
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  24 ( 1 9 8 9 )  3 9 5 6 - 3 9 7 5  

Microdamage analysis of fibrous composite 
monolayers under tensile stress 

H. D. WAGNER t ,  L. W. STEENBAKKERS*  
Polymeric Composites Laboratory, Department of Materials Research, The Weizmann Institute 
of Science, Rehovot 76100, Israel 

The quasi-static deformation and fracture modes of several types of fibrous composite 
materials are studied from a fundamental viewpoint using a new experimental approach. 
Microcomposite monolayers, consisting of single fibres accurately positioned into a thin poly- 
meric matrix, were manufactured using a specially developed technique, and tested for 
strength by means of a custom-made miniature tensile testing machine. The materials used 
were E-glass, and Kevlar 29, Kevlar 49 and Kevlar 149 para-aramid fibres, and a room- 
temperature curing epoxy resin. The tensile testing machine was fitted to the stage of a polar- 
ized light stereozoom microscope and the fracture process was recorded both via a standard 
35mm camera and a colour video camera. The fibre content of the first generation of micro- 
composite monolayers used in this work was low (<0.025) but definite effects on the modu- 
lus and strength were obtained as the experimental data followed the rule-of-mixtures quite 
accurately in most cases. The failure process was different in each type of composite and 
current statistical models for strength are unable to account for the modes of failure observed 
in some of the systems studied. The experimental approach proposed is potentially useful in 
the study of the effects of interface chemistry modifications, fibre-fibre interactions, matrix 
toughness modification, misalignment effects, and more, on the deformation and failure 
micromechanics of composites. 

1. I n t r o d u c t i o n  
The fracture behaviour of fibrous composites is charac- 
terized by the combination of complex microdamage 
events such as fibre breakage, interface decohesion, 
matrix failure, to mention a few. An important material 
characteristic contributing to the complexity of the 
failure process in composite structure is the failure 
mode of each of the composite constituents, which 
depends strongly on the material microstructure, 
including its degree of homogeneity and anisotropy. 
Other key contributing factors are the type of  applied 
loading, the internal geometrical features of  the com- 
posite, the nature of the fibre-matrix interface, and the 
fibre content. As a direct consequence of the complex- 
ity of the damage encountered in "real-life" com- 
posites, only simple geometrical and loading cases 
may at first be studied, if the basic mechanical behav- 
iour and damage modes are to be understood from a 
fundamental viewpoint. 

The simplest geometry for a fibrous composite solid 
is a monolayer tape made of  parallel and continuous 
fibres embedded in a matrix, as shown schematically 
in Fig. 1. In the past, various theoretical and experi- 
mental studies focused upon this idealized view of  a 
composite to examine its behaviour under axial tensile 
stress. Based on actual material behaviour, in most of 
these studies the mean failure strain of the fibres was 

assumed to be lower than the mean failure strain of 
the matrix, which has the consequence - at least in an 
idealized context - that fibre breakage is viewed as 
the triggering event in the tensile failure process, the 
matrix playing a secondary, "passive", role. More- 
over, for mathematical convenience and simplicity, 
the interface was often assumed to be infinitely strong. 
It has also been assumed, and verified experimentally 
in most cases, that the fibre strength is not a deter- 
ministic variable but, rather, is essentially a statisti- 
cal parameter. An important consequence of these 
key assumptions is that the mechanical breakdown 
phenomenon in these materials is a complicated stoch- 
astic process involving scattered fibre breaking at 
weaker sites, which reflects the inherent statistical 
variability in fibre strength, and local overloading and 
failure of neighbouring fibres by way of stress transfer 
through the matrix. Final failure of the composite 
results through the rapid growth of a cluster of adja- 
cent fibre breaks possessing a critical dimension. 
Obviously if the fibre strength was not a random 
variable, failure of a fibre would result in the immediate 
failure of  all adjacent fibres (assumed to be of the same 
type), because the load transferred from the broken 
fibre to its neighbours would immediately increase the 
stress in these latter above their (deterministic) strength. 

Most recently, microcomposite monolayers 
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Figure 1 Schematic representation of microcomposite monolayer consisting of N parallel single filaments embedded in a thin polymeric 
matrix film. This structure is partitioned into M longitudinal elements of length 5. The fibre diameter is d: and the interfibre distance is d~. 

containing tape-like arrays of carefully positioned 
single aramid fibres within an epoxy resin have been 
successfully prepared and tested for strength by 
Wagner [1] and Steenbakkers and Wagner [2]. (See also 
[3] on related work.) In the present work, an experi- 
mental study of the elastic properties and mechanical 
damage behaviour of several types of microcomposite 
monolayers, including hybrids, is carried out. The 
effect of fibre type and fibre content on the elastic and 
fracture properties of the microcomposites is examined. 
The potential usefulness of such microcomposite 
monolayers in the characterization of basic failure 
modes of fibre-reinforced composites, and of the 
dynamics of failure in such materials, is demonstrated 
by means of video microphotography. The video 
microphotographic observation of the failure process 
in composite materials is used also as a probing tool 
for some of the basic hypotheses in current probabilis- 
tic theories of composite strength. Various areas of 
future research using the experimental approach taken 
in the present study are suggested. 

2. General features of the fai lure 
process in composites 

The tensile failure of assemblies of fibres, such as 
yarns and unidirectional composites, is a complex 
statistical phenomenon involving several modes of 
failure arising simultaneously. Daniels [4], Coleman 
[5], Gucer and Gurland [6], and Scop and Argon [7] 
were among the first to analyse in detail the failure 
mechanics of bundles of parallel fibres and composite 
monolayers from a probabilistic viewpoint. In the 
simplest case equal sharing among all fibres in a cross- 
section of the load released by a broken fibre was 
assumed. Rosen [8] performed the first experiments on 
such tape-like structures using glass/epoxy composites, 
but predicted theoretically that the composite strength 
should be independent of size, in contradiction with 
experimental results. Later, Zweben [9], Scop and 
Argon [10], Zweben and Rosen [11], Argon [12], pro- 
duced new results for the case of local sharing of the 
load among the immediate neighbours of a broken 
fibre, a situation which is more appropriate for com- 
posite materials. Several forms of local load-sharing 
rules are reviewed and discussed in Smith et al. [13]. 

Key features for the strength of composites can be 
summarised as follows. 

(a) The Weibull distribution [14] is generally obser- 
ved to fit satisfactorily experimental results for the 

strength of single fibres of equal shape and size (for 
the strength and lifetime distributions of para-aramid 
fibres see [15, 16]). This failure probability distribution, 
originally introduced from an empirical viewpoint, is 
given as 

where F ( x )  is the probability of failure of a fibre of 
length l under an applied stress less than or equal to x, 
a is the scale parameter and b is the shape parameter. 
Various versions and modifications of Equation l 
were recently proposed to include the effects of length 
and diameter variability [1, 17-19]. This function is 
currently the most popular scheme in use for describing 
the ultimate mechanical behaviour of solids having a 
linear stress-strain behaviour up to breakdown. It 
has been used to describe extreme-value problems as 
varied as the propagation of cracks along a geological 
fault, the collapse of fractal trees, the failure of 
vacuum-tubes, the analysis of carcinogenesis test 
results, and more (see Wagner [19] and references 
therein). The Weibull distribution has been recently 
justified from a microscopic viewpoint via mechanistic 
[20, 21], kinetic [22, 23], and percolation-based argu- 
ments [24]. The Weibull distribution for single-fibre 
strength may be determined from tests on the single 
fibres but there is a certain degree of uncertainty 
regarding the applicability of results on single fibres 
tested outside the composite matrix to the behaviour 
of the fibres within the matrix. To date there is no 
simple solution to this problem: 

(b) Simple models of the failure process (see 
Appendix) consider that as a group of k adjacent 
broken fibres reaches a critical value, say k*, the stress 
concentration factors become so large that the com- 
posite fails catastrophically. The value of k* is gener- 
ally assumed to vary between 3 and 8, depending on 
the system, and although some experimental work on 
this has been performed, there is no definite evidence 
for the value of k* for a given composite system, and 
no study was made of the possible dependence of k* 
on the interfibre distance, composite thickness and 
other variables. The value of k* may be predicted 
(see Equation 41 in Phoenix [25]) based on various 
materials parameters. The computation of the stress 
concentration factors is a difficult task which was 
initiated by Hedgepeth [26], Hedgepeth and Van Dyke 
[27] and Fichter [28]. Detailed probabilistic analyses 
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were developed by Harlow and Phoenix [29, 30] and 
more recent work on this was performed by Smith et  al. 

