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Abstract

A stereology study of fracture surfaces of 1 to 10 wt. % short milled carbon 
fibre (SMCF) reinforced epoxy was carried out. Single edge notch bending 
(SENB) sharp crack samples over a fracture length of 10 mm, covering over 90 
% fast crack growth, show that fibre – to – fibre distance significantly decreases 
with increased SMCF content. For 1% SMCF, the mean free path between 
fibres is 600 µm, whereas for 10 % SMCF, the mean free path is 110 µm, 
based on over 200 SEM images for each composition. In SENB sharp crack 
specimens tested at 2.8 mm/min, the slow crack growth region (length nearly 
zero for neat epoxy and maximum 1.14 mm for 10% SMCF-epoxy composite) 
shows intensive debonding and pull-out mechanisms. Fracture toughness (KIC) 
increased from 0.78 MPam1/2 for neat epoxy to 2.71 MPam1/2 for 10 weight % 
SMCF/epoxy composites thanks to the combined effect of fibre stereology and 
the debonding/pull-out mechanisms. Notably, the flexural modulus of the 10 wt. 
% SMCF reinforced epoxy was 58 % higher than that of the neat epoxy.

Keywords: Fracture mechanics; Electron microscope; Polymers; Particulate 
filler; Reinforcement

Normally when epoxies cure, they undergo shrinkage of typically 
3-7% which can impose a mechanical/physical compressive/
squeezing force upon the filler. Subsequently during mode I testing, 
if the fillers undergo debonding from the epoxy interface and then 
separate through pull-out mechanism, the processes will be valuable 
energy absorbing sources [6].

Uniform dispersion and distribution of the reinforcement in the 
matrix are very important as well. If the distance between the fillers 
is small, and they are un-clustered and well distributed, then the 

Abbreviations
KIC: Fracture Toughness; SENB: Single Edge Notch Bending; 

ESMCF XX: Epoxy Short Milled Carbon Fibre Series; CV: Coefficient 
of Variation; Ds: Inter-particle/Nearest Particle Distance; CFRP: 
Carbon Fibre Reinforced Plastic

Introduction
In recent years, epoxy is finding advantageous uses as a composite 

matrix in infrastructure applications [1-3]. But many times, the 
epoxy matrix fails to yield the required toughness (resistance to 
crack initiation and propagation) in the structure and hence many 
trials are undertaken to increase the fracture resistance of the epoxy. 
This has been attempted by adding second phase materials such as 
elastomers [4-6] and/or a rigid phase like alumina, silica or glass 
beads [7], which enhances fracture properties by a range of margins, 
however at a substantially increased material and processing cost and 
occasionally with reduction in modulus and or strength. A recent 
publication [8] using 3 weight % carbon nanotubes (CNT) in epoxy 
showed 17% improvement in fracture toughness (KIC) of the epoxy 
and 48% improvement in KIC of the composite laminate using 40% 
volume fraction CNT.

The present study aims to increase fracture property of the epoxy 
using cheap and commercially available recycled short milled carbon 
fibre (SMCF) without applying any surfactant or involving any 
additional mixing process- thereby keeping the fabrication cost of 
the modified epoxy matrix very low and at the same time obtaining a 
much tougher and stiffer modified epoxy.

The authors’ earlier work [9] confirmed that the reinforcement 
SMCF a) does not interact chemically with epoxy and b) does  not 
affect the curing time at room temperature.
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Figure 1: Various possible patterns of dispersion and distribution of fibres in 
the matrix: A) Poor distribution and dispersion; B) Good distribution but poor 
dispersion; C) Good dispersion but poor distribution; D) Good dispersion and 
good distribution.
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fillers can act as more sites for arresting crack/micro-crack growth - 
implying that for cracks to re-start the system will have to go through 
multiple initiation stages (high energy absorbing) and subsequent 
propagation modes thereby enhancing the fracture properties of the 
modified epoxy [10]. Figure 1 provides a schematic diagram of the 
possible distribution features of fibre in matrix where the best and 
most even fibres scatter over the whole area (Figure 1D), providing 
optimum properties for crack arrest and reduction of subsequent 
initiation/propagation. This paper examines the uniformity of 
SMCF distribution in the epoxy matrix which is necessary for using 
the SMCF/epoxy system to generate future high quality continuous 
CFRP [11] systems. The inter-particle distance (Ds) of SMCF will 
naturally affect considerably the enhancement of the properties after 
fibre addition [12].

