Gelation

In theory, gel time is reached at a degree of conversion of approxi-
mately 58% [19]. Figure 6 compares times to get to 58% conversion
from FTIR spectroscopy and gel time. The gel time values obtained
in this study are reached below the degree of conversion of 58%. It
can be observed (Fig. 6) that 6% B4C, independent of the particle
size, considerably reduced the gel time, although additions of 12%
practically maintained the time with respect to the epoxy alone.
Particle size has no effect in this material property for the cases
studied here.

There is an opposite trend in the variation of time at which 58%
degree of conversion is reached (IR spectroscopy) and the gel time
values of the reinforced epoxies (Fig. 6). Both the lowest times at
58% degree of conversion and the highest gel time values correspond
to the epoxies containing 12% B4C. This different trend can be
explained by considering the two different techniques used. In the
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gel time measurement, the amount of adhesive mixture is critical as
the noticeable heat evolved during curing facilitated the kinetics of
polymerization. On the other hand, the friction caused by the cylindri-
cal probe may also increase the heat and, therefore, the kinetics of the
curing reaction. Therefore, the gel time values measured should be
lower than those obtained by IR spectroscopy where friction is absent
and heat evolved is much lower (a tiny amount of adhesive mixture,
i.e., a drop, is used).

3.3. Confocal Microscopy

Figure 7a displays 3D images obtained with confocal microscopy. It
can be observed how the B4C particles move to the bottom of the epoxy
because of its low viscosity, apart from depositing and agglomerating.
The greater density of the B4C with respect to the epoxy is also an
important factor in the precipitation effect of the B4C particles. Mobi-
lity and agglomeration of the B4C particles are independent of the
initial dispersion; dispersion is good at zero time period (just after
mixing), as shown in the 2D image in Fig. 7b.

The size and percentage of the particles do not influence their
mobility. After 60 min, viscosity has increased enough to reduce the
mobility of the particles.

3.4. Dynamic Mechanical Thermal Analysis (DMTA)

The glass transition area can be clearly distinguished in Fig. 8, with
observed peaks in the curves corresponding to tan d and E00, apart from
a sudden drop in the value of storage modulus (E0).

FIGURE 6 Variation of the gel time for the epoxy with different amounts and
particle size of B4C.
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FIGURE 7 (a) 3D images of confocal microscopy for epoxyþ 6% of the 7 mm
B4C at different curing times. (b) 2D image of confocal microscopy of
epoxyþ 12% of the 23 mm B4C just after mixing. (The grey areas appear green
in the microscope because of the fluorescein).
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The glass transition temperature can be considered as the middle
point of the transition in log E0 (Fig. 8a) or the maximum in E00 or tan d
(Figs. 8b and 8c). The glass transition temperature obtained from the
tan d curve is the most employed criterion [27]. It is also quite common
to use the E00 peak, although the glass transition temperature tends to
be 20–30�C lower than that given by tan d [28].

If the peak of the loss modulus is used (Fig. 8b), the values of Tg are
slightly lower than those found with tan d (Fig. 8c and Table 3). For
the base epoxy, a value of 41.9�C (Fig. 8b) was obtained using the loss
modulus and 52.5�C was obtained using tan d (Table 3).

The storage modulus (Fig. 8a) in the glassy region is slightly lower
for filled epoxy materials. The storage modulus data are not fully in
agreement with the values corresponding to the degree of cure found
by FTIR spectroscopy that shows slightly better degrees of cure in
filled materials. This could be related to the stress accumulation that
B4C particles create in the material. In the rubbery region, the Tg of

FIGURE 8 Variation for the different materials as a function of temperature
of: (a) the storage modulus, (b) the loss modulus, and (c) tan d.
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the reinforced materials are also below the base material, with the
exception of the epoxy with 12% of 23 mm B4C. The only filled epoxy
with a straight rubbery plateau is the epoxy with 6% reinforcement
(7 mm), while the remaining materials have a storage modulus that
slightly increases with temperature. This is in agreement with the
residual energy in the filled epoxy, thus making post-curing necessary
in order to reach optimal mechanical properties.