[13], Fukuda and Kawata [31], Reedy [32], Batdorf 
and Ko [33], Bader and Pitkethly [34], and Wolsten- 
holme and Smith [35]. 

(c) Along a fibre length, the stress concentration 
arising from a broken site on that fibre is restricted to 
a relatively short length 6, assumed by most research- 
ers to be of the order of ten fibre diameters (however, 
Fukuda and Kawata [31] suggest a much larger value 
if the matrix bears tensile stress as well). This length is 
the ineffective length (Rosen [8]), also termed the 
stress-transfer or interaction length. Across the com- 
posite width, some form of local load sharing is cer- 
tainly a better approximation to experimental reality 
than equal load sharing. 

(d) From the models in (b) and (c) above, and as 
shown in the Appendix, assuming that the single-fibre 
distribution is of the Weibull type, a Weibull distribu- 
tion results for the composite strength (but again with 
the problem mentioned before that the strength distri- 
bution of single fibres inside a matrix may not necess- 
arily be identical to the distribution of fibres outside 
it). The parameters of the Weibull distributions of the 
composite and the fibre are formally related, the rela- 
tion being particularly simple for the shape parameters 
where the ratio of composite to single-fibre parameters 
is exactly equal to k* (Equation A3). The relation for 
the scale parameters (Equation A4) is more complex 
and involves various materials and mechanical con- 
stants, including the stress concentration factors, the 
number of nearest neighbours adjacent to a fibre 
break, the transfer length, and the shape and scale 
parameters of the single fibre. 

Experimental work aimed at understanding the 
critical failure modes in simple composites containing 
idealized fibre arrays, such as Rosen's work on tape- 
like structures [8], is relatively scarce, and is currently 
the subject of renewed interest. Early photoelastic 
studies of the stress field in the vicinity of fibre dis- 
continuities were performed by Schuster and Scala 
[36], Tyson and Davies [37], Pih and Sutliff [38], 
MacLaughlin [39] and others, using mainly experi- 
mental models of composites. Probably the most 
informative early studies on failure mechanisms were 
those of Rosen [8] who used high-speed photography 
with thick glass fibre in epoxy resin, McKee and Sines 
[40] who proposed an alternative statistical model for 
strength including the effect of size, Friedman [41] 
who generalized Rosen's theory to deal with fibres 
with variable diameter and length and performed 
experiments with glass and boron composites, Armen- 
akas et  al. [42] who established the strength charac- 
teristics of S-glass fibre bundles and composites using 
interference Moir6 methods, and Mullin et  al. [43] 
who examined the fracture modes of single and multi- 
ple filaments of boron in epoxy resin. Recent work on 
the determination of the critical transfer (or interac- 
tion) length, using fragmentation of a single fibre in a 
ductile matrix, includes the studies of Fraser et  al. [44], 
Drzal et  al. [45], Jacques and Favre [46], Bascom et  al. 

[47], Piggott et  al. [48], and DiLandro et  al. [49]. 
The understanding of fundamental failure modes 
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in unidirectional composites is still far from being 
achieved and, as stated before, is currently the subject 
of renewed interest. Recent work includes Watson and 
Smith [18] and Bader and Pitkethly [34] who studied 
the failure of hybrids using probability concepts, and 
Wolstenholme and Smith [35] who attempted to assess 
the effect of varying inter-tow distance on the stress 
concentration factors and the critical (stress transfer) 
length. It is now well accepted that probabilistic 
modelling is a necessary tool for a satisfactory under- 
standing of composite failure, and the aim of most 
recent experimental studies was to assess the values of 
various parameters included in the theoretical models 
as well as to verify the validity of such models. 

With the above motivations, an experimental pro- 
gramme was initiated in our laboratory with the aim 
of understanding basic deformation and failure modes 
in several types of model composite materials, including 
those composites which fail by a mode not in accord- 
ance with some of the basic hypotheses of current 
statistical approaches to failure (these hypotheses are 
listed in the Appendix). The specific goals of our 
research are: (a) to manufacture accurate single-fibre 
microcomposite monolayers; (b) to perform careful 
mechanical testing; (c) to monitor the failure process 
by means of video microphotography. In the present 
paper we report first results along these lines, using 
the first generation of microcomposite monolayers 
produced in our laboratory. 

3. Experimental procedure 
3.1. Materials 
The matrix used in the present study was a room- 
temperature curing, low viscosity, bisphenol A-based 
epoxy resin, modified with cresyl glycidal ether, (Aral- 
dite CY 223 from Ciba Geigy) mixed with a polyamine 
hardener (HY 956 from Ciba Geigy) in the proportions 
suggested by the manufacturer. The cure schedule was 
7 d at 25 ~ C. 

The fibres used were (a) para-aramid poly-p-phenyl- 
ene terephthalamides (Kevlar 29, Kevlar 49 and 
Kevlar 149) produced by du Pont de Nemours and 
Co. Inc., Wilmington, Delaware, extracted from spools 
containing 267 fibres per yarn for Kevlar 29 and Kevlar 
49, and 768 fibres per yarn for Kevlar 149; (b) E-glass 
(EC-R099-320) produced by Vetrotex Ltd., extracted 
from spools containing 816 fibres per yarn. Kevlar 29 
and Kevlar 49 have similar high strength but the latter 
has twice the elastic modulus of the former. The proper- 
ties of the more recent Kevlar 149 fibre have been 
studied recently in our laboratory [50, 51]. Some infor- 
mation on Kevlar 149 fibres is also available from the 
study of Riewald et  al. [52]. According to this study, 
Kevlar 149 has a strain to failure of about 1.5 percent, 
a modulus of about 150-160GPa, and a tensile 
strength of about 2.4 GPa, but we found these latter 
two properties to be highly dependent on the fibre 
diameter and length [50, 51]. As compared to previous 
versions of Kevlar, Kevlar 149 has a much lower 
moisture pickup tendency, and a slightly higher den- 
sity. All fibres in the present study were utilized in 
their as-received condition, and no attempt was made 
either to remove or modify any surface sizing treatment. 