Materials and Methods
Materials

Commercial SMCF (MF100) supplied by ELG Carbon Fibre Ltd, 
had average diameter 7.5 µm, length 100 to 300 µm, and density 1.8 
gm/cc as per information provided by the supplier. And a general 
purpose low shrinkage laminating epoxy system (EL-M) consisting of 
DGEBA and cyclo-aliphatic polyamine curing agent (hardener) was 
obtained from Barnes Pvt. Ltd, Sydney, Australia.

Sample fabrication
SMCF fibres were mixed with epoxy resin and stirred mechanically 

followed by 45 min ultrasonication after which hardener was 
added and stirred. The mixture was then allowed to cure at room 
temperature for 9 days in a silicon mould. The mould was casted in a 
way to produce Single Edge Notch Bending (SENB) samples having 
dimensions as per ASTM Standard D5045 [13] with an average notch 
length of 2.54 mm, as confirmed by a traveling microscope and a 
Vickers micro-hardness tester. Representative moulded samples are 
shown in Figure 2. The notch tip radius of the SENB samples was 0.25 
mm as per the ASTM standard. Once the SENB samples were tested 
for fracture toughness, the separated parts were subsequently used 
as 3-point bending samples for measuring modulus of elasticity and 
flexural strength. The advantage of this procedure is that the same 
castings provide various properties, whilst maintaining the same 
material characteristics and dimensional requirements of ASTM 

D790 [14].

In the results described below, epoxy/SMCF composites are 
designated as ESMCF 00 (neat epoxy), ESMCF 01, ESMCF 02, ESMCF 
03, ESMCF 05 and ESMCF 10 representing the wt. % of SMCF added 
viz. 1, 2, 3, 5, and 10 %. The volume fractions were observed as 0, 0.16, 
1.37, 2.29, 2.75 and 6.41% respectively as shown in Table 1.

SEM studies
A Hitachi tabletop TM 3000 scanning electron microscope (SEM) 

was used to study the fracture surfaces of the samples at different 
magnifications after the samples were gold coated using a Leica EM 
SCD050 coater. The gold coating was done at 60 mA current for 45 
sec resulting in a15 nm thick coating.

Stereology 
The distribution of the SMCF in the resin matrix is determined in 

terms of coefficient of variation (CV). For each composition3 samples 
were used, and each sample generated over 100(~60 in X direction 
and over 90 in Y direction) SEM images at 600X magnification 
(approximate 268 X 200 µm) taken at various places on the sample as 
shown schematically in Figure 3. From these observations the standard 
deviation and mean of the fibre population are calculated. The CV is 
the ratio of the standard deviation and the mean as determined by 
this procedure and is related to the variation in distribution. Lower 
CV values indicate better dispersion and usually CV close to 10% is 
considered as adequately uniform dispersion [15,16].

Figure 2: SENB and 3- point bending samples; two samples on the left are 
neat epoxy, and two samples on the right contain 3 wt. % SMCF.

Material Designation % Weight fraction of SMCF % Volume fraction of SMCF

ESMCF 00 0 0

ESMCF 01 1 0.16

ESMCF 02 2 1.37

ESMCF 03 3 2.29

ESMCF 05 5 2.75

ESMCF 10 10 6.41

Table 1: Material designation showing wt. % and % volume fraction.

Figure 3: Schematic diagram of fracture surface of SENB samples showing 
location of SEM micrographs for determination of coefficient of variation. 
Crack direction is from bottom of the Figure to top. Numbers (1 to 14 in X and 
1 to 25 in Y) imply the SEM images studied for stereology analysis.
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The same micrographs are used to determine inter-particle 
distance (Ds) using following equation 1 [12,17]:
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where dp is filler diameter (7.5 µm) and Vp is volume fraction which 
is taken as the ratio of the area covered by the number of fibresto the 
area covered by the total structure [18].