If the loss modulus is analyzed (Fig. 8b), all the materials also have
a modulus that is inferior to the unfilled epoxy and the peak of the
curve appears at lower temperature.

According to Fig. 8c and Table 3, the Tg values of the reinforced
materials are lower than for the unreinforced epoxy and no clear influ-
ence of the reinforcement particle size nor its content can be distin-
guished. Although the differences are not substantial, it is clear that
B4C particles hinder growth and crosslinking of the polymer chains.
Crosslinking of the epoxy resin takes place during the curing reaction,
forming a 3D network bonding molecular chains through covalent
links. The more crosslinked the polymer is, the lower its molecular
mass between crosslinking points and the greater its crosslinking
density. As the number of crosslinking points increases, the mobility
of the chains decreases [29], losing a certain amount of free volume
(less viscous material) and the Tg increases. The greater the molecular
movements associated to the transition, the greater the intensity of
the peak in tan d [30]. Hence, with a reduction of the molecular move-
ments that are allowed, the intensity of the peaks in tan d tends to
diminish. The B4C reduces the energy necessary to cause rotations
around molecular bonds, thus originating a glass transition shift to
lower temperatures. The same effect has been found with diluents
[31], in which a decrease in Tg and tan d signal is observed as the
diluent content increases. However, an unexpected increase of the
area under the tan d peak (in the tan d vs. temperature plot, Fig. 8c)
with B4C additions is found (Table 3). This is related to the unreacted

TABLE 3 Some Parameters of the Plain Epoxy and B4C-Epoxy Composites
Cured at Room Temperature for 12 Hours (DMTA Experiments)

Material Log E0

(25�C) [Pa]
Area (under

tan d peak) [a.u.]
Tg [�C] by

tan d
Log E0

(100�C) [Pa]

H 83.48 17.78 52.5 6.09
H6C7 81.74 19.71 49.2 5.77
H12C7 82.52 17.85 50.2 6.00
H6C23 78.21 21.63 48.2 5.89
H12C23 80.67 19.53 49.8 6.16
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epoxy groups due to the presence of reinforcement. Those unreacted
groups do not have restricted molecular movements and the area
of the peak increases. On the other hand, the height of the tan d
peak is very close to 1 in all reinforced epoxies with 23 mm B4C
particles, as the values of E0 and E00 are very similar [Eq. (2)]. This
could be related to short chain lengths in the epoxy due to high B4C
particle size.

3.5. Mechanical Properties

The physical and mechanical properties are shown in Table 4. Addi-
tion of 6% of B4C particles to the epoxy does not produce changes in
density. However, addition of 12% slightly reduces the density. This
might be due to the increase of viscosity in the material before curing,
making the filling of molds more difficult because of the low fluidity of
epoxy with 12% B4C.

The Shore D hardness values increase with the addition of B4C par-
ticles (Table 4), with no difference being found either with the added
percentage or with the particle size. It is known that the addition of
abrasion-resistant particles significantly increases the hardness of
composites. Hardness should also increase with the particle size and
wear should decreases [32,33]. In this research, wear increases with
the addition of particles. This increase is greater in the case of 12%
additions of 23 mm particles. The reason is the lack of anchoring of
the particles by the epoxy, a gap being found between resin and B4C
(Fig. 9, black circle). In this case, the particles act as a third body,
increasing abrasive wear. Logically, a high number of particles and
high particle size are two factors that influence this value (Table 4).

The friction coefficient also increases when particles are added, as
in the case of wear. This is due to the increase in abrasive wear and
the existence of B4C particles in the wear track.

