J Mater Sci (2008) 43:4236-4246
DOI 10.1007/s10853-008-2613-2

Analytical study of tensile behaviors of UHMWPE/nano-epoxy

bundle composites

S. Jana - B. R. Hinderliter - W. H. Zhong

Received: 26 July 2007/ Accepted: 25 March 2008 / Published online: 9 April 2008

© Springer Science+Business Media, LLC 2008

Abstract Ultra-high molecular polyethylene (UHMWPE)
fiber reinforced nano-epoxy and pure epoxy composites in
bundle form were prepared and tested for tensile properties.
UHMWPE fiber composites are well known for their supe-
rior tensile performance, and this work was conducted to
assess the effect of adding nanoadditives to the resin and to
evaluate possible enhancements or degradations to that
attribute. The results showed that tensile tests on various
types of UHMWPE fibers/nano-epoxy bundle composites
resulted in an increase in modulus of elasticity due to the
addition of small amounts of reactive nanofibers (r-GNFs) to
epoxy matrix. It was observed that the modulus of elasticity
of the composite bundles depended on both volume fractions
of the matrix and the weight percent (wt%) of r-GNFs in the
matrix. A non-linear relationship was established among
them and an optimal modulus was determined by calcula-
tion. A three-dimensional surface plot considering these two
parameters has been generated which gives an indication of
change in modulus of elasticity with respect to volume
fraction of matrix and wt% of r-GNFs in the matrix. A
Weibull analysis of tensile strengths for the various bundle
composites was performed and their Weibull moduli were
compared. The results showed that presence of r-GNFs in the
composites increased the strength effectively, and 0.3 wt%
r-GNFs based composites showed the highest strength. An
important ancillary finding is that optimum tensile values are
a function not only of the above parameters, but also strongly
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influenced by the addition of diluents which control the
viscosity of the blend.

Introduction

Mechanical properties of a fiber reinforced composite
depend on the properties of the fiber and matrix constitu-
ents, as well as the interface between the fiber and matrix.
The interface is often called the “third constituent”
because of its strong influence on the overall composite
mechanical properties. Due to exceptional mechanical and
physical properties [1] of ultra-high molecular weight
polyethylene (UHMWPE) fibers, especially its high effi-
ciency as shielding material [1] against galactic cosmic
rays, they are known to be suitable for application in space
missions. However, owing to the inertness of the
UHMWEPE fiber surface, the interfacial adhesion between
the fiber and the polymers is inherently poor, and therefore,
UHMWPE fiber reinforced polymer composites do not
show good overall mechanical properties [2, 3]. To
improve their mechanical properties, many surface treat-
ments for UHMWPE fibers, such as nitrogen plasma [4],
laser ablation [3], nitrogen ion implantation [4, 5] and
chain disentanglement [6, 7], have been investigated,;
however, these methods could also possibly lower some of
the mechanical properties of UHMWPE fibers. Although
some other surface treatments such as plasma polymeri-
zation [8] and polymer coating (sizing) [9] do not lessen
the mechanical properties of UHMWPE fibers, significant
extra cost is incurred from these treatment procedures.
Instead of performing any modification of the surface of
the UHMWPE fibers, we developed a reactive nano-epoxy
material as the matrix for the UHMWPE fiber composites
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through fabrication a reactive graphitic nanofiber (r-GNF)
[10]. In our previous studies, it was shown that the wetting
and adhesion properties of the nano-epoxy with the reac-
tive graphitic nanofibers (r-GNFs) to the UHMWPE fibers
were improved [11, 12].

Graphitic nanofibers (GNFs) can be produced from
ethylene and carbon monoxide in large volume at low cost,
which is important for mass production of reinforced
composites [13—16]. GNFs have a large number of edges
from exposed graphene planes which may be used for
addition of functional groups through chemical modifica-
tion of the surface of GNFs. These functional groups work
as bi-functional linkers and assist in generation of covalent
bond formation between nanofibers and polymer resin
molecules [17, 18]. Much research has been carried out to
improve mechanical properties of composites by adding
nanoscale fillers, including GNFs, to epoxy resin and/or
other polymer matrices [19-28]. However, very few of
these efforts reported any improvements to the mechanical
properties of UHMWPE/polymer matrix composites using
small amount of nanofillers (less than 1 wt%).

