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Fibre-matrix interfacial failure sequences in 
translaminar flexure of glass-epoxy composites 
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A detailed fractographic analysis is reported for the fibre-matrix interfacial failure sequences in 
the translaminar flexure testing of glass-epoxy composites of two different resin formulations. 
The influence of curing conditions, loading rates and voids on the mechanical data obtained is 
discussed. The fracture mechanisms are explained on the basis of the shear couple concept. 

I .  Introduct ion 
Most of the composite materials reinforced with con- 
tinuous fibres exhibit non-linear stress-strain behavi- 
our in at least one of the principal directions. The 
degree of non-linearity varies from composite to com- 
posite and is mainly due to the non-linear stress-strain 
behaviour of the matrix material which greatly affects 
the transverse modulus and shear modulus of the 
composite. While the effect of this non-linearity of the 
matrix material on the tensile properties is negligible, 
the same is not found in the flexural and interlaminar 
shear properties. 

The three-point flexure test, used to determine flex- 
ural strength and modulus, is one of the most common 
and also one of the most misunderstood tests for 
composites [1-1. This test specifies procedures which 
provide reliable data on strength; but as shown by 
many [1-4], the modulus values can be misleading 
because of shear. The flexural properties are thus 
laminate properties rather than just material proper- 
ties. To be precise, the flexural properties for the 
interlaminar or translaminar configuration [4] are 
governed by th e alignment or misalignment of the 
fibre layers or fabric layers. Many researchers have 
investigated the interlaminar flexural properties and 
fracture behaviour of lamlnated continuous fibre- 
reinforced composites. However, when it comes to 
flexural properties and fracture behaviour in the trans- 
laminar configuration, only a few reports are avail- 
able. Fischer et al. 1,5] and Gershon and Marom 1-4] 
have made some interesting contributions towards 
these aspects of mechanical behaviour. Padmanabhan 
and Kishore I-6] have studied the role of alumina 
particulate additions on the interlaminar and trans- 
laminar flexure of glass-epoxy composites. 

The purpose of this work was hence to look into the 
fracture behaviour of laminated glass-epoxy com- 
posites in the translaminar testing configuration and 
carry out a rudimentary microscopic analysis into the 
cause of fracture. The time dependence of the flexural 
fracture properties was also investigated for two 
glass-epoxy composites with different epoxy formula- 
tions and the observed non-linear characteristics were 

explained. Different samples were tested to various 
stages in the post-fracture region and their fracture 
surfaces were carefully scanned and analysed to obtain 
an insight into the exact nature of the sequences 
leading to the failure of the composites. 

2. Experimental procedure 
The reinforcing material used was an E-glass fabric of 
7mil (178pm) plain weave, having a density of 
2.54 g cm -3 with an epoxy-compatible silane finish. 
The epoxy resin used was Hindustan Ciba-Geigy 
Araldite LY 556 with a room-temperature curing 
hardener HY 951 (formulation I) in one case and a 
high-temperature curing hardener HY 972 (formula- 
tion II) in the other case. 

A hand lay-up was initially done which was fol- 
lowed by compression in a hydraulic press. While for 
formulation I the curing was carried out at room 
trmperature, for the other the curing temperature was 
120~ Thus glass-epoxy laminates with dimensions 
of 300 mm • 300 mm x 5 mm were fabricated with 
two different formulations of epoxy resin. To assess 
the volume fraction of the fibres in the laminates, the 
standard burn-out test was conducted. From the dif- 
ferent weighings, the volume fractions of the fibres 
were estimated as 0.57 for the composite with resin 
formulation I and 0.59 for the composite with formu- 
lation II. 

The extent of cure of the resin formulations was 
determined by differential scanning calorimetry, 
(DSC) using a Perkin Elmer DSC II thermal analyser 
at a heating rate of 10 ~ min-1.  

