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Failure modes and fracture mechanisms in 
flexure of Kevlar-epoxy composites 
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The results of testing in three-point bending of aramid fibre-reinforced epoxy composites 
are described. This loading mode has been chosen in order to increase the variety of 
failure modes and of fracture mechanisms. The main failure modes observed are tensile 
and delamination, with a transition at a fibre volume fraction of about 46%. This mode 
transition is detectable by monitoring various mechanical properties and acoustic 
emission data against the fibre volume fraction. The tensile mode comprises a fracture 
mechanism of fibre splitting and pu II-out and the delamination comprises!fibre bending, 
tearing off of fibre skin and shearing of individual filaments. Other effects such as the 
shifting of the neutral axis and the compressive failure at the compression side are also 
reported. 

1. I ntroduction 
The steadily increasing utilization of Kevlar 49, 
poly (p-phenylene terephthalamide) (PPTA) fibres 
in high performance composite materials for struc- 
tural applications demands that reliable quality 
control techniques be developed. Usually, the 
establishment of such a technique is a two-stage 
process consisting of a systematic identification 
of the fundamental failure processes and relevant 
defects, followed by correlating a particular non- 
destructive output with a specific defect or 
mechanism. 

Such an approach was practiced in the present 
study whose ultimate goal has been to develop a 
non-destructive procedure for the evaluation of 
filament-wound pressure vessels. One of the tech- 
niques chosen for investigation and reported below 
was based on acoustic emission. Accordingly, the 
initial task was to identify the overall failure 
modes and the actual microscopic and macro- 
scopic fracture mechanisms in PPTA fibre- 
reinforced composites, and to correlate them with 
acoustic emission events occurring during the 
loading of the composites - both before and 
during the occurrence of the major failure event. 

In view of the need to characterize a variety as 
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wide as possible of fracture mechanisms testing 
was carried out in flexure. This is a more versatile 
loading configuration whereby three major failure 
modes may be induced, namely, tensile, compres- 
sive and delamination, each comprising a sequence 
of fracture events. 

In the text below we discuss in detail the 
observed fracture mechanisms and failure modes, 
while the acoustic emission data are presented 
only briefly; a fuller account will be given else- 
where [ 1 ]. 

2. Experimental details 
Composites of  Kevlar 49 fibres - Araldite MY 
750/HT 972 epoxy were manufactured from pre- 
pregs prepared in the laboratory by a fibre winding- 
impregnation technique. The complete manufac- 
turing procedure was according to the reliable 
routine used for over i0 years with glass and 
graphite fibres (for details see for example [2]). 
The nominal thickness of the plates was 0.5 cm, 
and the test specimens were in the forms of 5,0 cm 
long bars 0.5cm x 0.5cm in cross-section. The 
exact fibre content of each plate was determined 
by the procedure given in [3]. Both interlaminar 
and translaminar specimens were tested. 
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Figure I Typical load-deflection curves for the delami- 
nation and tensile failure modes. 

Testing was carried out in 3-point bending with 
a loading span of 4.0 cm. Two acoustic emission 
resonant type transducers (175 and 375 kHz)were 
glued to the ends of the specimen by means of 
sticky wax which ensured impedance compatibility. 
The equipment comprised an Instron universal 
tester and an Acoustic Emission Technology 
AET-5000 system. 

3. Results and discussion 
The investigation of the fracture mechanism was 
performed on two levels. The first included frac- 
ture mechanisms responsible for the macroscopic 
failure of the material, and the second considered 
extraneous mechanisms and processes either result- 
ing from the loading conditions or reflecting 
microscopic properties of the constituent materials. 

3.1. Major modes of failure 
The failure of Kevlar-reinforced epoxy composites 
in 3-point bending occurred by either one of two 
modes being failure by longitudinal fracture of 
fibres in the tensile side, or by shear delamination 
in the neutral plane. The first failure mode was 
typical of the lower volume fraction composites, 

and the second was typical of the higher, with a 
distinct transition in the volume fraction range 
45-48%. With interlaminar loading the transition 
occurred at the lower end of the transition range, 

45%, and with translaminar loading the tran- 
sition occurred at the higher end, ~ 48%. 