In our previous research, functionalized herringbone
GNFs with 3,4’-oxydianiline (GNF-ODA) (Fig. 1a) were
fabricated into r-GNFs (Fig. 1b) [29-31], in which reactive
hydrogen in the group —OH-— was involved in the curing
reaction with epoxy resins, similar to the function of an
amine type curing agent, which then incorporates the
nanofibers into the cured matrix structures. The result is an
r-GNFs/epoxy unified resin system, i.e. a true matrix, rather
than a simple physical mixture, typical of many “nano-
composites” [30, 31]. The r-GNFs were incorporated into
the blend with a reactive diluent, butyl glycidyl ether
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Fig. 1 (a) Structure of a GNF-ODA nanofiber (b) formation of
r-GNF

(BGE). Initially this is used for cutting purposes and has an
epoxide group similar to an epoxy resin. Existence of BGE
can prevent the highly polarized r-GNFs from agglomera-
tion. However, when used as a diluent, high amounts of
BGE can lower the mechanical properties of epoxy resin.
Therefore, an appropriate ratio of r-GNFs to the diluent
should be applied into the nano-epoxy to achieve optimum
mechanical properties for the resulting composites.

Pure epoxy and three groups of nano-epoxy matrices in
various ratios (1:4, 1:6 and 1:7) of the r-GNFs to the BGE
and each group with various r-GNF contents (0.2, 0.3 and
0.5 wt%) were prepared. UHMWPE fibers were impreg-
nated with these matrices to make UHMWPE fiber/nano-
epoxy bundle composites. In this paper we have reported
the mechanical properties of the UHMWPE fibers/nano-
epoxy composites in a bundle form. To investigate the
effect of r-GNF content on mechanical properties of the
UHMWPE fiber/nano-epoxy composites, tensile tests were
conducted on all types of bundle composites and an ana-
Iytical study was performed on the tensile behaviors of the
composites. We studied the relationship among Young’s
modulus, volume fraction of matrix, and wt% of r-GNFs.
Two-parameter Weibull analysis of the composite tensile
strengths was applied and Weibull moduli of different
types of composites were compared.

Experimental

The epoxy resin (Epon® 828), curing agent (Epikure™ W
Curing Agent), and accelerator (Epikure™ 537 Curing
Agent) were provided by Miller Stephenson Chemical Inc.
The UHMWPE fiber (Spectra® fiber 1000) was purchased
from Honeywell Co. The diluent was butyl glycidyl ether
(BGE) purchased from Sigma-Aldrich. Vanderbilt Uni-
versity provided the functionalized graphitic nanofibers,
GNF-ODA.

GNF-ODA nanofibers and diluent butyl glycidyl ether
(BGE) were mixed in 1:50 ratio by weight and sonicated at
room temperature for 3 h with a power level of 70 W. An
ice water tank was used for the cooling process. Sonication
assisted in shortening the length of GNF-ODA to 400-
600 nm; however, there was no change in diameter of
GNF-ODA (25 nm) which can be observed from Fig. 2.
These GNF-ODA nanofibers were allowed to react with
BGE for 36 h to change the GNF-ODA nanofibers to
r-GNFs shown in Fig. 1b. The sonicated solutions were
placed in a hot vacuum chamber (70 °C) to attain various
r-GNFs/BGE solutions with determined ratios of 1:4, 1:6,
and 1:7, respectively, by weight.

Epon Resin 828 (DGEBA) was added to the curing
agent (Epikure™ W) in 100:24 proportions by weight to
get pure-epoxy matrix. r-GNF/BGE solutions were added
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Fig. 2 TEM image of typical nano-epoxy matrix containing well
dispersed r-GNF (scale bar: 50 nm)

to pure epoxy matrix to achieve different types of nano-
epoxy matrices (0.2, 0.3, and 0.5 wt% r-GNFs by weight)
for each group. An accelerator (Epikure™ 537) was added
to each matrix in the ratio 1:200 to lower the curing tem-
perature (to avoid melting UHMWPE fiber). For uniform
dispersion of r-GNFs into the matrices, a low level soni-
cation was performed for 1 h for each type of matrix at
room temperature. All types of pure-epoxy and other three
nano-epoxy groups prepared for the UHMWPE fiber
bundle composites are listed in Table 1.

