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It has been demonstrated that – in certain cases – the sizing of carbon fibres can have a
dramatic effect upon the mode of failure of unidirectional fibre-reinforced composites. The
sizing appears to reduce the strength of composite tows by confining the failure process to
a very small area that exhibits high stress concentration. In this paper, the effect of fibre
sizing upon the two-dimensional fibre break density and break cluster populations is
investigated as a function of applied strain prior to composite failure. It is shown that the
size of the damage sites, their spatial distribution in the composite and the alignment
between the individual breaks in the cluster are affected by the interface properties.
Fractographic analysis has shown that groups of adjacent fibre fractures of greater than
three were observed for the sized composite tows, whereas for the unsized samples a
higher proportion of single and double breaks were seen to exist at a particular stress level.
As a result, the overall filament damage was seen to be more widespread in the case of the
unsized composite tows. Two possible mechanisms of fracture nucleation based on
changes in fibre break density and in cluster populations are proposed: (a) failure due to
growth of a critical cluster of fibre fractures and/or (b) linking up of several smaller cluster
to form a critical cluster. C© 1998 Kluwer Academic Publishers

1. Introduction
Several probabilistic theories for the tensile strength
of unidirectional composites have been proposed by
Rosen [1], Rosen and Zweben [2], Smith [3], Harlow
and Phoenix [4, 5], Bader [6] and Batdorf [7]. These
models give satisfactory strength estimations when the
composite failure is predominately controlled by the
strength of the reinforcing fibres. However, the prob-
lem is far more complex as secondary fracture processes
such as interface debonding and crack penetration into
the matrix also affect composite failure. In many widely
used classes of composites the fibre-matrix interface
properties can govern the fracture processes and there-
fore the fibre-matrix interfacial shear strength can play
a critical role in determining the tensile strength of the
composite [8].

The final composite failure proceeds by progressive
filament failure at a fraction of the ultimate compos-
ite failure load. In turn, the fibre failure is controlled
by the statistical distribution of inherent fibre flaws.
An appropriate description of this flaw population is
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given by the Weibull distribution of strengths for a brit-
tle material [9]. Under increasing composite strain, the
weakest fibre will eventually fracture when the fibre
stress exceeds its local failure stress. The neighbouring
surviving fibres adjacent to a break will be subject to
a stress concentration,Kq, over a “positively affected
length” (PAL) [10]. The stress concentration factor is
the maximum stress of the fibre within PAL divided by
the far field stress. Gao, Reifsnider and Carman [11]
have postulated that in practice, values of stress con-
centration will vary for the same number of breaks for
differing fibre/matrix systems. This stress overload in-
creases the probability that a neighbouring fibre will
fail. As the strain increases, the next weakest fibre
fails and the density of the individual breaks will in-
crease [1]. Some of these fracture sites start to develop
into larger damage sites predominantly due to the pres-
ence of stress concentration in the adjacent fibres; these
groups of fibre breaks will be referred here as ‘clus-
ters’. At a certain applied load, one of the larger cluster
sites will evolve rapidly into an unstable microcrack
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leading to the final failure of the composite. Alterna-
tively, a large number of smaller cluster sites can join
to form the final failure path. The formation of filament
cluster breaks and their subsequent growth, are influ-
enced significantly by the local strength properties of
the constituents and the load redistribution around fil-
ament breaks [12]. The stress redistribution from the
broken fibre to the neighbouring – surviving – fibres is
accomplished via shear in the matrix and, henceforth,
depends upon how strongly the fibres adhere to the ma-
trix. When the fibre/matrix bonding is weak, cracks can
propagate along the interface of the fibres. When there
is a strong fibre-matrix interaction shear or penny shape
cracks may propagate into the matrix, at some angleθ

(90◦ ≥ θ > 0◦) to the fibre axis.
Fibre surface properties have been found to affect the

adhesion of the fibres to the matrices, which in turn de-
termine whether high shear loading can be supported
[13]. The sizing on carbon fibre consists of a thin layer
of usually epoxy resin, which protect the carbon fibre
surface and enhances the interfacial properties. Drzal
et al.[14] assumed that the presence of a coupling agent
or sizing between the fibre and the matrix might pro-
mote the creation a brittle interphase around the fibre.
This in turn could contribute to more efficient stress
transfer in the reinforcing fibre.