Fig. 1 is a qualitative representation of the 
load-deflection curves for the respective failure 
modes. The curve of the fibre fracture mode is 
characterized by a yielding stage and a longer 
ultimate deflection. These result from compressive 
failure occurring in the compressive side of the 
specimen as discussed below. The curve of the 
delamination mode is characterized by a main 
delamination event followed by a number of 
secondary delaminations. 

The transition from failure by fibre fracture to 
failure by delamination was determined by the 
fibre volume fraction. It was therefore detectable 
by monitoring various mechanical properties and 
plotting them against the fibre volume fraction. 
Figs. 2 to 4 present the transition as reflected by 
strength, energy and ultimate deflection measure- 
ments, respectively. The results show that under 
interlaminar loading the transition occurs around 
~ = 0.45, and around ~b t = 0.48 under trans- 
laminar. Although the ultimate strength values, o, 
in Fig. 2 were calculated for the entire Oe range, 
only those below the mode transition points are 
appropriate. Hence, in view of the observed tran- 
sition to a detamination mode governed by the 
shear stress at the neutral plane, the ultimate shear 
strength values, r, were calculated for ~ values 
above the transition point. These are also shown in 
Fig. 2. The failure mode transition is also apparent 
in the values of the fracture energy to maximum 
load (Fig. 3), and in the values of the ultimate 
deflection (Fig. 4). 

The reason for the mode transition at a critical 
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Figure 2 Ultimate tensile and 
shear strength values for inter- 
laminar (*) and translaminar 
(o) loadings. The scatter bars 
belong to the interlaminar 
results. 
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Figure 3 Fracture energy to maximum load for inter- 
laminar (o) and translaminar (o) loadings. The scatter 
bars belong to the interlaminax results. 

0f point probably lies with the different functions 
that a and ~" have in Oe. Whereas a increases linearly 
with 0~, r decreases due to increasingly high pro- 
portions of  interface at the shear plane. In fact, at 
high Of values r is governed by fibre-fibre con- 
tacts of zero strength and by the f ibre-matrix 
interfacial strength being relatively weak with 
Kevlar fibres. Hence, the critical 0f point is the 
value of 0f for which a and r attain their ultimate 
values simultaneously. In the translaminar case r 
may be higher due to the action of misaligned 
fibres, resulting in a somewhat higher critical Of. 

Regarding the actual values of a up to the 
transition point, they indeed seem to increase 
linearly with 0f. However, they are smaller com- 
pared with the rule-of-mixtures values calculated 
with af = 2.75 GPa. The lower values derived from 
a calculation assuming both tensile and compres- 
sive elastic behaviour of the Kevlar-reinforced 
composites. As a matter of fact these composites 
exhibit non-linear compressive behaviour, resulting 
in a stress distribution as shown in Fig. 5 [4]. It 
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Figure 4 The ultimate deflection for interlaminar (o) and 
translaminar (o) loadings. The scatter bars belong to the 
interlaminar results. 
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Figure 5 The shifting of the neutral axis for an elastic 
tensile/plastic compression behaviour. 

shows the assumed stress distributions in the beam 
midspan cross-section as it is loaded to failure. The 
calculation of a based on entirely elastic tensile/ 
compressive behaviour yields an ultimate tensile 
strength value denoted by a~u while the assump- 
tion of non-linear compressive behaviour yields a 
higher value denoted by etu for an ultimate com- 
pressive strength %u- Since we have been interested 
mostly in demonstrating the failure mode tran- 
sition no further attempt has been made to calcu- 
late Otu , and the a'tu values are utilized in present- 
ing that transition. 