Both pure-epoxy and nano-epoxy bundle composites
were fabricated by impregnating UHMWPE fibers with
each type of matrix solution, cured for 4 h at 120 °C, and
then cooled naturally to room temperature. We used an
internally developed process and setup to impregnate the
UHMWPE fibers into the matrix. UHMWPE fibers were
passed through a resin matrix bath and then through a fixed
roller system. The pressure between the rollers was held
constant for each type of specimen. UHMWPE fiber bundle

impregnation was controlled by providing a continuous
supply of matrix in the bath before passing through the
rollers. The shape of the bundle composites was cylindri-
cal; the diameter of the specimens was 0.37-0.45 mm and
areas of cross-section of the specimens were calculated
from the diameter. For all kinds of specimens prepared in
this study, only a single kind of UHMWPE fiber bundle
(120 fibers) was used. The variation in diameter of the
specimens is a consequence of the matrix quantities. The
matrices consisted of various amounts of epoxy resin, dil-
uent, and r-GNF, and viscosity varied accordingly.
Unavoidably, even specimens from the same matrix com-
bination showed differences in diameter. Therefore, utmost
caution was taken to segregate the samples into different
sections according to groups and diameters. There may
have been some voids; however, they were not considered
in this study as it is difficult to measure the amount of void
in each sample and, moreover, we made the specimens
under identical processing system and conditions. The
bundle composites were cut into pieces having 12 cm
length in which 4 cm (2 cm from each side) of the total
length was used for gripping the bundle composite with
PMMA plates and epoxy super glue in the tensile tests. All
the tensile tests were carried out on a Q-test machine of
MTS System Corporation with a load cell which has a
maximum loading capability of 4,581 N. The loading rate
was 1.0 mm/min. The morphology of the tested specimens
was observed by scanning electron microscopy (SEM).

Results and discussion
Interpretation of modulus

More than 10 specimens were tested for each type, with
load versus displacement curves obtained from the tensile

Table 1 UHMWPE fiber/epoxy and UHMWPE fiber/nano-epoxy specimens prepared for tensile tests

Specimens’ group Bundle specimen code

Description of the matrix used

(type) .
Components of the matrix wt% of  wt% of
r-GNFs  diluent
Group pure-epoxy UHMWEPE fiber/epoxy E1-0 Pure epoxy matrix 0 0
Group N4 UHMWPE fiber/nano-epoxy N4-0.2/0.8 Epoxy + r-GNFs + diluent (r-GNFs:diluent = 1:4) 0.2 0.8
N-4-0.3/1.2 0.3 1.2
N-4-0.5/2.0 0.5 2.0
Group N6 UHMWPE fiber/nano-epoxy N-6-0.2/1.2 Epoxy + r-GNFs + diluent (r-GNFs:diluent = 1:6) 0.2 1.2
N-6-0.3/1.8 0.3 1.8
N-6-0.5/3.0 0.5 3.0
Group N7 UHMWPE fiber/nano-epoxy N-7-0.2/1.4 Epoxy + r-GNFs + diluent (r-GNFs:diluent = 1:7) 0.2 1.4
N-7-0.3/2.1 0.3 2.1
N-7-0.5/3.5 0.5 35
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Fig. 3 Typical curve of load versus displacement under tensile
loading