3-Point Bending Tests for flexural modulus and strength
Flexural strength and modulus of elasticity of the fabricated 

samples were determined in an INSTRON 5982 instrument using, 
as mentioned earlier, a 3-point bend test meeting ASTM D790 
specification. The span length (S) was selected as 60 mm in order 
to maintain the span to depth ratio close to 16, to minimize the 
development of shear stresses in the sample [14]. The following 
equations were used to calculate flexural strength (σf) and modulus 
(Ef)
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where Pc and m are maximum load and slope of the load-extension 
graph respectively, and B is the thickness of the sample with a width 
W. Average thickness of 3 point bend samples was 3.9±0.1 mm 
whereas the width was 12.5±0.5 mm, thereby maintaining W/B 
greater than 2 as a requirement for the plane-strain condition.

Fracture tests using single edge notch bending (SENB) 
specimens

Sharp notch (KIC) crack driving force (fracture toughness/stress 
intensity factor) was calculated using the SENB test, at the Instron 
crosshead speed of 2.8 mm/min. and equation 4 [19].
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                    Equation 4

In equation 4, a and W are crack depth and width of the sample 
respectively. A sharp crack was created by sliding the sharp razor 
blade over the notch tip making smooth continuous contact with the 
sample surface and keeping approximately constant force [20], the 
value of a after sharp crack being 2.8 mm (blunt crack + sharp crack). 
In the Results and discussion section KIC is presented as a function of 
volume fraction of SMCF (Vf).

Results and Discussion
Stereology 

Dispersion and distribution: The stereology (dispersion and 
distribution) was undertaken, predominantly, in the fast crack 
growth region where debonding and pull-out is much lower 
compared to the slow crack region and the surface appears as flat/
glassy under SEM. The findings are then related to the stereology at 
the crack initiation (slow crack) zone. Commonly, in the literature, 
stereology is done using saw-cut then polished samples. However, in 
composites debonding and pull-out are very valuable mechanisms, so 
in this stereology study, both fibre dispersion and the extent or lack 
of their debonding/pullout from beginning to end of the crack can be 

seen. SEM images in Figure 4 show no shear lips which confirms that 
the fracture (crack propagation) is in the plane strain condition [21] 
making the fracture surface suitable for stereology study. 

Figure 5 shows evidence of debonding and pull-out. It is also seen 
in Figure 5 that SMCFs are not present within a distance of 30-250µm 
from the sample edges which implies that the toughness of the epoxy 
has an important role. This distance from the edges was found to 
decrease as the SMCF wt. % increases. This is likely due to the fact that 
the attractive forces between epoxy and SMCF molecules are greater 
than that between air and SMCF [22]. In other words, it reveals the 
good wettability of SMCF by epoxy resin [22] which is an advantage. 

Figure 4: Sharp edges (no shear lips) observed in fractured test of ESMCF 
03. Arrows in the Figure show edges of the samples.

Figure 5: SEM images of ESMCF 01(left) and ESMCF 03 (right) at low and 
moderate magnification showing fracture surface near the edge.

Figure 6A: SEM images of ESMCF 01 at moderate magnification away from 
the edge. Crack is propagating from bottom to top.
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The same feature is observed on the bottom surface of the ESMCF 
series materials in contact with the mould and not exposed to air.

Figure 6A-E are selected SEM images at further higher 
magnifications, used for stereology analysis. To study the dispersion 
of SMCF, SEM images were taken from locations 300µm away from 
the edges (to study SMCF rich areas). It can be seen in Figure 6A-E 
that

a) The maximum numbers of fibres are aligned at angles 
between 45 – 90o (which is in the direction of the flow of epoxy while 
filling the mould) to fracture surface and

b) Very few fibres are observed parallel or 0 to 20o to the 

surface (i.e. perpendicular to flow). This benefit can be attributed to 
the ultra-sonication process.

c) This alignment of the fibres ensures the highest mechanical 
properties in the longitudinal direction.