3.2. Manufacture of epoxy films and 
microcomposite monolayers 

3.2. 1. Manufacture of epoxy films 
Commercially available 7 x 7cm 2 transparent PVC 
plates, with a thin layer of  silicone oil deposited on 
them, were used for moulding epoxy films. The sili- 
cone oil layer was used to prevent the cured epoxy film 
from sticking to the PVC plates. Double-sided 50/~m 
thick adhesive tape, used as spacer, was positioned 
on two opposite edges of one PVC plate, and freshly 
prepared epoxy resin was carefully poured between 
the spacers. Subsequently, the second PVC plate was 
put on top of the first one, and after air bubbles were 
expressed, a 5 kPa pressure was applied to the mould. 
The epoxy was cured at room temperature (24 + 2 ~ C) 
for at least 2 d before the two plates were separated, 
and then left to cure for another 5 d before being cut 
to its final size using a specially designed cutter. After- 
wards, the samples were tabbed on both sides with 
cardboard. The specimen width in its central part 
was 2 mm and its thickness varied (from specimen to 
specimen) between 40 and 100/~m. 

3.2.2. Manufacture of microcomposites 
mono/ayers 

Several samples containing one single fibre were 
prepared by glueing a fibre on both ends of a PVC 
plate using a fast setting cyanoacrylate adhesive. The 
rest of the manufacturing procedure was identical to 
that used for epoxy films, as described before. Micro- 
composite monolayers containing eight single fibres 
within epoxy were manufactured using the following 
two-stage procedure: (a) accurate positioning of the 
fibres so as to obtain a desired interfibre distance; (b) 
moulding of  the fibre array into epoxy. This procedure 
is now described in detail. 

3.2.2.1. Fibre positioning. To align the single fibres and 
control the distance between them, a single fibre posi- 

tioner was specially designed and built in our laborat- 
ory. It consists of the following parts (refer to Fig. 2). 

(i) Two rotation stages, on which the fibre guides 
are fastened. The stages are able to rotate the guides 
with an accuracy of 1/60 ~ . 

(ii) Two fibre guides, the most recent version of 
which consists of 20 thin cylindrical syringe rods, with 
a length of  about 10 ram, and a diameter of 400 #m. 
The edge-to-edge distance between two syringe rods is 
150/~m. When the rotation stage is straight (that is, 
when the aligned rods are perpendicular to the fibre 
longitudinal axis before rotation) the centre-to-centre 
distance between the single fibres is 550/~m. When the 
position of the guide is changed by rotating the posi- 
tioner to an angle of 0 (see Fig. 3), the centre-to-centre 
distance between the fibres is reduced to 550 cos (0) 
#m. Because the diameter of the rods is much larger 
than the diameter of the fibres, the brittle and ductile 
fibres are forced to bend by virtually the same amount. 
In an early version of this single-fibre positioner, des- 
cribed in [1], parallel grooves were successfully used as 
fibre guides to bring the single fibres into position. 
This was a particularly convenient solution for micro- 
composites in which tough fibres like the aramids are 
used, but it was very difficult to bring brittle fibres 
such as E-glass in close vicinity due to the sharpness of 
the corners of the grooves which caused fibre break- 
age. Also differences in the flexural behaviour of dif- 
ferent single fibres made it difficult to get an accurate 
control of the interfibre distance, especially when fibres 
of different diameters, or fibres of different types (in 
hybrids) are used. Thus, compared with the first ver- 
sion of the apparatus, in the current version the inter- 
fibre distance is much less affected by differences in 
bending behaviour, and brittle fibres can be mounted 
easily. 

(iii) Two teflon rods, held horizontally on stands 
and containing slots for each fibre, are used to keep 
the fibres in position on the outside of the two guides. 

STEREOZOOM MICROSCOPE [L~,]~ STAND 
/ liii! i t 

STAND , ,, -, -,~"~'~St \ , ~ STAND 
~~L~!! ~/~]-ROTATION' ROTATION ~ ~ I TE FLII;iON [-'~ / ~ STAGE j[ STAGE I OI ~I ROLLS ~l 

. . . .  ATION STAGES ~.OPTICAL BENC 

//////////////////////////////////////////////////////////////////,///....%./,,,,/.,'. 

Figure 2 General view of the single-fibre positioner apparatus. 
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Figure 3 Illustration of the principle for varying the fibre-to-fibre 
distance: assuming an original interfibre spacing dn-, a rotation 0 of 
the fibre guides yields a new spacing dd = dg cos 0. 

(iv) Individual fibre weights of 0.75g each were 
used to keep the single fibres under tension. These are 
lead fishing weights, tied to the ends of the single 
fibres. 0.75 g weights were normally used to hold the 
glass fibres and 1.50g weights were used for the 
aramid fibres. (Notice that the fibres were selected so 
as to minimize diameter variability among themselves, 
thus eliminating the need for individualized weights in 
order to keep a constant tension stress in the fibres). 

All parts of the positioner just described were 
mounted on an optical rail. The fibre mounting 
and alignment procedure was entirely performed with 
the help of a Stereozoom 7 (Bausch and Lomb) 
microscope. 

3.2.2.2. Embedding the fibre array into epoxy. The 
second step in the manufacture of microcomposite 
monolayers consisted in embedding the fibre array 
into epoxy films, which was done as follows. After the 
fibres were brought into position and aligned accord- 
ing to the procedure outlined above, the interfibre 
distances were measured under the microscope as a 
check, and checked again after the moulding procedure 
was completed. The difficult of this step consisted 
mainly in leaving the fibre array undisturbed by the 
flowing epoxy during moulding. The fibre array was 
brought on to a PVC plate containing a thin layer of 
silicon oil, after a preliminary thin layer of the epoxy 
was poured on the plate between the two double-sided 
scotch tape spacers. (Without the preliminary layer, 
static electricity on the PVC plate would disturb the 
position of the fibres, but too thick a layer would also 
disturb the fibre array). The "wet" PVC plate was then 
placed on an optical table between the fibre guides 
(refer to Fig. 2) and lifted until it reached the fibre 
array. The fibres were then glued on both edges of the 
PVC plates using cyanoacrylate adhesive. About 5 rain 
after this, when the adhesive was dry, freshly prepared 
epoxy was poured on top of the fibres (and of the first 
epoxy layer). A second PVC plate was then placed on 
top of the first plate, the air bubbles carefully expres- 
sed and a 5 kPa pressure applied on top of the upper 
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Figure 4 Scanning electron micrograph of an E-glass/epoxy micro- 
composite monolayer cross-section. Note the constant fibre-to-fibre 
distance and the planar arrangement of  the fibres. 

plate. The mould was opened after 2 d and the samples 
were cut to size with the cutter used for epoxy samples. 

In the present study, all the microcomposite mono- 
layers had a minimum edge-to-edge distance between 
the single filaments of about 40 #m with a variability 
of 7 to 15% depending on the interfibre distance and 
the type of fibre used. These figures are by no means 
limiting ones: much lower values of the fibre-to-fibre 
distance have already been obtained in our laborat- 
ory, and results using these will be reported in the near 
future. An example of a microcomposite monolayer 
sample is shown in Fig. 4. As seen, an accurate inter- 
fibre distance is obtained, and the fibres all lie within 
a plane. The thicker the monolayer, however, the 
closer the fibre plane lies close to one face, as will be 
seen later. This current limitation will hopefully be 
eliminated in the future. 

3.3. Testing equipment and procedure 
3.3. 1. Testing equipment 
A specially designed miniature tensile testing machine 
was built in our laboratory for the quasi-static tensile 
testing of the microcomposite monolayer specimens. 
This strain-controlled device was fitted to the stage of 
a polarized Zeiss microscope equipped with both a 
35 mm camera and a Sony colour video camera for 
event recording during a test. The mini-tensile tester 
had a load cell of 20 kg, and the force was measured 
with an accuracy better than 3 g via a digital amplifier 
and an analogue recorder. A single-axis microposi- 
tioner (Oriel) was used for controlling the displace- 
ment of one of the clamps mounted on an optical 
table) with a repeatable accuracy of about 1 r 
Fig. 5 depicts the testing apparatus. 