tests for analysis. We considered only specimens of the N6
group because they showed the most consistent and
improved results among all nano-epoxy bundle composite
specimens in their respective concentrations in each aspect
(modulus, strength, etc.). It was found that the shapes of the
load versus displacement curves of the various composite
specimens with different r-GNF loadings and different
r-GNF/BGE ratio were similar. Figure 3 is a typical load
versus displacement curve of a bundle specimen of
UHMWPE fibers reinforced pure epoxy or nano-epoxy
composites under tensile loading. This typical curve has
three regions: (1) region A which corresponds to the elastic
deformation of the bundle composite, (2) region B, a pla-
teau relates to the onset of matrix cracking, micro-crack
multiplication, and debonding between the matrices and
the UHMWPE fibers, and (3) region C, which reveals the
failure of the UHMWPE fibers (a full description and
explanation of these regions are available in Ref. [32]). The
fractographies of specimens at regions A, B, and C
accompanying their image analysis have been provided in
[33] in detail.

Modulus of elasticity, a main characteristic of the
composite bundle in the elastic region (region A), was
calculated using Hook’s Law This modulus of elasticity, or
Young’s modulus, in composites depends upon volume
fractions of both matrix and fiber, and is often approxi-
mated using the rule of mixture (ROM) (Eq. 1), which
neglects possible synergistic effects:

Ecomp = VfEf + (1 - Vf)Em (1)

Ecomps Er and Ey, are the moduli of composite, fibers and
matrix, respectively. V; is the volume fraction of the
UHMWPE fibers. The experimental results for moduli are
shown in Table 2. It was found from these results that the
modulus of elasticity of the nanocomposites was a function
of the nanofiber loadings and volume fractions of resin in
the specimens, i.e.

Table 2 Moduli (experimental) of bundle composites with different
r-GNF contents

wt% of Volume fraction Modulus (GPa) Standard
r-GNF of matrix deviation
0.0 0.67 39.452 5.484
0.65 36.056
0.59 43.193
0.58 48.193
0.57 47.503
0.55 50.059
0.54 49.235
0.5 50.34
0.49 51.147
0.46 52.954
0.2 0.47 56.863 2.891
0.46 61.112
0.45 63.34
0.43 62.295
0.42 64.452
0.4 61.449
0.39 66.237
0.38 64.593
0.37 65.572
0.35 66.648
0.3 0.57 55.502 4.149
0.55 59.435
0.54 60.142
0.52 63.398
0.51 69.697
0.5 65.341
0.49 67.037
0.48 65.823
0.47 64.708
0.46 64.961
0.5 0.44 64.341 1.629
0.43 64.197
0.42 61.755
0.41 63.984
0.39 60.562
0.38 61.917
0.37 64.348
0.36 62.458
0.34 64.624
0.33 60.454
Ecomp :f(vm7 WtrfGNF) (2)

where V., is the volume fraction of matrix and wt_gng 18
the wt% of r-GNFs in the matrix, and thus an
interrelationship existed between the matrix and the
nanoreinforcement. Experimental data of Group N6
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(r-GNFs to BGE diluent was 1:6, Table 1) was used to
analyze the dependency of the modulus of elasticity on the
volume fraction of the matrix and the wt% of r-GNFs in the
matrix. From these results of Group N6 specimens, it was
assumed that the above function (Eq. 2) would be a
non-linear equation as shown below:

Ecomp = Cl + C2 Vm + C3Wtr7GNF + C4V§1 + C5WtffGNF
+ Ce¢VimWt_GNE + C7V§1 + CSWtffGNF + -

(3)

where C; are constants. Procedure “Mnlfit” [34], based on
the Levenberg—Marquardt method, was used to fit a
function relating modulus of elasticity to two free
variables: wt% of r-GNFs, and volume fraction, of matrix
to find the above constant values. Modifications were
conducted on the Mnlfit procedure according to our
requirements. After fitting the data in procedure Mnlfit,
we obtained the following equation:

Ecomp = 30.58 + 58.00V;, + 135.80wt,_gnr — 104.89V,
— 188.72Wt_np + 28.84VinWt,_GNF

(4)