With the help of SEM images (a limited number being shown 
in Fig.6 A-E for ESMCF01 upto ESMCF10), the standard deviation 
and mean number of SMCFs embedded in the epoxy matrix were 
determined in the X direction (perpendicular to crack propagation) 
and Y direction (parallel to crack propagation) - as illustrated in 
Figure 3 - and subsequently coefficients of variation (CV) were 
calculated to study the dispersion of the SMCF quantitatively in both 
X and Y directions. For Y axis distribution, as shown in Figure 3Y, 

Figure 6B: SEM images of ESMCF 02 at moderate magnification away from 
the edge. Crack is propagating from bottom to top.

Figure 6C: SEM images of ESMCF 03 at moderate magnification away from 
the edge. Crack is propagating from bottom to top.

Figure 6D: SEM images of ESMCF 05 at moderate magnification away from 
the edge. Crack is propagating from bottom to top.

Figure 6E: SEM images of ESMCF 10 at moderate magnification away from 
the edge. Crack is propagating from bottom to top.
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three stripes (named as a- bottom surface in contact with mould, 
b- centre and c- top surface) on the fracture surface were observed 
under SEM.

As shown in Figure 7 top, and Figure 8, the number of SMCFs at 
the centre stripe was a maximum and was low on both edges. Figure 
8A shows that % CV was lowest at location b (Figure 3Y) indicating 
the better distribution of SMCFs at the core of sample than at both 
edges. Figure 7 bottom shows the number of SMCFs at locations A, 
B, C, D of Figure 3 X, and the mean number of SMCFs and % CV are 
reflected in Figure 8B.

To study the filler dispersion and distribution along the X axis, 
locations from A-D were selected as shown in Figure 3X where Stripe 
A was 300 µm away from the bottom edge (opposite to the notch), 
C the centre of the sample and B between stripes A and C. Stripe D 

is selected to be as close as possible to the slow crack growth region, 
but not entering the slow crack growth region. Again the number of 
SMCFs and % CV were respectively increasing and decreasing from 
the bottom edge (location A - in contact with the mould) to the centre 
(location C) and started decreasing toward the notch, as can be seen 
in Figure 8B). 

The same observation was true for all ESMCF samples. Two 
polynomial equations in the form of y=Ax2+Bx+C (Figure 8B) are 
drawn for all samples expressing the most accurate relationship of 
mean number of SMCFs and % CV with the distance from the un-
notched end of the sample. In this equation, A, B and C are constants 
(values are given in Figure 8B for ESMCF 10) and y1 and y2 represent 
mean number of SMCFs and % CV respectively and x indicates 
distance of the SMCFs from one edge of the sample which is opposite 
to the notch. The equations are subsequently used to find the mean 
number of SMCFs and % CV at the region where the crack is starting 

Figure 7: Observed number of SMCFs on the fracture surface of the ESMCF 
10. Top graphs show average number of the SMCFs observed on locations 
a, b and c (Figure 3Y axis) whereas bottom graphs show strip A, B, C and 
D (Figure 3 X). Numbers on Y axis correspond to SEM image location as 
shown in Figure 3.

Figure 8: Average of four ESMCF 10 samples’ mean number of SMCFs 
along with corresponding % CV in both directions A) 3Y and B) 3X axis.
Note: Lesser % CV shows more uniform distribution. In Figure B) Note: 
y1 and y2 represent mean number of SMCFs and % CV respectively and 
x indicates distance of the SMCFs from one edge of the sample which is 
opposite to the notch.

Figure 9: % CV and mean number of SMCFs per square at the slow 
crack/initiation region as a function of SMCF wt. %. Corresponding Ds (i.e. 
interparticle distance) is calculated using Equation 1.

Figure 10: Inter-particle distance (Ds) calculated at different locations (same 
locations as above) in (a) Y and (b) X direction.
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(slow crack) i.e. approximately where x = 9.8 mm. Other samples are 
also studied in the same manner to find the mean number of SMCFs 
and % CV at the slow crack growth/crack initiation zone and results 
are shown in Figure 9.