Another important outcome of the non-linear 
compressive behaviour is that stresses above the 
yield stress, ey = %u, shift the neutral axis down- 
ward as shown in Fig. 5. The marking of this shift- 
ing is obtained when delamination failure occurs, 
taking place within the neutral plan in its ultimate 
new location away from the centroidal axis. This is 
shown in Fig. 6 with four specimens representing 
different fibre volume fractions above the critical 
0~, which sets the failure mode transition. The 
fibre volume fraction of each specimen is also indi- 
cated, and it is seen that tile ultimate displacement 
of the neutral plan decreases as the fibre volume 
fraction increases. According to [4] the displace- 
ment c (Fig. 5) is given by 

c 1 - - r + r  2 

d - 2(I + 02 ( I )  

where r = ot/ay. Since oy = aeu = constant and 
a t , the tensile stress, increases with the applied 
toad, consequently r and concomitantly c/d 
increase also. At the onset of delamination c 
achieves its ultimate value, yet at < ore, otherwise 
failure would have occurred in the tensile mode. 
Regarding the observed decrease in c/d with 0f 
(Fig. 6), it is n~aintained that since the ultimate 
shear stress reduces with Of, the ultimate beam 
deflection, and in turn the tensile stress, diminish, 
producing smaller and smaller displacements of the 
neutral plan. 
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Figure 6 The displacement of 
the neutral plane (marked by 
delamination) from the centoidal 
plane as affected by the fibre 
volume fraction. 

The values of r calculated for the delamination 
mode (Fig. 2) extrapolate to about 30MPa for 
~ = 0.79 (assuming a square array of fibres). This 
50% reduction in r with respect to the shear 
strength of the resin (65 MPa) results from increas- 
ingly higher proportions of weak interface and 
fibre-fibre contact points in the shear plane as 
r is increased. It corresponds very well with 
results in the literature of ~34MPa for ~f of 
about 60% [5, 6], and with a value of 34.8 MPa 
calculated on the basis of single filament pull-out 
experiments [7]. 

3.2. F rac tography  
Fractographic examinations of the fractured speci- 
mens revealed typical features of the two observed 
modes of failure. Fig. 7 contains a sequence of 
scanning fractographs showing the details of a 
tensile failure mode. The important observation 
concerns the fracture of the PPTA fibres and their 

pull-out from the fractured matrix. It is seen that 
the fracture of the Kevlar fibres occurs through an 
axial splitting mechanism, followed by a pull-out 
stage of the two opposing split portions. The split- 
ting characteristics have been described before by 
other investigators [8, 9], and its mechanism has 
recently been attributed to the micro-structure of 
the PPTA fibres, comprising highly oriented 
fibrillar skin encasing a crystalline core consisting 
of row lamellae [101. Such a micro-structure 
explains the fibre fracture mechanism, which 
involves transverse core failure at the weakest 
internal defect planes, skin failure at different 
points along the fibre in the region of these planes, 
and interconnection of the core defect planes and 
failed skin points by longitudinal crack propagation 
along the core-skin interface. 

The details of the delamination failure mode 
are presented in Fig. 8 by a sequence of scanning 
electron fractographs showing the origination of 

Figure 7 A sequence of scanning electron fractographs of the tensile side of the specimen showing details of a tensile 
failure mode. 
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Figure 7 Continued. 

Figure 8 A sequence of scanning electron fractographs of the side of the specimen showing details of a delamination 
failure mode. 
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Figure 9 Typical fibre failure events occurring during 
delamination: (a) Shearing of an individual filament; (b) 
Tearing-off of fibre skin; (c) Deformation bands on a 
sharp bend. 

Figure 10 Damage induced by the central loading roller. 
The fibre volume fraction of the specimens increases 
upward. 
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delaminafion, the initial formation of shear bands 
in the matrix, the final shear damage in the matrix 
typical of the delamination mode, and the typical 
splitting of the fibre. Although fibre splitting 
occurs under both tensile and delamination failure 
modes, fracture proceeds differently in each case. 
Fig. 9 presents three typical fibre failure events 
under the delamination mode. The most interest- 
ing and unique is the shear failure of an individual 
filament seen in Fig. 9a. The other two events are 
the tearing-off in the axial direction of the fibre 

kin to form a continuous ribbon [91, and the 
production of deformation bands on the compres- 
sion side of a sharp bend [11, 12], where a clean 
naked fibre just protrudes from the delamination 
plane. 