Optimum Young’s modulus was calculated from Eq. 4,
which depended on both volume fraction of matrix and
wt% of r-GNFs in the matrix. Maximum Young’s modulus
was 66.28 GPa for the volume fraction of matrix: 38.5%
and the wt% of r-GNFs: 0.33%. A three-dimensional sur-
face curve was plotted as shown in Fig. 4 considering
modulus of elasticity, volume fraction of matrix, and wt%
of r-GNFs as coordinates. From this figure, it can be
observed that the maximum gradient of curves of modulus
versus Wt% of r-GNFs in the matrix are lower compared to
the maximum gradient of curves for modulus versus vol-
ume fraction of the matrix. However, considering all the
matrix volume fractions in these experiments, the bundle
specimen modulus was highest at 0.3 wt% of r-GNF con-
tent (Fig. 4). Therefore the three-dimensional surface curve
shows that the addition of r-GNF improved Young’s
modulus of the UHMWPE fiber/epoxy composite. This

Fig. 4 Three-dimensional surface curve of modulus of elasticity
versus volume fraction of matrix versus wt% of r-GNF

@ Springer

improvement can be explained with the effect of propor-
tionate amount of epoxy, BGE, and r-GNF in specimens of
0.3 wt% r-GNF. Epoxy cross-linking network plays a
major role in properties’ determination in all kinds of
specimens, and addition of r-GNF/BGE solution to epoxy
resin lessens epoxy concentration, i.e. in cured specimens,
density of cross-linking network would be low. On the
other hand, r-GNFs form the bondage with epoxy mole-
cules, which in turn mitigate the effect of diminished epoxy
cross-linking in specimens to some extent. This scenario
can be visualized through a schematic diagram shown in
Fig. 5. We know that the addition of r-GNF solution to
epoxy matrix affects the epoxy structure two ways: (1) it
reduces the epoxy concentration, i.e. cross-linking density

(a)

(b)

()

Fig. 5 Schematic diagram of epoxy cross-linking and r-GNF bonds:
(a) pristine epoxy, (b) 0.3 wt% nano-matrix, and (c¢) 0.5 wt% nano-
matrix (yellow, epoxy link; black, r-GNF bond)
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would be less in the structure and (2) it binds epoxy mol-
ecules with themselves at curing which assists in
improving the properties. As the mechanical properties of
r-GNF are higher than the cured epoxy, it can be expected
that addition of r-GNF would improve the properties of
epoxy matrix. However, it should be noted that amount of
epoxy needs to be proportionate to produce more bonds
with epoxy. Considering the results, it is conceivable that
in specimens with 0.3% r-GNF, the amounts of epoxy and
r-GNF were optimal which formed efficient structure.
Whereas in 0.5% r-GNF specimen, the amount of epoxy
went down further due to more presence of BGE (as much
as twice in 0.5% matrix compared to that in 0.3%). Less
amount of epoxy hinders production of r-GNF bonding
with epoxy. Therefore, in 0.5%, both the amounts of epoxy
cross-linking and r-GNF bindings were less compared to
those in specimens with 0.3% r-GNF. The above described
possible phenomenon is depicted through a schematic
diagram in Fig. 5 in which yellow color stands for epoxy
cross-linking and black for r-GNF bonding. In summary,
the stoichiometry of the epoxy, BGE, r-GNF should be
optimum to manifest improvements in properties in the
€poxy system.

Comparison of tensile strength

Tensile strengths of UHMWPE fiber bundle composites
with pure-epoxy and nano-epoxy are shown in Fig. 6 as a
function of r-GNF contents. In Table 3, standard deviation
related to each data point in Fig. 6 has been provided in
lieu of error bars to simplify the figure. In the nano-epoxy
specimens, experimental data of groups N4, N6, and N7
containing 0.2, 0.3, and 0.5 wt% r-GNFs were taken into
consideration in this tensile strength versus r-GNF content
graph. Among all the types of specimens, the pure-epoxy
composite specimens showed the lowest tensile strength,