These results show that as SMCF doping increases, the % CV 
value decreases, which indicate an improved distribution of the fibres 
in the matrix at the sharp notch tip. The % CV calculated at different 
positions over the fracture surface of the sample had small variations 
especially at higher SMCF content (for ESMCF 05 and ESMCF 10, 
the % CV change observed was 7 and 5 % respectively). This suggests 
that SMCFs are well suspended and distributed in the epoxy resin 
matrix used; this is because of good wetting of SMCF by DGEBA 
epoxy resin. In addition to this, results obtained in the first part of 
this study back up this conclusion that high SMCF samples show less 
variation in densities (or apparently in % Vf) across small pieces of 
the same sample.

Figure 6A-E also reveal that SMCFs are not attracted to each 
other and do not form clusters, probably because of the slightly 
functionalised carbon on the surface of the fibres [9]. This proves 
that good dispersion and distribution (from low % CV) of SMCF 
in DGEBA epoxy resin (Figure 1D) is achieved without using any 
surfactant and/or advanced process of mixing, which would increase 
processing cost.

Inter-particle distance: Another parameter that affects the 
mechanical properties is inter-particle spacing which is a function 
of filler diameter and volume fraction [18]. Figure 6A–E show that 
though the SMCFs are well separated from each other, they are not 
equidistant, therefore the average inter-particle distance is determined 
using Equation 1. It is observed that as the volume fraction of filler 
material increases, average inter-particle/nearest neighbour distance 
(Ds) decreases. Ds at various zones studied as a function of content of 
SMCF is shown in Figure 10. For all samples Ds is higher at the edges 
because of fewer SMCFs, and is lower in the core area. Also it can be 
seen in Figure 10 that at higher dosage of SMCF i.e. 5 and 10 wt. %, 
small inter-particle distances are observed with less variation in Ds at 

Figure 11: Flexural test Stress-Strain graph of ESMCF 00 (neat epoxy) and 
all epoxy-composite samples, after 9 days full curing.

the centre and edges, because of better distribution. With 10% SMCF, 
the average lowest distance between the nearest neighbors SMCFs 
observed was 0.09 mm (at Location C) which is significant enough 
to reinforce the continuous fibres such as carbon, graphite, glass or 
Kevlar in the ESMCF 10- epoxy matrix. Ds at location E (i.e. slow 
crack growth zone) in Figure 10(b) was calculated using the mean 
number of SMCFs values from Figure 9 which were determined from 
the equations shown in Figure 8. Further use of this DS is explained 

Figure 12: Variation in the flexural modulus (Ef) and strength (σf) on addition 
of various % of SMCF.

Figure 13: Rule of mixtures for the composite having εum> εuf. A) Stress strain 
behaviour and B) Composite stress as a function of fibre volume fraction.



Ann  Materials Sci Eng 2(2): id1023 (2015)  - Page - 07

Bandyopadhyay S Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

in the next section.

3 point bending test for deformation and modulus testing: 
Figure 11 and Figure 12 show that addition of SMCF proves 
advantageous in improving flexural strength and modulus. But strain 
to failure calculated using failure extension does not show uniform 
change. This is because the fracture of a material vitally depends 
on the nature of initiation and propagation of the crack and small 
localised defects could eventually result in sudden failure of sample 
prior to actual value. Notably, the flexural modulus of the 10 wt. % 
SMCF reinforced epoxy was about 58 % higher than that of the neat 
epoxy. Also, the variations in strength are shown in Figure 12 which 
agrees with the conventional rule of mixtures as shown in Figure 13 
[23,24].

Generally in particulate composites, ultimate strain in the matrix 
is greater than that of the filler (εum > εuf) (Figure 13 A for the present 
material) and the upper level of composite stress is given by the rule 
of mixtures [23,24], i.e., σc = f.σf +(1 – f).σm till the strain reaches 
fibre failure i.e. εuf. Beyond this point, load starts transferring to the 
matrix. After failure, when the fibre aspect ratio becomes less than 
the critical aspect ratio, fibre does not bear load. Instead only matrix 
stress controls composite stress (Equation 5).

σc = (1 – f) σmu    Equation 5

On the other hand, if the matrix fails while fibres are still bearing 
some load (when the aspect ratio is more than the critical aspect ratio) 
and composite stress becomes dependent on failure stresses of both 
matrix and fibre, the situation can be seen in Equation 6:

σc = f.σuf + (1 – f).σum   Equation 6

Considering the above discussion, composite stress follows the 
rule of mixtures in case of εum> εuf, i.e. lower fibre volume fraction 
produces lower composite stress as predicted in theory (Figure 13, as 
created by the authors).