The single fibres were tested using a floor model 
Instron according to previously established tabbing, 
mounting, and testing procedures [15]. Epoxy films 
were also tested with the Instron machine for control 
purposes. Details of testing procedures are given in the 
following section. 

3.3.2. Testing of single fibres and epoxy films 
Young's modulus and the mechanical strength and 
strain of E-glass single fibres and epoxy films were 
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Figure 5 Schematic illustration of the experimental 
testing apparatus. As indicated, a black and white 
video graphic printer and a microcomputer are cur- 
rently being added to the existing equipment. 

determined by quasi-static tensile tests on the Instron 
machine using at least 30 samples in each case. An 
extension speed o f 0 . 0 5 c m m i n  t was used for E-glass 
fibres, and an extension speed of  0 .3cmmin -~ was 
used for the epoxy samples. Additional tests were 
performed with epoxy samples using test conditions as 
for the microcomposites monolayers (see below). The 
gauge length used in these tests was 3cm, and the 
epoxy films were clamped on both sides with card- 
board using an epoxy glue. For E-glass fibres a card- 
board frame was used, and just before testing the side 
strips of  the frame were cut out [15]. The diameter of 
each single filament was measured several times at 
different positions along the length, by optical micro- 
scopy. The mechanical properties of the aramid single 
fibres were obtained from previous work [15, 50]. 

T A B L E  I Mechanical properties of single fibres and matrix used in 
[2]. 

Results for the single fibres and the epoxy resin matrix 
are summarized in Table I .  

3.3.3. Testing of microcomposite monolayers 
All fibre diameters as well as fibre-to-fibre distances 
within a sample were measured before testing, and the 
means and coefficients of variation computed. The 
monolayer thickness was measured as well and its 
mean value calculated. From this the volume fraction 
of fibres was obtained for each specimen. The com- 
posites were checked to account for the presence of 
air bubbles and other visible damage, and seriously 
damaged samples were discarded. The microcomposi- 
tes were tabbed in the same way as the epoxy films, by 
using cardboard tabs. The microcomposites were tested 
on the mini-tensile testing device at an extension speed 

this work. The data for Kevlar 29 and Kevlar 49 are taken from 

Material Young's modulus, Failure strain, Strength, n 
E (GPa) (c.v.) e (%) (c.v.) a (MPa) (c.v.) 

Kevlar 29 58.9 4.0 2640 
Kevlar 49 127.5 2.4 2640 
Kevlar 149" 123.7 2.0 2640 50 

(0.16) (0.14) (0.2 I) 
E-Glass* 62.8 2.6 [ 540 30 

(0.08) (0.26) (0.25) 
CY223/HY956 
(1)+ + 

(2) ~ 

2.30 3.68 51 29 
(0.20) (0.20) (0.13) 
1,9g 3.01 37 18 

(0,22) (0.23) (0.15) 

* 2 cm long samples, extension speed = 0,05 cm min -I . 
~r 3 cm long samples, extension speed = 0.05 cm min ~. 

Void-free epoxy samples with 3 cm gauge length, extension speed = 0.3 cm min ~. 
w Epoxy samples (occasionally with voids) with 2 cm gauge length, extension speed = 0,005 cm min -~ . 
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of 50#mmin 1. The gauge length of the microcom- 
posites was 2 cm, and testing was performed at room 
temperature. Particular care was taken to align accu- 
rately the microcomposites samples parallel to the 
testing axis of the tester. Evolution of the damage 
process was followed and recorded by video micro- 
photography (Sony DXC-101 Single Chip CCD 
Colour Video Camera). Colour pictures with a 
standard 35mm camera were taken as well. During 
loading, microdamage induced photoelastic patterns 
in the birefringent matrix, which provided a good 
indication of the extent of the microdamage region. 
After the tests were completed the fracture surface of 
a few selected samples was examined by scanning 
electron microscopy. 

The mechanical properties which were measured 
include Young's modulus and the quasi-static strength 
and strain. Other interesting results, of a qualitative 
rather than of a quantitative nature, concern (a) the 
mode of failure of the various types of microcomposite 
monolayers, including the dynamics of the failure 
process which could be recorded by video micropho- 
tography, and (b) the assessment of the degree of 
accuracy of some of the hypotheses upon which cur- 
rent statistical theories of composite strength are 
based. The theories themselves cannot, however, be 
fully verified unless enough specimens are tested, 
which was not the purpose of the present work. 

4. Results and discussion 
4.1. Properties of single fibres and matrix 
The Young's modulus, tensile strength and failure 
strain were measured for E-glass fibres, Kevlar 149 
aramid fibres and CY223/HY956 epoxy films. Results 
are reported in Table I. The diameter of every fibre 
was measured at three sites along its length, and the 
thickness of the epoxy film was measured at five sites 
along its length, and the mean diameter value was 
calculated. No significant diameter variability was 
found along the length of the fibres, for all types, but 
significant diameter variability was found between the 
fibres, as observed previously [15]. A modified maxi- 
mum likelihood estimation (MLE) procedure for the 
computation of Weibull scale and shape parameters 
was used to take diameter variability into account. 
Details of this statistical procedure are presented else- 
where [50, 51], jointly with modified Weibull plots 
for the case of Kevlar 149 fibres and a detailed study 
of size effects in this fibre. The properties of the 
Kevlar 29 and Kevlar 49 aramid fibres are also reported 
in Table I. It is seen that the Kevlar 49 and Kevlar 149 
fibres tested in our laboratory have quite similar 
properties, except for the lower strain to failure of 
Kevlar 149. Note also the presence of helicoidally 
distributed flaws present in Kevlar 149 fibres [50]. 

The strain to failure of CY 223/HY 956 epoxy films 
varied between 0.030 and 0.037, depending on the 
amount of tiny air bubbles and other defects present. 

4.2. Properties of microcomposite monolayers 
A limited number of Kevlar 29/epoxy, Kevlar 49/ 
epoxy, Kevlar 149/epoxy, E-glass/epoxy and hybrid 
Kevlar 29/Kevlar 149/epoxy microcomposite mon o-  
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layers were tested using the mini-tensile testing device, 
as described previously. For each type, except the 
Kevlar 29/Kevlar 49/epoxy hybrid, both one- and 
eight-filament microcomposite monolayers were pre- 
pared and tested. One-filament microcomposites were 
tested to obtain indications of the behaviour of the 
filament when embedded in epoxy. Eight-filament 
microcomposites were tested to investigate possible 
fibre-to-fibre interactions which might take place 
during the failure process. 

The mean edge-to-edge interfibre distance in the 
E-glass and Kevlar 49 microcomposites was 65/~m on 
average (with a coefficient of variation between 0.05 
for the best sample and 0.14 for the worst sample). For 
Kevlar 29 and Kevlar 149 microcomposites this dis- 
tance was 40 ktm (with a coefficient of variation between 
0.06 and 0.17). The thickness of the microcomposites 
was measured five times along the length, and the 
diameter of the fibre was determined using optical 
microscopy. In this way the fibre volume fraction, Vf, 
could be evaluated with maximum accuracy. The 
Young's modulus, strength, and failure strain were 
calculated and plotted as a function of fibre content 
for all types of microcomposites, including the base- 
line values for epoxy. The results in each specific case 
are now presented and discussed. 