1500
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Fig. 6 Tensile strength of bundle composites with different r-GNF
content
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Table 3 Standard deviation of tensile strength
wt% of r-GNF N4 N6 N7
0.0 47.64 47.64 47.64
0.2 43.69 4251 45.29
0.3 37.12 33.23 33.45
0.5 37.23 35.43 34.16

while specimens with 0.3 wt% r-GNFs from the N6 group
depicted the highest tensile strength. Also, in each group,
specimens with 0.3 wt% of r-GNFs demonstrated the
highest strength in its respective group. The increment of
tensile strength of specimens of groups N4, N6, and N7
with 0.3 wt% r-GNFs were 7%, 20%, and 11%, respec-
tively, compared to that of pure-epoxy specimens.
Consequently, it was speculated that in the plateau stage of
the load—displacement curve (Fig.3), where matrix
cracking onset and crack multiplication took place [32, 33],
the greater brittleness in pure-epoxy had a major influence
on the large numbers of matrix cracks occurring at lower
strains and had little influence over the failure of the
specimen in stage C. This large number of matrix cracks in
a relatively short time in the pure-epoxy, as observed
during the tests, resulted in sudden load transfer from the
matrix to the fibers, and this caused more fibers to bear the
full load from the beginning of the test. On the other hand,
the other groups with diluent and r-GNFs which responded
with more non-catastrophic behavior led to greater tough-
ness in the material. Moreover the bond between nanofiber
and epoxy molecules formed in curing process [30] assisted
in blocking the advancement of crack initiation and mul-
tiplication as discussed later in detail. This feature might
have resulted in fewer cracks in nano-epoxy at the end of
plateau stage which in turn helped to increase the tensile
strength bearing more load.

In the cure process of nano-epoxy composites, covalent
bonds were formed between r-GNFs and epoxy resin [29—
31]. At the same time, formation of cross-linking networks
in epoxy resin occurred. It could be deduced that in com-
parison to a matrix without bonding between the nanofillers
and the polymer, the nano-epoxy with r-GNFs had greater
influence on a larger zone of the epoxy network sur-
rounding the r-GNFs through the existence of the covalent
bond between r-GNFs and epoxy resin molecules. This led
to larger and stronger interphase zones between the epoxy
network and the nanofibers, and at the same time the sum
of all the interphase zones offered an improved overall
nano-epoxy cross-linking structure, as compared to the
pure-epoxy, where cross-linking occurred only among
epoxy molecules in the formed epoxy network. As a con-
sequence, mobility of the molecules in the nano-epoxy
composites required greater energy compared to that
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Fig. 7 SEM micrographs showing the failure morphologies of nano-
epoxy bundle composite (0.3% of N6 group), scale bar: 10 pm
% 1,000

needed in pure-epoxy. This phenomenon can be analyzed
from the morphologies from the failed specimens (0.3%
concentration of N6 group and pure epoxy). Figure 7
shows that some nano-epoxy matrix attached to the
UHMWPE fiber after failure, while in contrast Fig. 8
shows a clean surface of the UHMWPE fiber in the failed
composite specimen with pure-epoxy matrix [31]. More
analysis and images are in Ref. [33]. In specimens with
0.2 wt% r-GNFs, the amount of diluent and r-GNFs was
less compared to specimens with 0.3 wt% r-GNFs, and
therefore the nano-matrix with 0.2 wt% r-GNFs had higher
viscosity causing less wetting to occur on the UHMWPE
fiber surface [11]. Specimens with 0.2 wt% r-GNFs had
less r-GNFs compared to specimens with 0.3 wt% and so
fewer covalent bonds occurred between r-GNFs and the
epoxy molecules compared to specimens with 0.3 wt% of
r-GNFs. In specimens with 0.5 wt% r-GNFs, both the
amounts of diluent and r-GNFs were high compared to

Fig. 8 SEM micrographs showing the failure morphologies of pure-
epoxy bundle composite scale bar: 100 pm x 150

@ Springer

those in specimens with 0.3 wt% r-GNFs and the effect of
that higher amount of diluent was to decrease the cross-
linking density in the epoxy resin. Specimens with 0.3 wt%
r-GNFs of group N6 showed the best result due to the
presence of justified amounts of diluent with optimum
amounts of nanofibers in this matrix. It also showed good
dispersion of r-GNFs in the matrix (Fig. 2), which was a
very important factor in improving mechanical properties
[35-38].