In particulate reinforced composites (such as the present 
systems), resulting composite strength mainly depends on the extent 

Figure 14: Change in notch fracture toughness (KIC) of ESMCF series along 
with Ds as a function of volume fraction of SMCF.

of load transfer from matrix to fibre [12]. At lower % SMCF, increased 
inter-particle distance and less uniform dispersion do result in poor 
transferring of applied load to SMCFs from the matrix, showing 

Figure 15: KIC as a function of A) inverse of inter-particle distance (1/Ds) and 
B) length of slow crack zone (LS).

Figure 16  (continued): SEM images of fracture surface of ESMCF series in 
slow crack (left) and fast crack (right) growth region.
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lesser composite strength. On the other hand, higher SMCF addition 
shows better dispersion of SMCFs in the resin matrix (e.g. ESMCF 
05, 10), resulting in effective transfer of load and consequently 
improved strength. Higher loading of SMCF would result in a chain 
formation and a network due to tri-axial stresses around the fibres 
[10] which would transfer stress between fibres more effectively and 
show slight increase in strength. By contrast, this network is absent 
at smaller SMCF contents resulting in reduced strength because of 
stress concentration occurring around the SMCF segments (Figure 
12) [25].

Cox [26] raised the issue of shear lag in composites with 
various lengths of discontinuous fibres. Raisanen [27] et al. in their 
experimental and modelling studies concluded that shear lag theory 
did not apply to random fibre networks as is the case of the present 
research.

SENB Fracture Tests: It is believed that the major disadvantage 
of epoxy resin is its poor resistance to crack growth [28] resulting 
in low fracture resistance properties. This has been overcome in this 
study by adding SMCF, as seen in Figure 14 which shows sharp (KIC) 
notch stress intensity factor (fracture toughness) using the same 
specimen dimensions for the entire series of ESMCF materials. Figure 
14 is industrially very attractive because of the fact that, with 10 % 
SMCF (6.4 Vf) addition in the epoxy, the fracture toughness goes up 

Figure 16: SEM images of fracture surface of ESMCF series in slow crack 
(left) and fast crack (right) growth region.

to 2.71 MPam0.5 is which is literally 250 % superior compared to the 
neat resin. This can be related to the reduced inter-particle distance 
(Ds) of the SMCFs and length of slow crack growth (Figure 15A and 
B).

In Figure 15A, KIC is observed to increase linearly with inverse of 
Ds. SMCFs act as obstacles to crack propagation and hence reduced 
inter-particle distance with good separation between neighboring 
SMCFs resulting in less nucleation defects because of greater 
interaction between tri-axial stress fields around the fibres. As can be 
seen in Figure 15A, for present system, the relation between KIC and 
DS can be expressed in term of a linear equation (KIC = 0.2203[1/Ds] 
+ 0.752) where 0.752 represents the KIC of neat epoxy; Note KIC is in 
MPam0.5 and Ds is in mm.

Fractography: Figure 16 presents SEM fracture surfaces showing 
a)individual de-bonding and pull-out mechanisms during crack 
initiation i.e. slow crack growth which absorbs highest energy during 
the fracture process and b) fast crack growth i.e. crack propagation 
which involves much less energy [29,30]. The length of the slow crack 
growth region (LS) was observed to increase with the SMCF wt. % 

Figure 17: SEM images of crack propagation: A) ESMCF 03, B) ESMCF 10 
show debonding and pull-out and crack pinning at lower magnification in fast 
crack growth region; C) and D) show similar features at higher magnification 
under slow crack growth i.e. crack initiation of ESMCF 05 and ESMCF 10. E 
and F) show still higher magnification views of fractured surfaces of SMCF in 
the slow crack region of ESMCF 10. In all SEM images, crack is propagating 
from bottom to top.
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(Figure 14) and hence shows an exponential increase in KIC (Figure 
15B). These mechanisms are absent in ESMCF 00which shows only 
some river lines indicating brittle fracture as can be seen in Figure 16 
A. De-bonding and pull-out are observed (Figure 16B to F) in slow 
crack growth, because of the optimum bond that may exist in the 
material for producing the pull-out of the fibres [29]. Another possible 
reason given by other researchers is the high strength of SMCF and 
the short bond length of SMCF which is its fibre length (100-300 µm) 
[31], whilst stress concentration gives rise to tri-axial stress around 
the filler which leads to de-bonding [10]. In addition to fibre pull-
out, the rather small number of broken fibre sites (Figure 17A, shown 
by red circles) can act as sites for stress-triaxiality and thus induce 
crack initiation by de-bonding. These processes progressively extend 
the slow crack growth region and ultimately raises crack-resistance 
(KR) [6,32].