Translaminar test specimens of dimension 
100 m m  x 5 mm x 5 mm [6] were carefully machined 
from the laminates. In these specimens the breadth 
and the depth were kept equal in order to prevent 
buckling during bending I-6, 7]. These tests were car- 
ried out in an Instron 8032 machine, at a support span 
to depth ratio of 16 to 1 I-8]. The mid-span roller and 
the two support rollers were of 25 mm diameter, which 
reduced local stress concentrations due to the roller 
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while the specimens underwent the tests. Three differ- 
ent crosshead velocities of 0.0035, 0.035 [8] and 
0.35 mm s-  ~ were used to study the effect of loading 
rate on flexural properties like the modulus of elasti- 
city in bending (E~) and ~the maximum fibre stress 
(MFS). In selected samples the tests were stopped at 
various stages prior to the total failure of the speci- 
men, as indicated in Fig. 1. This was done with the 
objective of carrying out a detailed microscopic ana- 
lysis of such stages and hence the failure sequences. 
Partially as well as completely fractured specimens 
were carefully sectioned and then sputter-coated with 
a thin layer of gold-palladium alloy and their fracture 
features were observed in a scanning electron micro- 
scope (SEM) in the secondary electron mode. The area 
of cross-section in the failed specimens chosen for 
scanning is shown in Fig. 2. The tensile face and the 
compressive face of the completely failed samples were 
not considered for fractographic analysis due to the 
following reasons. 

1. Significant fibre pull-out of the axial fibres along 
the length of the sample renders observation of the 
transverse fibre-matrix interface very difficult. 

2. The compression region shows buckling of the 
transverse fibres and extensive post-fracture damage 
which lead to distortion of fracture surface details due 
to the debris settling on the above-mentioned region. 

Added to the points mentioned above, it must be 
noted that the area selected for fractographic analysis 
of the failure sequences exhibits shear deformation 
along the length as well as the depth of the samples. 
The shear component of the total deflection in the 
sample becomes appreciable when the span to depth 
ratio is 16/1 [1]. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  
3 .1 .  T h e r m a l  a n a l y s i s  
Fig. 3 shows the DSC thermograms of the two com- 
posites with different resin formulations. Specimens 
cut from the two differently cured laminates were 
dynamically scanned at a rate of 10 ~ min-1 in the 

range 300-450 K, to assess whether a good degree of 
cure was obtained earlier in the laminates or not. 
Curing appears as an exothermic reaction on the DSC 
trace and the area under this peak is a measure of the 
degree of cure. Here, no exotherms were observed on 
the specimens cured with the resin formulation I as 
well as II, indicating completion of cure. 

3.2. Flexural p rope r t i e s  
Fig. 4 shows the relationship between the modulus of 
elasticity in bending (EB) and strain at three different 
crosshead velocities, for the two different composites. 
These isochronous curves I-9] exhibit a greater degree 
of non-linearity in the glass-epoxy composite with 
resin formulation II, added to the fact that the EB 
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Figure 2 Translaminar flexure test showing the area selected for 
fractography. 
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Figure 3 DSC thermogram of the two composites with resin formu- 
lations ( - - )  I and (---) II, in dynamic scanning at a heating rate of 
10 ~ rain- 1. 
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Figure 1 Schematic load-deflection diagram showing (O) the vari- 
ous stages at which the tests were stopped. 
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Figure 4 Isochronous curves of modulus of elasticity in bending 
against strain, for the two composites at three different crosshead 
velocities. Formulation I : (D) 0.0035, (A) 0.035, ((3) 0.35 mms -1. 
Formulation II : (m) 0.0035, (A) 0.035, (O) 0.35 mm s-1. 



values are also less when compared to the composite 
with resin formulation I. Table I shows the MFS 
values of the two composites at three loading rates. 
The marginal loading-rate sensitivity exhibited by 
both the composites, though consistent, does not seem 
to depend appreciably on the formulation of the resin. 