Weibull analysis

It was found that each type of composite bundle exhibited a
wide variation in tensile strength. Many variables such as
the nature of the material, crack sizes, crack spacing,
specimen preparation, handling of materials, specimen
storage, and experimental technique could affect these
strength results [39]. The Weibull distribution is widely
used to measure this scatter of strength in brittle and quasi-
brittle materials. The failure probability p of different types
of bundle composites was studied by a two-parameter
Weibull distribution (Eq. 5) [40]. This failure probability
generally depends upon volume V of the composite, where
Vi is a reference volume, o is stress at which failure of
composite occurs, f§ is scale parameter, and m is the
Weibull modulus.

Po1—exp [_VK <BH (5)

The lengths of all bundle specimens were equal and
their cross-sectional areas were approximately the same.
Therefore Eq. 5 can be expressed as Eq. 6

e )]

A linear regression method was used to evaluate the
Weibull parameters. In each set of tensile strength results
of each type of specimen, the lowest to the highest stress
values were assigned to a probability of failure based on its
ranking, where ranking starts from 1 to n, n is number of
specimens in each set. In this analysis we considered 10
specimens for each type and therefore n is 10. The
following equation (Eq. 7) was used to evaluate the
probability of failure for the rth specimen [41],

r—0.5
= 7
_ ™
By taking logarithms of both sides of Eq. 6, it becomes
1

Equation 8 represents a straight line from which slope
(m) and intercept (m In(f)) can be measured. Figure 9
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Fig. 9 Weibull plots of bundle
composites with different
r-GNF contents: (a) Pure-epoxy
group, (b) 0.2 wt% r-GNFs in
N4, (¢) 0.3 wt% r-GNFs in N4,
(d) 0.5 wt% r-GNFs in N4,

(e) 0.2 wt% r-GNFs in N6,

(f) 0.3 wt% r-GNFs in N6,

(g) 0.5 wt% r-GNFs in N6,

(h) 0.2 wt% r-GNFs in N7,

(i) 0.3 wt% r-GNFs in N7 and
(j) 0.5 wt% r-GNFs in N7
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Table 4 Weibull moduli and

scale parameter of bundle Specimens” group

Specimen type

m (Weibull modulus) p (scale parameter)

composites with different (MPa)
r-GNF contents Pure-epoxy Pure-epoxy 12.06 1,238.48
N4 0.2 12.16 1,281.55
0.3 13.17 1,299.21
0.5 12.91 1,298.61
N6 0.2 13.34 1,298.69
0.3 14.76 1,461.64
0.5 13.79 1,405.02
N7 0.2 13.90 1,304.43
0.3 14.12 1,345.02
0.5 14.31 1,354.67

shows In [In (715)] versus In(c) curves, which indicate that
tensile strengths of different types of UHMWPE/nano-
epoxy bundle composites follow a Weibull distribution. In
Table 4, values of m and f of different bundle composites
calculated from linear plots are listed. Generally, m (shape
parameter) measures the scatter in strength data or
dispersion of the distribution in crack length and is
connected to the scatter of relevant crack sizes of
fracture and their distances. The higher the value of m,
the less scatter of tensile strength of the composite results.
In other words, a larger m means a more uniform and
narrow flaw distribution. It is seen (Fig. 9) that in some
cases, points deviate significantly from the line passing
through them. This is likely due to undetected damage
done to the composites during specimen preparation. R is
the coefficient of determination which is a measure of how
well the regression line represents the data. With higher
deviations from the nominal line, R? is reduced. Usually,
the Weibull scale parameter, f3, is a measure of the nominal
strength of the material and the average strength of the
composite will increase with increasing value of f3.