2. Experimental
2.1. Material and specimen fabrication
Sized M40B-6K-40B and unsized M40B-6K-40B car-
bon fibres supplied by Soficar (France) were used in
this study. The fibres were on average 6.6µm in di-
ameter. Single tows of the sized and unsized fibre were
impregnated with a two-part LY-HY 5052 Ciba-Geigy
epoxy resin. The LY-HY 5052 resin is an epoxy novolac
and difunctional reactive diluent. The HY 5052 hard-
ener is based on an cycloaliphatic amine with phenolic
and organic acid accelerators present [15].

The simplest geometry of a unidirectional compos-
ite is that of fibre tow bundles impregnated with a
resin. The resin (LY-5052) and hardener (HY-5052)
were mixed at room temperature at a ratio of 4 : 1, de-
gassed for 10 minutes under full vacuum and poured
into a bath. Samples were cured for 24 hours at room
temperature in accordance with the manufacturer’s in-
structions [15]. Specimens were prepared by pulling
the tows from the spool through a resin bath at room
temperature, then through a 0.42 mm die to improve
consolidation and control of the fibre volume fraction.
The resulting material was a cylindrical rod of com-
posite approximately 0.4 mm in diameter, with a fibre
volume fraction of 55–60%. Impregnated tows of gauge
length 130 mm were prepared for tensile testing by fit-
ting glass fibre end-tabs [16]. The impregnated bundles
were cured for 24 hours at room temperature in accor-
dance with the manufacturer’s instructions [15].

2.2. Mechanical loading of fibres and
impregnated tows

The mechanical properties of all fibres were deter-
mined by single filament tests. Single fibres were peeled

from the tow spool and then mounted by means of a
cyanoacrylate glue on windows card types designated
in ASTM D3379 [17]. The tensile strength and Young’s
modulus of single fibres from each batch was measured
using an Instron 4507 machine. Approximately 55 mea-
surements were made using fibres with a gauge length
of 40 mm for each batch of sized and unsized filaments.
An average fibre diameter of 6.6µm was calculated by
means of density measurements described elsewhere
[16].

Experiments were conducted on sized M40B-6K-
40B (MEBS) and unsized M40B-6K-40B (MUS) car-
bon/epoxy composite systems. Impregnated tows were
prepared for tensile testing by fitting glass fibre end
tabs. Approximately 40 impregnated bundle specimens
of sized and unsized fibres at a gauge length of 130 mm
were loaded on an Instron 4507 testing rig. The ten-
sile strength variability, the stress redistribution pro-
files around filament failure, as well as, the fracture
morphology [18–20] of the corresponding composite
tows were investigated.

2.3. Fractographic investigation of
impregnated tows

In order to investigate the build-up of fibre breaks dur-
ing axial tension, sized and unsized tows of 130 mm
gauge length were tested to pre-selected strain levels of
0.25%, 0.35% and 0.45%. Tow failure for this material
system was known to occur at approximately 0.50%
applied strain [19]. The damage was then analysed by
sectioning longitudinally three 25 mm lengths of each
specimen at all increments of applied strain. The speci-
mens were subsequently polished on a rotary-grinding
machine at a selection of paper grades and the area of
damage was observed using a standard optical micro-
scope. The number of individual breaks (or singlets),
plus the fibre breaks adjacent to these singlets referred
to asi -plets by Batdorf [7], were counted in a rectangu-
lar ‘window’ of 25 fibres in nominal specimen width by
20 mm in length. In addition, the relative offset between
individual breaks in the cluster, as well as, their relative
position in this window was also measured using the
microscope stage to an accuracy of 1µm. It is worth
noting that with this method only fibre breaks situated
at the surface or the near surface of the composite could
be detected.