The EB values recorded for the two different com- 
posites are well below the rule-of-mixtures (ROM) 
values for their stipulated volume fractions (approx- 
imately 40 000 MPa is the ROM value for Vf = 0.58) 
[4]. This is in agreement with the inference that the 
ROM assumed a void-free and defect-free composite 
and only sets an upper bound to the axial EB value. 
Tsai [10] modified the ROM expression as Eo = 
k(EfVf + EmVm) where Ef, E m a r e  the moduli of the 
fibre and matrix, respectively; Vf + Vm = 1 and Ec is 
the composite modulus. The factor k accounts for 
different states of fibre misalignment existing in the 
translaminar testing configuration. At this stage it is 
worth noting that previous investigators [11] have 
pointed out that the water-boil treatment does not 
influence the modulus values of a composite. Thus, the 
reason for the discrepancy in the E B values of the two 
composites could be related to the degree of misalign 7 
ment of the fibres in thetwo composites. SEM obser- 
vations show that void formation between the fibre 
layers due to curing, is more when the high-temper- 
ature resin (formulation II) is used (Fig. 5). The pres- 
ence of such voids leads to increased misalignment of 
fibre layers during the translaminar bend test, thus 
reducing their E B values. 

The MFS values show a marginal loading-rate 
sensitivity for the three loading rates. As fibre mis- 
alignment can be shown to cause variations in the E B 

T A B L E  I Maximum fibre stress of the two composites at three 
different crosshead velocities 

MFS (MPa) 

0.0035mms -1 0 .035mms -1 0 .35mms -1 

Formulation I 386 401 415 
Formulation II 378 392 407 

Figure 5 Voids formed during c/lring in the composite with formu- 
lation II resin. 

values, the pinning and blunting mechanisms can be 
invoked to explain the variations in the MFS values of 
a translaminar flexure specimen. Our earlier work [6] 
has shown that continuous crack-front propagation at 
higher loading rates leads to an increased degree of 
crack-tip pinning, bowing-out phenomena and crack- 
tip blunting. Here, in the composites with formulation 
I! resin, the increased occurrence of blunting events 
for higher loading rates at the voids, which normally 
delays the ultimate fracture, is offset by the increased 
misalignment of fibres due to the presence of the voids 
themselves. This seems to explain why the two com- 
posites do not show any appreciable difference in their 
loading-rate sensitivity. 

3.3. Fracture mechanisms 
Some of the general translaminar fracture features 
observed by previous investigators are extensive fibre 
pull-out, fibre matrix debonding, fibre breakage and 
matrix stretching in the tensile side, and micro- 
buckling of fibres, chop marks on fibre tips and debris 
formation on the compressive side. Practically no 
reports are available regarding the fracture features 
obtained in a sequential way. Especially in woven 
fabric composites, a detailed study of sequential failure 
events in the axial and transverse fibre-matrix inter- 
facial regions seems unavailable from our perusal of 
literature. 

Fractographic analysis, carried out mainly to un- 
derstand the failure sequences of the two composites 
in the translaminar testing condition, revealed many 
interesting features at the fibre-matrix interface. The 
fracture regions classified as resin-rich and fibre-rich 
regions show set patterns in the failure sequences at 
the interface. The general pattern of failure involves 
the following steps: 

1. Shear cracks are formed at an angle to the 
interface, in the region selected for fractography. 

2. As the shear deformation proceeds at the 
fibre-matrix interface of transverse fibres situated 
along the loading direction, an unbalanced shear 
couple is formed which promotes the occurrence of 
secondary cracks in resin-rich regions, starting from 
the shear cracks described above (Fig. 6b). With fur- 
ther deformation, the region near the interface formed 
by the branching of cracks separates along with the 
fibre from the matrix, to produce a cusp-like appear- 
ance. 