The number of specimens is critically important for a
Weibull analysis, and as the results of current study follow
the Weibull curve quite well, it is believed the results have
validity. The lowest value for Weibull modulus m of 12.06
was found for pure-epoxy specimens. The Weibull modu-
lus was consistently higher for bundle composites with
high amounts of r-GNFs; the highest value for m is 14.76
for specimens having 0.3 wt% 1r-GNFs of N6 group.
Beyond this point, the value of the Weibull modulus m
decreases. This demonstrates that the specimens with
0.3 wt% of r-GNF of N6 were more uniform in strength
and had fewer flaws. We already mentioned that these
specimens had the presence of justified amounts of diluent
with optimum amounts of nanofibers in the matrix and
showed the best mechanical properties among all com-
posites. In other non-optimum cases such as the nano-
epoxy with 0.2 wt% r-GNF or 0.5 wt% r-GNF, it is thought

@ Springer

that either the amounts of r-GNF were too low (in the
former case) to have sufficient bonding or had non-opti-
mum amounts of diluent (BGE) with respect to the epoxy
network and thus adverse viscosity effects.

We also observed the same phenomenon in the variation
of the Weibull scale parameter f with increments of
r-GNFs content. The value of [ for specimens with
0.3 wt% r-GNF (N6) was 1,461, which is the highest
among all composites we tested so far and the lowest was
for pure-epoxy composite. The higher m and f values in
specimens with 0.3 wt% of r-GNFs of Group N6 speci-
mens indicated that this optimum combination of r-GNFs
and diluent not only increased the strength but also reduced
the strength scatter compared to pure-epoxy specimens.
From this it can be postulated that in addition to r-GNFs
increasing the tensile strength of nanocomposites, the
appropriate amounts of diluent had the further effect of
reducing the scatter. Thus it is concluded that the addition
of r-GNF with appropriate amounts of BGE to an epoxy
resin improves the tensile properties in UHMWPE fiber
reinforced composites by enhancing the matrix properties
synergistically.

The values of the Weibull modulus m and Weibull scale
parameter [ found from tensile test were compared to those
found from flexural tests [42]. Identical trends were
observed in corresponding parameters in both experiments.
However inclusion of bundle fibers in a matrix increased
the scattering of strength in bundle composites. Simulta-
neously, it also enhanced the nominal strength of the
composite. The reasons behind these phenomena are
explained earlier in this paper and also in Ref. [42].

The other important issue to be discussed is adhesion
between the matrix and UHMWPE fibers. For better
adhesion, the surface energy of UHMWPE fiber should be
higher than that of the matrix. In this experiment, we tried
to modify the epoxy resin by adding r-GNF (in diluent
BGE which work as reactive agent) to it. The working
principle behind this modification has been discussed
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earlier in this paper. The surface energy of this polymer
matrix decreases compared to original matrix, which has
been revealed in our previous studies [11]. Our approach
was intended to take the advantage of surface chemistries
from the ingredients of nano-epoxy matrix to improve the
adhesion between matrix and UHMWPE fiber, and con-
sequently we achieved better adhesion between them with
the addition of r-GNF, which also has been reported in our
previous studies [10, 12, 31, 31, 43]. Therefore, it is
obvious that the improvement of tensile strength comes not
only from enhancement of matrix properties but also from
increased adhesion between UHMWPE fiber and matrix.
However, it is not clear from this study how much of total
tensile strength improvement comes from adhesion
enhancements. The answer to this query which remains to
be revealed might be found out by analyzing the experi-
mental data on molecular scale.

Conclusions

Tensile tests on different types of UHMWPE fiber/nano-
epoxy bundle composites were conducted and a Weibull
analysis was applied to analyze the effect of r-GNFs on
them. It was observed that distinct increases of modulus of
elasticity and tensile strength occurred with the addition of
r-GNFs in the matrix. A non-linear quadratic equation
which shows a relation among modulus of elasticity, vol-
ume fraction of matrix, and wt% of r-GNFs was developed.
Optimal values of modulus of elasticity with specific vol-
ume fraction of matrix and r-GNFs were calculated. A
three-dimensional surface curve was generated through the
calculations. A two-parameter Weibull analysis was
applied to analyze the tensile strength and Weibull moduli
of various types of composites and compared. The results
showed that the presence of a justified amount of r-GNFs in
an appropriate amount of diluent in the composites
increased the strength, with 0.3 wt% r-GNFs based com-
posite (N6) showing the highest tensile properties of the
UHMWPE fiber composites.
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