3.3. Extraneous effects 
Under the title of extraneous effects we list types 
of damage which are not related directly to the 
two major failure modes. One such damage is 
related to the local effect of the central loading 
roller. It is seen in Fig. 10, where two effects are 
prominent. The first is the actual indentation of 
the specimen by the roller, and the second is some 
related damage in the vicinity of  the indentation. 
The size of the second damage type decreases with 
the fibre volume fraction, and it is attributed to 
micro-cracking of the matrix as seen in Fig. 11. In 
addition, Fig. t l  presents the type of matrix 
damage observed in the tensile side under tensile 
failure mode. This is in agreement with obser- 



Figure 11 Micro-cracking of the matrix under the central 
loading roller (a, b); and the matrix cracking at the side of 
the specimen under the tensile failure mode (c). 

vations in the literature [13]. The interaction of 
the regional stress field induced by the loading 
roller with the compressive stress field is expected 
to shift the neutral plane upward [14]. However, 
the effect of elastic tensile and plastic compressive 
behaviours dominates, resulting in a net displace- 
ment of the neutral plane downward, as described 
in Section 3.1. 

Another damage which appears in the vicinity 
of the loading roller is the development of diagonal 

kink (shear) bands. These are shown in Fig. 12, 
and it is observed that when two such kink bands 
cross one another they form an initiation site for 
delamination in a plane perpendicular to the 
neutral plane. The source of these kink bands is 
the compressive stress in that side of the specimen 
near the loading roller. They have been observed in 
other composite systems such as glass and graphite 
fibre-reinforced resins [ 15-17], and several models 
have been proposed for the angle which they form 
with the fibre direction [15, 18]. The mechanism 
of their formation in PPTA fibre is different 
though. Whereas in graphite fibre composites, for 
instance, the kink bands comprise broken pieces 
of fibres, in PPTA fibres they consist of an 
assembly of kink bands in the individual filaments 
caused by the unique compression behaviour of 
the PPTA fibres [9, 17]. The angles of the kink 
bands as measured in the present study were in the 
range 45-50  ~ C, which does not correspond with 
the angle calculated on the basis of the model in 
[181 for CFP, P. 

3.4. Acoustic emission 
The traditional acoustic emission characterization 
techniques, i.e. counting and r.m.s, intensities were 
found to be insensitive to the failure mode tran- 
sition described above, However, amplitude distri- 
bution characteristics showed a distinct transition 
at r ~ 0.5. This is seen by comparing between 
Figs. t3a and b, which contain typical amplitude 
distributions obtained for samples of ~f = 0.38 
and q~f =0.56,  where tensile and delamination 
failure modes occurred, respectively. It is evident 

Figure 12 A diagonal kink band formed in the compression side (a); crossing of two diagonal kiJak band forming an 
initiation site for delamination (b); a scanning electron micrograph of a kink band view at the side of the specimen. 
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Figure i3 Acoustic emission amplitude distributions obtained under interlaminar loading with the 375 kHz sensor: (a) 
tensile failure mode; (b) delamination failure mode. 

that the relative intensities of the two main peaks 
(characterizing the amplitude distributions in the 

respective tests) are different. Although the corre- 
lation of the two peaks with a fracture mechanism 

is not conclusive yet the ratio of their intensities 
indeed reflected the mode transition around r = 

0.5. A fuller account of the acoustic emission data 

is in preparation [1 ]. 

4. Summary 
Failure in flexure of PPTA fibre-reinforced epoxy 

composites occurs by either one of two modes, 
being tensile and delamination. The fibre volume 

fraction determines which mode takes place with 
a transition from tensile to delamination at ~ 

0.45 (for a loading span to depth ratio of 8). Each 

mode comprises a series of fracture mechanisms, 

distinguishable by fractographic examinations of 

the fracture surfaces. A unique example for an 

observed fracture mechanism is the shearing of an 
individual Kevlar filament under the delamination 

mode. The mode transition is reflected in the 

mechanical properties and in the amplitude distri- 

bution of the acoustic emission. Attempts are pre- 

sently being made to correlate a vast amount of 
acoustic emission data with the observed fracture 

mechanisms. 
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