In fibre-rich regions (Fig. 7) hackles and scallops be- 
tween two fibres situated in the transverse direction 
are a common occurrence. Towards the tensile face, 
fibres oriented parallel to the direction of crack propa- 
gation tend to form orthogonal-shaped hackles in the 
matrix [12]. Otherwise, an unbalanced shear couple 
causes the hackles to be formed at an angle to the 
fibres. The shear deformation of the fibre-matrix in- 
terface situated along the loading direction is illustra- 
ted in Fig. 7~c.  The hackles thus formed angle out 
more due to the non-linear shear deformation, and 
after the separation of the fibre and matrix can be seen 
as miniscule cusps along the fibre surfaces. 
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Figure 6 Sequential fibre-matrix interfacial failure in a resin-rich 
region: (a) microcracks formed at an angle to the fibre axis, (b) 
secondary cracks connecting the fibre to the primary cracks due to 
an unbalanced shear couple acting along the interface, (c) cusps 
formed at the interface due to separation of resin at the crack 
boundaries. 

Figure 7 Sequential fibre-matrix interfacial failure in a fibre-rich 
region: . (a) hackles and scallops between two adjacent fibres, (b) 
unbalanced shear deformation (marked by arrows), (c) formation of 
miniscule cusps due to hackle separation. 

In resin-rich regions during shear loading as in the 
present case, the principal tensile stresses are oriented 
at an angle to the plane of  applied shear as described 
by the M o h r  circle. It  is known  that  the matrix 
f racture  occurs  in a microscopic plane normal  to the 
resolved tensile stress. As the loading or  strain is 
increased, the microcracks that  are formed ahead of  
the main  crack-front  branch into the interface, which 
results in curved platelets of resin. Here, as the shear is 
along the f ibre-matrix interface, further separation 
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causes the exposure of  the curved platelets along the 
fibres. This is illustrated in Fig. 6a-c. In fibre-rich 
regions, due to the nar row region of  resin between the 
fibres and the proximity to each other, of the shear 
couples along the two interfaces, the above phe- 
nomena  occur in a different manner  as discussed 
earlier. 

The loading rate (at least in the present range) and 
the formulat ion of the resin seem to have a negligible 
effect on the fracture surface features and the failure 



Figure 8 Resin microflow in a sample failed at a loading rate of 
0.35 mm s-  1 

Figure 10 Buckling of resin along transverse fibres situated in the 
loading direction. 

Figure 9 Peel-like failures in the tensile face of resin along the 
transverse fibres; 

Figure 11 Chop marks on the fibres formed at an angle on the 
compression face of the sample. 

sequences of the two composites considered. At the 
highest loading rate (0.35 mms -t) resin microflow 
was observed in the composite containing formulation 
I resin (Fig. 8). 

Due to the debonding and pull-out of axial fibres in 
the tensile face, the resin along the transverse fibres 
shows peel-like failures as shown in Fig. 9. 

On the compression side of the samples, resin 
buckling was observed along the loading direction as 
shown in Fig. 10. The chop marks [13] on the fibres, 
which are characteristic of compressive failures, seem 
to be inclined at an angle, due to the shear along the 
depth and the width of the sample being appreciable 
(Fig. 11). _. 

4. Conclusions 
The following conclusions may be drawn from the 
present study: 

1. The isochronous modulus-strain plots reveal a 
greater non-linearity in the composite cured with resin 
formulation II. Further, the EB values are also lower 
for this composite. This has been attributed to the 
increased degree of misalignment of the fibres, due to 
the presence of voids. 

2. The MFS values show a marginal loading-rate 
sensitivity for both the composites. Crack-tip blun- 
ting, bowing-out and the presence of voids have been 
shown to produce a compensatory effect, thus ex- 
plaining the observed trend. 

3. Fracture mechanisms have been propounded for 
the translaminar fracture, based on the fibre-matrix 
interfacial shear couple concept. Fractographic obser- 
vations in fibre-rich and resin-rich regions have been 
presented along with other salient features. 

4. The loading rate and the formulationof the resin 
seem to have little effect on the observed fracture 
features. 
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