4.2. 1. Kevlar 29~epoxy microcomposites 
Eight microcomposites containing one Kevlar 29 
filament and six microcomposites containing eight 
filaments were tested. The failure strain of the CY223/ 
HY956 epoxy is slightly lower than that of the Kevlar 
29 (Table I), thus the probability of having fibre 
breaks before matrix (or interface) failure is very low, 
as indeed is observed. In Figs 6a to c the Young's 
modulus, strength, and failure strain, respectively, are 
plotted against the volume fraction of fibres. Regard- 
ing the modulus, the Halpin-Tsai equation (or the 
rule-of-mixture, ROM) gives a good description of 
the measured data, as seen. For the strength, most 
experimental points are found under the ROM line, as 
is often observed in structural composites, but still the 
results show a definite increasing trend parallel to the 
ROM. For strain, again the results seem to follow a 
line parallel to the ROM. 

Decohesion (or debonding) at the fibre/matrix inter- 
face is the major triggering fracture event in this sys- 
tem, as seen clearly from the video recordings. At 
debonding sites, conical cracks frequently appear in 
this system and grow through the matrix. From the 
video recordings it was noticed that as a side crack 
approaches the first fibre, the crack propagation speed 
decreases significantly (often reaching a near-zero 
value) probably because the presence of the fibre 
reduces the stress concentration factor ahead of the 
crack tip. 

The sequence of photographs in Fig. 7 demon- 
strates typical failure processes in Kevlar 29/epoxy 
microcomposites comprising eight single filaments. In 
Fig. 7a the crack develops from a large matrix edge 
flaw, and as it approaches the first fibre the propaga- 
tion speed decreases (as already noted above) and 
debonding of the first fibre occurs. This appears on the 
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video recording as a dark z o n e  around the fibre. After 
penetrating the fibre-rich zone  via successive debonding  
events, the crack growth speed increases very rapidly as 
soon  as the fourth fibre is reached, and catastrophic  
failure occurs. Thus,  a l though debonding  events rather 
than fibre break events  are observed in this system, 
a "critical defect zone"  as wide as four fibres is 
observed,  which might  perhaps be considered equiv- 
alent to the critical crack size, k*, observed in corn- 

posites in which fibre breaking is the main  triggering 
event,  and which are formal ly  described by existing 
theoretical  mode l s  (see Appendix) .  

Fig. 7b shows  the failure process  in a m i c r o c o m p o s -  
ite conta in ing  no  initial side crack in the matrix.  Here 
the failure starts by f ibre-matrix interface debond-  
ing (seen as a darker region) at several fibre sites, after 
which a matrix crack develops  rapidly between the 
fibres, which  fail by a progressive splitting mechanism.  
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Figure 7 (a) Damage  growth in Kevlar 29/epoxy microcomposite monolayer  from an initial manufactur ing defect in the matrix. (i) Relative 
stress RS (per cent of  ultimate) = 0.91, number  of  debonded fibres k = 0; (ii) crack tip reaches first fibre, RS = 0.95, k = 1; (iii) slow crack 
growth by successive debonding of fibres, RS = 0.99, k = 2; (iv) fast (catastrophic) failure, RS = 0.97 (load has dropped), k* = 4, 
debonded lengths are visible along each fibre; (v) broken halves of  sample, showing pulled-out fibres of  length equal to debonded length in 
(iv) above. (b) Damage growth in Kevlar 29/epoxy microcomposite monolayer  from a defect within the fibre array. (i) Debonding (darker) 
zones appear as soon as relative applied stress RS is about  0.95; (ii) fast (catastrophic), failure at critical cluster, RS = 0.99, k* = 4; (iii) 
RS = 0.97; (iv) broken halves of  samples showing pulled-out fibres. 
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Figure 8 (a) Young's  modulus,  (b) tensile strength, 
(c) tensile strain at failure as a function of fibre 
content in Kevlar 49/epoxy microcomposite mono- 
layers (Kevlar 49/CY223-HY956).  (D) Epoxy film 
(95% c.i.), (• one-fibre monolayer, (O)  eight-fibre 
monolayer. 

4.2.2. Kevlar 49~epoxy microcomposites 
Four microcomposites containing one Kevlar 49 fila- 
ment and eight microcomposites containing eight fila- 
ments were tested. In this system the average strain to 
failure of the fibre is lower than the failure strain of  the 
matrix (Table I), so in this case there is a higher prob- 
ability of observing fibre breaks before the matrix 
starts failing. The experimental results for Young's 
modulus (Fig. 8a) follow approximately a monotonic-  

ally increasing line, parallel to the ROM but the agree- 
ment is poorer than in the case of Kevlar 29/epoxy 
microcomposites. Also, the results for the pure epoxy 
are above most microcomposite data. Thus, the ROM 
line may be taken here as an upper bound for the 
modulus, and the observed deviations may possibly 
be due to a higher percentage of air bubbles. Neverthe- 
less, the presence of fibres in the matrix has a definite 
positive effect on the modulus of  the microcomposite. 
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Figure 9 Damage growth in Kevlar 49/epoxy microcomposite mono- 
layer. (a) RS = 0.99, first and fourth fibres (counting from the top) 
are broken locally; (b) RS = 0.995, correlated breaks observed in 
fourth and fifth fibres; (c) RS = 0.98, fourth, fifth and sixth fibres 
are clear breaks, third and seventh fibres are damaged: a cluster 
has formed but crack propagation is slow; (d) cluster still grows 
(k = 5 to 6) but propagation is slow; (e) failure of the whole fibre 
array via slow growth into a cluster of eight fibres. 

The same observations and explanations as for the 
modulus are also appropriate for strength (Fig. 8b). 
As can be seen in Fig. 8c, the experimental data for the 
failure strain are more difficult to interpret in view of  
the large scatter. 

Fig. 9 shows a series of  photographs depicting the 
failure process in a Kevlar 49/epoxy microcomposite 
containing eight filaments. Here the major triggering 
event is fibre failure as expected. This is followed by 
the propagation of cracks into the matrix, causing 
more breaks in neighbouring fibres, until all fibres 
break in a progressive, slow, manner. Here, no critical 
crack size (at which catastrophic failure occurs) was 
observed, which can perhaps be explained by the large 
interfibre distance (about five fibre diameters). Another 
possibility is that the critical crack size is larger than 
8 fibre breaks. Later we discuss the dynamics of 
failure in this system more in detail. From our obser- 
vations, however, it was difficult to evaluate whether 
fibre-matrix bond failure also occurred or not. Fig. 10 
is an SEM photograph of a Kevlar 49/epoxy micro- 
composite fracture surface, from which the quality of 
the specimen appears to be very satisfactory: the fibres 
lay in a single plane, and the interfibre distance is 
constant. However, as mentioned before, in thicker 
microcomposites the fibre plane lies closer to one side 
of the specimen, rater than in the midplane, as seen 

3966 

from the photograph. It is hoped to eliminate this 
manufacturing artefact in future research. 

4.2.3. Kevlar 149~epoxy microcomposites 
Five microcomposites containing one Kevlar 149 fila- 
ment and 17 microcomposites containing eight fila- 
ments were tested. Again, as in the case of Kevlar 
49/epoxy material, fibre break is likely to occur before 
any matrix failure event occurs, since the mean failure 
strain of the Kevlar 149 fibre is smaller than that of 
the epoxy matrix. Young's modulus, the strength and 
failure strain are plotted against the fibre content in 
Figs l la  to c, respectively. For the modulus and 
strength the experimental data are in very good agree- 
ment with the ROM line as seen for the Kevlar 29 

Figure 10 Scanning electron micrograph ofa  Kevlar 49/epoxy micro- 
composite monolayer after a fracture test. 
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Figure 11 (a) Young 's  modulus ,  (b) tensile strength, 
(c) tensile strain at failure as a function of fibre 
content in Kevlar 149/epoxy microcomposite mono- 
layers (Kevlar 149/CY223-HY956). ([3) Epoxy film 
(95% c.i.), (x) one-fibre monolayer,  ( �9  eight-fibre 
monolayer. 

microcomposites. The failure strain experimental line 
is seen to decrease faster than the ROM prediction, 
the reason for this trend being unclear at the present 
time. 