After de-bonding, subsequent work of fracture depends on elastic 
energy in the fibre, surface energy of newly created interface and 
work of fibre pull-out that depends on the diameter of fibre, frictional 
shear as well as length of pull-out [30,33]. Individual de-bonding is 
observed in the ESMCF series which results in more newly created 
surface than bundle de-bonding, hence absorbing more energy [30]. 
At the same time debonding results in voids which alter the stress 
state in the matrix surrounding the voids. This leads to shear failure 
(Figure 17A shown by orange arrow) that absorbs excess energy for 
failure [10].

Crack pinning mechanism by the SMCFs was also observed on 
the fracture surface of the EMSCF system, as can be seen in Figure 17 
(shown by yellow arrows in A and B). This is due to the differences 
between elastic properties of epoxy and SMCFs which results in 
SMCFs acting as stress concentration sites. This mechanism usually 
occurs when the propagating crack is impeded by rigid impenetrable 
well-bonded fibres [34]. The pinned crack tends to bow out between 
the SMCFs forming a secondary crack. Thus a new crack front 
is increased because of the changed shape between the pinning 
positions. After the new crack is initiated, energy is required not only 
to create the new fracture surface, but by analogy with the theory of 
dislocations, energy must also be supplied to the newly formed non-
linear crack front, which is assumed to possess line energy and hence 
enhance the crack resistance [35]. The fractographic study shown in 
Figure 17 provides strong evidence that a crack pinning mechanism 
due to SMCFs incorporation is an effective reason behind the 
improved fracture toughness in the SMCF modified epoxy.

The broken surfaces of SMCFs shown in Figure 17E and F not 
only prove the participation of SMCF in the fracture mechanism 
but also they indicate good physico-mechanical bonding between 
the fibres (which are embedded in epoxy on other fracture side and 
appear as holes) and the epoxy.

Conclusions
1. This research uses fracture surfaces of single edge notch samples 

to study the stereology of SMCF in epoxy. It is demonstrated that 
for higher SMCF content, SMCFs are distributed uniformly without 
clusters, thereby resulting in good distribution and dispersion of 
fibres in epoxy.

2. The average inter-particle distance at the crack initiation zone 

was calculated using the equation established from the distribution 
geometry of SMCFs over the rest of the area. For the maximum weight 
% of SMCF used (10 %) the lowest average inter-particle distance was 
110 µm which makes the SMCF modified epoxy an attractive matrix 
for addition of continuous fibre for infrastructural composites, 
considering that this is achieved without use of any surfactant.

3. Optimum mechanical bonding between SMCF and epoxy 
matrix improves the flexural strength and modulus.

4. It will be of industrial importance that for the 10 % SMCF 
(6.4 % Vf) – epoxy system the fracture stress intensity factors (KIC) 
were typically 250 % superior to that of the neat resin. This increase 
was observed as a function of inter-particule distance and length of 
maximum energy absorbing region in the fracture mechanism i.e. 
slow crack growth region. The maximum energy absorbing nature 
of slow crack growth was found to be the result of the various 
mechanisms in ESMCF system including

•	 De-bonding and pull-out that results in a) more newly 
created surface, hence more surface energy absorption, b) voids 
which alter the stress state in the host matrix resulting in shear failure.

•	 Crack pinning mechanism resulting in enhanced crack 
resistance because of extra energy supplied to the newly formed non-
linear crack front.

5. Fibre participation in energy absorption was also seen in fast 
fracture regions.
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