In this study a cluster is defined as several broken
fibres or i -plets (i > 1) in a confined region. For ex-
ample a single fibre break will be referred to as a sin-
glet and a two fibre break as 2-plet or a cluster of 2
fibre breaks. Two adjacent filament failures are only
part of the same cluster if their distance of separation
falls within the PAL of the fibre i.e. twice the ineffective
length 2δ, equal to 400µm for the MEBS and 440µm
for the MUS composite systems. The schematic repre-
sentation of the stress distribution in an assembly of a
broken and an adjacent surviving fibre is given in Fig. 1.

2.4. Laser Raman microscopy
The technique of laser Raman spectroscopy (LRS) was
employed for the measurement of the stress transfer
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Figure 1 Schematic of stress distribution along a broken fibre and an adjacent surviving fibre. The ineffective length,δ, and the positively affected
length, PAL, are shown.

profiles for the two fibre/matrix combinations and the
effects of stress redistribution around fibre breaks [20].

Raman spectra were obtained using the 514.5 nm
(green-line) of an Ar-ion laser as the excitation wave-
length. The laser beam was directed through a series
of mirrors to a modified Nikon microscope, which was
used to focus the laser beam to a 2µm spot on the fibre
via a suitable objective lens. A laser power of 2 mW
was used in the collection of the Raman spectra. The
180◦ back-scattered beam was collected by the same
microscope objective and focused on the entrance slit
of a SPEX 1877 triple monochromator spectrometer. To
reduce the effective scattering volume to the region of
the depth of focus in the fibre, the scattered beam was
focused onto a 200µm pinhole before it entered the
spectrometer. Finally, the spectrometer dispersed light
was directed to a Wright instruments CCD (Charged
Couple Device) detector used as a photon detecting
system and the Raman spectrum was recorded on a PC.
All frequency peak values have been derived by apply-
ing Lorenzian fitting routines to the raw data obtained
by the CCD detector.

The experimental data of the fibre stress versus dis-
tance along the specimen were fitted with b-spline poly-

TABLE I A summary of the Weibull modulus,w and the characteristic strength,σ0 for failure stress of sized and unsized fibres recorded for single
fibres and impregnated tows specimens

Surface Gauge No. of Characteristic Weibull
Sample treatment length (mm) observations strengthσ0 (MPa) parameter,w

Single fibres Sized 40 138 2980 7.8
Single fibres Unsized 40 152 2980 8.4
Tows Sized 130 40 1790 15.0
Tows Unsized 130 40 1919 18.2

nomial curves [16]. The b-splines allow for discontinu-
ity of derivatives at specific points. By use of a shear
balance of forces model and differentiation of the fit-
ted b-spline curves, the ISS profiles along individual
fragments were derived [13].

Axial strain was applied to the composite tow by
means of a specially designed microextensometer,
which was mounted on the Raman microscope stage.
The micrometer stage allowed translation of the speci-
men in all three axis down to an accuracy of 1µm. The
fibre stress within a Raman gauge length of 700µm for
an applied composite strain of 0.5% was mapped us-
ing the Raman microprobe. In Fig. 2a the failed MEBS
fibre (number 4), as well as, the 3 fibres situated on ei-
ther side of the fracture plane are shown. The fibre stress
redistribution around a single MUS filament break at an
applied composite strain of 0.6% is shown in Fig. 2b.

3. Results
3.1. Fibres in air
As reported elsewhere, the fibre strengths were found to
follow a two-parameter Weibull distribution [9, 18]. Ta-
ble I shows the strength data for single fibres, 40 mm in
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(a)

(b)

Figure 2 Schematic illustration of regions of stress mapping: (a) MEBS
tow composite system and (b) MUS tow composite system.

gauge length, as well as, for sized and unsized compos-
ite tows 130 mm in gauge length. A Weibull Modulus
of 13.5 and 11.5 was obtained for the single MEBS
and MUS fibres, respectively, and the fibre sizing was
not seen to affect significantly the individual filament
strength (Table I).