TABLE 4 Physical and Mechanical Properties of Plain Epoxy and B4C-Epoxy
Composites

Material
Relative

density (%)
Hardness
(Shore D)

Bending
strength
(MPa)

Elongation at
break (%)

Wear
(mm3=Nm)

10�4
Friction

coefficient

H 98� 1 75� 1 102�3 5�1 8�1 0.40� 0.05
H6C7 99� 1 79� 2 99�4 7�2 14�1 0.48� 0.05
H12C7 96� 2 78� 3 113�2 6�2 11�1 0.42� 0.05
H6C23 98� 1 79� 1 95�3 6�1 11�1 0.47� 0.05
H12C23 94� 3 78� 2 109�1 7�3 20�2 0.57� 0.05
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The influence of B4C particles in the bending strength and elonga-
tion at break is quite important, given that B4C is a ceramic material
with a high mechanical strength, although it is very brittle. However,
in Table 4 it can be seen that the values calculated for these materials
are very similar. Addition of 6% B4C reduces the strength for both
particle sizes. However, an addition of 12% increases the strength.
Two opposing effects are found: the beneficial effect of adding ceramic
particles on the one hand and the detrimental effect of the shape of the
particles on the other (Fig. 1). The polygonal shape of the particles,
with great sharp edges, makes them act as crack promoters in the
material, increasing stresses and thus reducing strength.

There is not a meaningful influence of B4C addition on elongation at
break, as error bars are overlapped (Table 4). This particular epoxy is brit-
tle and its brittleness does not change with addition of ceramic material.

The determination of the different mechanical properties was com-
pleted with a SEM study of the wear tracks and fracture surface of the
materials. Since B4C is a hard material [3,4], it acted as an abrasive
and produced alumina pin wear. Ball wear left alumina in the wear
track, which was not observed in the epoxy without B4C.

Plain epoxy presents abrasive wear. Some epoxy detached particles
stick along the track edges (Fig. 10a, white circle). Measured wear is
low due to scarce mass loss, although the wear track is deep and wide.
B4C addition increases wear (Table 4), since it constitutes another
abrasive element. B4C and alumina particles are found in the track
(Fig. 10b, black circle for alumina and white circle for B4C particle).

FIGURE 9 SEM micrograph corresponding to the fracture surface of the
epoxy with 6% B4C (23 mm).
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Micrographs indicate that great differences do not exist between wear
tracks, neither with the particle size (Fig. 10c and 10d) nor with the
amount of carbide. The composite with the highest B4C content and
largest particle size presents the highest wear values (Table 4) and
the wear track presents great bursts of material (Fig. 10e). The wear

FIGURE 10 SEM micrographs of wear tracks of manufactured epoxy-B4C
composites.
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tracks of the composite materials do not present adhered particles,
and they are free of grooves or deformations. Those wear tracks
present less depth than those found in plain epoxy, but the absence
of particle adhesion gives higher mass losses. The adhesion of ceramic
particles to epoxy could be improved through a surface treatment, such
as silane coatings on SiC microparticles [34] and nanoparticles [35],
improving the mechanical properties of the composite.

4. CONCLUSIONS

This work analysed the influence of B4C additions on the curing
process and mechanical properties of an epoxy resin. The following
main conclusions were obtained:

1. Addition of B4C did not affect the degree of conversion of the epoxy
during curing. It acted as an accelerator or retardant of the
reaction kinetics during the first hour, depending on particle size
and the amount of added carbide.

2. Given the low viscosity of the epoxy and the long curing time, the
particles were deposited and tended to agglomerate until gelation
was produced. This gel time oscillated between 50 and 100 min,
depending on the technique employed in its quantification and on
the material.

3. Addition of B4C shifted the glass transition temperature of the
epoxy to lower values.

4. Epoxy-B4C composites showed excellent bending strength, increas-
ing with B4C content and with the smaller particles.

5. Due to a lack of adhesion between the B4C particles and the epoxy,
the particles acted as a third body during wear tests, increasing
abrasive wear of the material.
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