Fibre fragmentation was observed to occur in a 
microcomposite containing one Kevlar 149 fibre 
(Fig. 12). This fragmentation process is similar to 
that occurring in carbon/epoxy single-fibre composites 
although (a) it is unclear whether or not saturation is 
attained in the present case because the difference in 
failure strains between the aramid and the epoxy is not 

very large, and (b) rather than being localized at single 
points along the fibre, the breaks are "delocalized", 
that is spread over a splitting length because aramid 
fibres do not break in a single fibre plane. In principle, 
the average fragment length can be used to calculate 
the critical length but the exact place of  fibre break is 
difficult to determine because of  fibre splitting. Never- 
theless we are currently investigating the fragmentation 
process in low strain aramid fibres. 

In Fig. 13 the damage growth process in a Kevlar 
149/epoxy microcomposite containing eight single 
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Figure 12 Stress birefringence pattern in Kevlar 149/epoxy mono-  
layer demonstrat ing the occurrence of  fragmentation in the Kevlar 
149 para-aramid fibre. 

filaments is shown. The video recordings clearly reveal 
that at a given load level a wide damage zone suddenly 
appears, covering the full width of the fibre array, as 
seen in the first picture of the series. We believe that as 
soon as one fibre becomes flawed at some point, the 
high sensitivity of the Kevlar 149 fibres to any load 
change (due to the load released at the fibre site) 
creates instantaneous damage (most probably splitting) 
in the neighbouring fibres, due, as we noted before, to 
the high flaw density in this fibre. From the sequence 
of pictures it is seen that the entire cross-section is 
progressively destroyed as a whole, and other similar 
damage zones suddenly appear as well. Clearly this 
mode of failure, and its dynamics, differ significantly 
from those of Kevlar 29/epoxy microcomposites, in 
which a progressive sequence of debonding occurs and 
a k* (or its equivalent) is observed, and from that of 
Kevlar 49/epoxy microcomposites in which a progres- 
sive sequence of filament breaks is observed (but the 
validity of the k* approach is not clear). This will be 
discussed further in the next section. In this case the 
typical statistical models for composite failure (see 
Appendix) are inadequate, because there is no sequence 
of fibre breaks leading to composite failure. 

Fibre splitting is much more extensive in Kevlar 149 
aramid fibres than in the other types of Kevlar fibres 
(compare Fig. 10 with Fig. 14), and is probably caused 
by the large density of flaws existing in the fibre, as 
shown elsewhere [50]. 

4.2.4. Kevlar 29/Kevlar 149/epoxy hybrid 
microcomposites 

Four hybrid microcomposites with a configuration of 
[K29/K1492/K29]s were tested. In Figs 15a to c, 
Young's modulus and the strength and failure strain 
are plotted against fibre content. In view of the small 
number of samples tested, no definite conclusions can 
be drawn, but as a whole the observations are similar 
to the previous cases. The photoelastic stress pattern 
observed during a quasistatic tensile test (Fig. 16) 
is a combination of the patterns seen previously in 
Kevlar 149/epoxy composites and in Kevlar 29/epoxy 
composites. 

Figure 14 Scanning electron micrograph of a Kevlar 149/epoxy 
microcomposite monolayer after a fracture test. 

4.2.5. E-glass/epoxy microcomposites 
Four microcomposites containing one E-glass fibre 
and four microcomposites containing eight fibres were 
tested. Comparing the failure strains of E-glass and 
epoxy (Table I), there is a fair a pr ior i  probability that 
(random) fibre breakage will be the triggering fracture 
event in this system. In Figs 17a to c, Young's modu- 
lus, the strength and failure straift are plotted against 
the fibre volume fraction, respectively. The experi- 
mental data lie below the ROM line, but follow a 
line approximately parallel to the ROM in the case of 
modulus, strength, and possibly strain. 

In a microcomposite containing one glass fibre, we 
have observed that straight and inclined conical cracks 
initiated at a fibre break and propagated throughout 
the matrix. Here, sufficient energy is released to 
propagate a crack in the matrix, producing complete 
failure of the specimen. This has been termed "high 
energy fracture" by other authors [43]. 

Fig. 18 shows the damage growth process in a micro- 
composite monolayer containing eight filaments. It 
can be seen that filaments break randomly at several 
sites. From the series of pictures shown in the figure, 
and from the video recordings, it is observed that 
successive fibre failure events occur in a given cross- 
section of the fibre array, and as soon as four adjacent 
failures occur (k* = 4), fast failure suddenly occurs. 
This case is the closest to the process assumed in 
statistical theories of failure (see Appendix). SEM 
and optical microscope photographs of fractured 
glass/epoxy microcomposite monolayers revealed very 
short pull-out lengths for glass (~  25/~m). Fig. 4 is a 
scanning electron micrograph of an E-glass/epoxy 
monolayer fractured cross-section. The high quality 
of this particular monolayer is revealed by the con- 
stant interfibre distance and the very thin monolayer 
obtained. Fig. 19 is an optical microscope view of an 
E-glass/epoxy monolayer after fracture which shows 
typical debonded zones, of length about three fibre 
diameters. 

Figure 13 Damage  growth in Kevlar 149/epoxy microcomposite monolayer:  (a) a fast failure event occurs within the whole fibre array 
cross-section in a given site at RS = 0.985; (b) a second, independent, failure event occurs at RS = 0.992 in a mode similar to the first event; 
(c) and (d) damage grows in intensity as seen from birefringent pattern and the zone inbetween the two sites involved is progressively unloaded 
(colour turns darker); (e) final break at RS = 0.925. 
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4.2.6. Pull-out length considerations 
A simple relationship exists between the (average) 
critical transfer length lc of a fibre, its (average) 
strength ~rf, and the interface strength (or, more cor- 
rectly, the shear transfer ability of the interface [49]) ~, 
namely 

ardr r - (2) 
24 

where dr is the fibre diameter. Using microcomposite 
monolayers as in the present work, the stress in a fibre 
at which a break appears can be retrieved from the 
value of the applied stress, and the pull-out length can 
be measured, because out experimental apparatus per- 
mits overall viewing of the failure process. Assuming 
that the pull-out length and the critical length of 
the fibre are formally related, one can, in principle, 
evaluate the shear transfer ability of the interface 
using Equation 2. This was not performed here, how- 
ever, because in several cases the fracture process was 
complicated by parasite fracture events caused by the 
rough edges of the samples, voids, etc., and only a few 
samples were tested. A systematic study of this will be 
performed in the near future. 

4.3. Dynamics of t h e  f a i l u r e  process 
In Kevlar 29/epoxy microcomposite monolayers, a 
succession of debondings and matrix cracks culmina- 
tes in fast failure after the fourth fibre is reached. 
Whether or not failure proceeds from a side crack, it 
appears that fibre-fibre interactions do play a role in 

K 

3 o 

this system. In Kevlar 49 microcomposites, once the 
first filament breaks (or splits) at a weak site, a matrix 
crack develops at this site laterally, and a slow 
sequence of filament failures and matrix cracking 
is observed without ever reaching the state of cata- 
strophic failure. In other words in this system there is 
no k*, or else k* is larger than 8. Little fibre-fibre 
correlation seem to exist in this microcomposite 
system, or if it does it is in a much weaker form than 
in the Kevlar 29 composite perhaps due to differences 
in geometry between the systems. In Kevlar 149 micro- 
composites, after the appearance of the first filament 
failure at a weaker site and transmission of the over- 
load on the adjacent fibres, all adjacent fibres in the 
array show almost instantaneously some damage which 
increases rapidly in intensity until the matrix starts 
to fail, this peculiar damage mode occurring simul- 
taneously at other sites as well. Thus strong fibre-fibre 
correlations exist in this system. By contrast, in 
E-glass microcomposites a slow sequence of adjacent 
filament failures is observed, but in this case without 
any matrix crack propagation between the fibres, and 
k* is about 4. Fibre-fibre correlations in this system 
are weak but do exist because failure occurs in a single 
(critical) cross-section. 

The differences in failure modes and dynamics may 
be explained in several ways, based on the preliminary 
results presented here. The edge-to-edge interfibre dis- 
tance of the Kevlar 49 and E-glass microcomposite 
(65 #m, thus approximately 4.5 times the diameter of 
the glass fibre and 5.5 times that of the Kevlar 49 
fibre), is larger than the interfibre distance in the 
Kevlar 149 microcomposites (40#m, approximately 
three times the diameter of the fibre). This represents 
almost a limit case, because when the interfibre dis- 
tance is more than five to six fibre diameters, there is 
almost no interaction between the fibres [36, 43]. In 
view of this, once a first fibre break occurs in E-glass 
and Kevlar 49 composites, there is less overload in 
adjacent filaments than in Kevlar i49 composites. 
Therefore, failure of the neighbouring filaments will 
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Figure 16 Stress birefringence pattern in hybrid Kevlar 29/Kevlar 
149/epoxy monolayer with a [K29/K1492/K29]s configuration. 

take place at a higher overall stress and, consequently, 
the crack propagation speed is lower in E-glass and 
Kevlar 49 composites. Regarding the mode of failure, 
in the case of the Kevlar 49 composite there seems to 
be no direct effect of the first filament break on the 
neighbouring filaments (the neighbouring filaments 
break because of matrix crack propagation), whereas 
in the E-glass case the effect is very pronounced. One 
reason for this may be again based on the difference in 
interfibre distance between these two systems, and 
also on the fact that because glass is very brittle, once 
a weak point fails the break is total, whereas in the 
aramid fibre the break may start as a partial split 
which grows slowly and longitudinally along the fibre, 
thereby retarding the process of load transmission 
towards the adjacent fibres. In Kevlar 149 microcom- 
posite monolayers, both the smaller interfibre distance 
and the relatively high sensitivity of the fibre to applied 
loads in adjacent fibres (due to the high density of 
defects) have a strong influence on both the dynamics 
and the mode of failure of this system. When the first 
filament fails (which occurs at relatively high loads 
because of the high strength of this fibre), the prob- 
ability of finding a critical flaw in the neighbouring 
fibres in the same segment of the composite is much 
larger for Kevlar 149 than for E-glass or Kevlar 49, 
and so the probability of inducing a break in a neigh- 
bouring fibre is large. This could explain the high 
speed of the damage propagation across the entire 
width of the monolayer as well as the failure mode. 
Note that the occurrence of such a failure process 
makes it impossible, apparently, for the fibre frag- 
mentation process to take place as it does in a single 
Kevlar 149 fibre microcomposite. 

Perhaps another way to explain differences in fail- 
ure dynamics is by taking the difference in fibre shape 
parameters (8.7 for Kevlar 149 and 4.8 for E-glass) 
into account. The higher the shape parameter, the 
lower the variability and thus the more uniform 
the strength is, and the higher the probability that 
neighbouring filaments fail in the same cross-section 
because of overload after the first filament failure. 
Thus high speed of failure propagation will occur, all 
other parameters being equal. If the shape parameter 
is low, the probability of finding a much stronger 
element in the neighbouring fibres is higher, and a 
lower propagation speed is expected. 

To summarize our observations regarding the mode 
of failure in each system, keeping in mind that dif- 
ferences in geometry exist between the various cases, 
the E-glass/epoxy monolayer is the case which can be 
best described by current stochastic models (see 
the Appendix); the Kevlar 29/epoxy monolayer may 
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perhaps also be described by such stochastic model at 
the condition that a zone of fibre failure (as long as 
the debonding/splitting length), rather than a fibre 
snapping "point", is considered; the Kevlar 49/epoxy 
monolayer containing eight fibres, at the interfibre 
distance considered here, is either not well described 
by the statistical model, or is out of the range of its 
application due to too large an interfibre distance, but 
it is also possible that the critical cluster is larger 
than eight fibres; finally, the statistical model currently 
utilized for the description of the failure mode of 
fibre-dominated composites is clearly not valid in the 
case of Kevlar 149/epoxy monolayers. 

A qualitative model for the failure process in Kevlar 
149/epoxy may be outlined as follows. Because fibre 
failure in individual fibres proceeds by a splitting/ 
fibrillation mechanism, it can be assumed that at a 
given applied stress part of the load only, rather than 
its entirety, is redistributed from a split site on to the 
nearest neighbours. But because the Kevlar 149 fibre 
has a large defect density, it is extremely sensitive 
to any local load increase. Therefore the nearest 
neighbours start failing immediately by splitting and 
this itself is transmitted almost instantaneously to 
the next nearest neighbours and so on. A relatively 
wide damage zone (along the fibre length) is involved 
because splitting takes place in a "delocalized" way 
as explained earlier. Such damage zone growth pro- 
cess does not appear in other aramid monolayer sys- 
tems because the flaw density is much lower in these 
fibres. 

Only a limited number of samples was tested in 
this preliminary study, thus it is difficult to assess 
the validity of such explanations. More work with 
each individual microcomposite monolayer system 
is obviously needed before definitive conclusions are 
reached. 

5. Conclusions 
A new experimental approach was proposed for the 
study of damage and failure in model unidirectional 
composite materials containing carefully positioned 
single fibres of various types. A special fabrication 
technique for the manufacturing of such microcom- 
posite monolayers was developed and a limited number 
of samples of several types were mechanically tested 
using a specially designed microtensile testing appar- 
atus. The damage nucleation and growth process was 
followed by video microphotography. This approach 
is considered to be potentially important for accurate 
studies of the effects of the following variables on the 
micromechanics and modes of failure in composite 
materials: chemical modification of the fibre/matrix 
interfacial layer, matrix modification, fibre-fibre 
interactions (fibre bunching), fibre misalignment or 
slack, fibre configuration in hybrid composites, failure 
dynamics (crack speed variations), and more. In addi- 
tion, and most importantly, our approach may yield 
key information on the assessment of various materials 
parameters (such as the critical crack size, k*, or 
the correlation length 6), it may serve as a tool in 
the validation of theoretical models for failure such 
as the statistical/probabilistic schemes or the Rule-of- 
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Figure 18 Damage  growth in E-glass/epoxy microcomposite monolayer: (a) RS = 0.90, two breaks are seen in fibre 5 and fibre 7 (from top); 
(b) stress increase up to RS = 0.94, an additional, independent, break occurs in fibre 7; (c) RS = 1.00, a cluster o f k  = 3 is formed in fibres 
5, 6 and 7; (d) RS - 1.00, the cluster grows very rapidly to k = 4 and fast final failure occurs (thus k* = 3 o1' 4). 

Mixtures scheme, and it may throw some light upon 
the occurrence of new modes of failure. 

We consider the major conclusions of the present 
research to be as follows. 

1. The fabrication technique of the microcomposite 
monolayers is extremely reliable and relatively simple: 
accurate interfibre distances are obtained and the 

Figure 19 Optical microscope view of  a failed E-glass/epoxy mono-  
layer showing debonded zones about  2 to 3 fibre diameters long. 
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fibres lie in a plane. In the case of thicker (> 40 #m) 
films, however, this plane lies closer to one face, 
and future work will focus on refining the tech- 
nique to obtain thinner monolayers, both to avoid 
this fibre plane positioning problem and to obtain 
microcomposites possessing higher fibre volume frac- 
tion. Regarding this last point, the fibre volume fraction 
was limited here to about 0.02. This has now been 
increased in our laboratory by more than one order of 
magnitude in a limited number of new samples for 
future studies by (i) reducing the monolayer thickness, 
(ii) reducing the interfibre distance, and (iii) by using 
a new adjustable die which can, in principle, be used 
to cut samples with a much smaller width. 

2. A definite correlation exists between both Young's 
modulus and the tensile strength of all microcomposite 
monolayers and the fibre volume fraction. This cor- 
relation is much weaker, in general, for the failure 
strain. For all types of microcomposite monolayers, 
Young's modulus follows quite accurately the Halpin- 
Tsai equation (the Rule-of-Mixture), even at the very 
low volume fractions of fibres used. These results are 
encouraging because they confirm that the manufac- 
turing technique developed yields microcomposite 
monolayers of good quality. 

3. The failure mode and failure dynamics of the 
microcomposites vary from system to system. This 
may be due to differences in interfibre distance among 
the various systems, differences in the shape par- 
ameter of fibres, and differences in the density of flaws 
along the length of the fibre. E-glass/epoxy microcom- 
posite monolayers fail by a cascade of successive 
fibre breaks, and beyond four adjacent fibre breaks 
failure proceeds in a catastrophic way. This case 
is well described by current probabilistic schemes. 
Kevlar 29/epoxy microcomposite monolayers fait by a 
cascade of fibre/matrix debonding events and again, 



as soon as four such adjacent events occur, failure is 
catastrophic. The validity of the existing probabilistic 
schemes is in doubt here, although the concept of a 
critical crack "zone" could be valid. Kevlar 49/epoxy 
microcomposite monolayers fail by a progressive cas- 
cade of fibre breaks, much like in the case of E-glass 
composites, but no critical point is ever observed in 
this system. Finally, Kevlar 149/epoxy microcomposite 
monolayers behave in a very different way compared 
to the previous systems, because a fast propagating 
wide damage zone is observed to nucleate and grow 
across the entire width of the fibre array, as soon as 
damage nucleates at a weak point in a fibre. This 
process occurs simultaneously at various locations 
along the sample length. Current theoretical schemes 
apparently do not deal with such failure mode. 
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Appendix 
To gain some insight into the physics of the failure of 
unidirectional composites, an approximate theoretical 
model for the failure ofmicrocomposite monolayers is 
presented (see also Smith [53, 54]). The main objec- 
tive of this simple calculation is to identify the 
fundamental characteristics and key parameters 
involved in the failure process of microcomposite 
monolayers, tlqat is those parameters which should be 
focused upon in experiments. Several simplifying 
assumptions will be made which, however, do not 
necessarily correspond exactly to the experimental 
reality. 

1. A Weibull distribution is assumed to represent 
satisfactorily the strength distribution of single fibres. 

2. A state of pure tension exists in the fibres, and 
the matrix transfers stress to these only by a shearing 
mechanism. 

3. The fibres are perfectly linear elastic materials 
which fail in a brittle mode ("snapping"). 

4. The interfacial zone is considered to have infinite 
strength and thus no fibre/matrix debonding exists. 

A short segment of a microcomposite monolayer of 
length 5 containing N fibres, is assumed (refer to 
Fig. 1). For small stress x (per fibre) the probability 
of at least one fibre failure in the bundle is approxi- 
mately N times the probability of a single fibre failure. 
Assuming that the fibre strength follows the Weibull 
distribution, Equation 1, this is approximately equal to 

N O ( x )  b-a 

for x ,~ a (small stress relative to the mean strength of 
the sample), and for relatively small values of the 

coefficient of variation. As b ranges typically from 4 
to 20 this last assumption is justified in most cases. 
Given one thilure in a fibre, the probability that at 
least one of its two nearest neighbours fails under the 
enhanced stress K~ x, where Kj is a stress enhancement 
factor, is then 

Hence the probability that there is at least one pair of 
adjacent fibre failures is found by multiplying the 
previous two expressions, thus 

This progressive failure process continues: given two 
adjacent failures, the probability that at least one of 
their two adjacent neighbours fails is 

where/s is the stress enhancement factor due to the 
release of the load from two adjacent fibre breaks, and 
so on. The probability that there is at least one group 
of k adjacent failures (a k-plet, using the terminology 
of Batdorf [55]), for small k and x, is 

~2k IN(~k(x)bkFIl(~-) h i = ,  

As soon as k reaches a critical value k*, which 
depends on the material system, the stress concentrations 
become so large that further fibre failures are almost 
certain. This defines the probability of failure of the 
segment of microcomposite monolayer of length 5 
under a stress x, F~(x), which is the same as the prob- 
ability of occurrence of a critical group of k* adjacent 
failures given above. Thus, with some rearrangement 

Fa (x) ~ 2 ~'-' N5 ~* (Kt K z . . .  Kk,_~ )a (A 1) 

which is identical to a result derived by Smith in a 
different way (see Equation 4.3, with 5 = 1, in Smith 
[54]). By rewriting Equation A1, one has therefore for 
the monolayer segment of length 5 

Fa(x) ,.~ ~ (12) 

where 

and 

fl = k*b (A3) 

0~cs a2(l-k*)/k*b N- I/k*bC~-l/b(K 1 K2 . . . Kk._ 1 )-I/k* 
(14) 

Now, the weakest-link rule gives the probability of 
failure FL(x), under a stress x, of a chain-like structure 
of length L made up of smaller segments of length ~5, 
in terms of  F~(x), as follows 

that is 

FL(x) = 1 -- {1 -- Fa(x) L} (A5) 

FL(x) ~ LFa(x) (x ~ or (A6) 
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By combining Equations A2 and A6, we obtain an 
approximate result for the probability of failure of a 
microcomposite monolayer of length L 

FL(x) ~ -~L (17) 

where eL is given by Equation A4 multiplied by 
L ~/~. If Equation A7 is viewed as the first term of a 
MacLaurin series, the probability of failure of the 
microcomposite monolayer of length L takes the final 
form 

FL(x,N) ~ 1 - exp - ~ (A8) 

which has the Weibull form. If we compare these 
approximations with Weibull's early model, applic- 
able to a single-fibre element, it is seen that the concept 
of single critical defect in a fibre is replaced by that of 
a critical group of k* defects adjacent to each other. 
The Weibull form is thus obtained for a fibrous assem- 
bly, with shape and scale parameters given as func- 
tions of the parameters of the parent (single fibre) 
Weibull distribution and of other material parameters; 
through Equations A3 and A4. Batdorf [55] proposed 
a similar approximate model from a slightly different 
viewpoint, and Smith [54] and Manders et al. [56] 
have produced Monte Carlo simulations on the same 
problem. 

From the simple model just presented, is follows 
that the key parameters to aim at from the experi- 
mental viewpoint are k*, a, b, 6, and the K i . Once this 
is done, the probability of failure of the microcom- 
posite monolayer is completely determined, and the 
validity of the assumptions in the theoretical model 
may be assessed. 
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