3.2. Mechanical performance of
impregnated tows

The values of measured Weibull Modulus of 15.0 and
18.2 for the MEBS and MUS impregnated bundles, re-
spectively, showed that there was less variability in the
strength of tows than for the fibres in air. It is worth not-
ing also that the MEBS tows exhibited a wider scatter
(w = 15) than the MUS tows (w = 18.2), which pos-

sibly indicates a different mechanism in the formation
of a decisive flaw causing failure. The characteristic
strength for failure of the sized MEBS system was
1790 MPa, thus lower by 7% of the corresponding value
of the unsized MUS composite.

3.3. Stress distribution in the composite
tows

Figs 3 and 4 show the stress distribution in fibres adja-
cent to a single filament break in the sized and unsized
composite systems. In both cases (MEBS and MUS
systems) the fibre stress drops to zero at the tip of the
fibre break and then builds up from either side to reach a
maximum value. The ‘ineffective’ lengths,δ, were ap-
proximately 200 and 220µm for the MEBS and MUS
systems, respectively (Figs 3 and 4). The positively af-
fected length (PAL) was estimated to 2δ in both cases.

In Fig. 5 the stress concentration factors for the
MEBS and MUS composite systems versus the interfi-
bre distance is given. In the case of the single MEBS
filament break aK1 (q = 1) of 1.18 is observed for a
nearest neighbour fibre (fibres 3 and 5) at an interfibre
(centre-to-centre) distance of 10.8µm. As the distance
from the fibre break increases to 21.7µm (fibre 2 and
6) the value ofK1 decreases to 1.14. At a distance of
32.6 µm a K1 of approximately unity is observed in
fibres 1 and 7. In the case of the MUS single filament
break a stress concentration factor,K1, of 1.14, 1.04, 1 is
recorded for approximately the same (centre-to-centre)
filament distances to those of the MEBS tow. The stress
concentration values measured by LRS are compara-
ble to those presented by Hedegepth [21] and Sastry
and Phoenix [22] of 1.33 and 1.24, respectively. Fig. 6
shows the stress concentration factor, in the MEBS and
MUS for q = 2 (double filament break) as a function of
interfibre distance. In the MEBS tows aK2 of approxi-
mately 1.33 was observed for a nearest neighbour fibre
at a (centre-to-centre) interfibre distance of 10.9µm
from the two filament breaks. In the case of an unsized
tow a stress overload of 1.18 was observed in the ad-
jacent fibre to the double break at approximately the
same interfibre distance.

The fibre stress profiles are converted into interfacial
shear stress (ISS) distributions by employing a simple
analytical expression between the ISS, and the gradient
of the stress transfer profiles [23]. Fig. 7 shows the
fibre interfacial shear stress forq = 1 for the MEBS
and MUS systems shown in Figs 3 and 4. As can be
seen, the ISS built up from zero at the tip of the fibre
break to a maximum value of about 30 and 21 MPa
for the MEBS and MUS fibres, respectively, and then
decayed to zero at the middle of the fragment.

3.4. Optical fractography
Fig. 8 shows photomicrographs of the failure zone in
a sized and unsized hybrid composite [19]. These are
samples of composite tows surrounded by a glass fibre
resin system. The glass fibre resin system has a higher
failure strain than the impregnated tow, so that when the
sample is loaded in tension, the tows fail first and remain
supported by the surrounding material. The crack in the
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(a)

(b)

Figure 3 Fibre stress distribution in (a) fibres 4, 3, 2, and 1 for the MEBS
tows of ‘window’ of Fig. 2a at 0.50% applied strain and (b) fibres 4, 5,
6, and 7 for the MEBS tows of ‘window’ of Fig. 2a at 0.50% applied
strain.

(a)

(b)

Figure 4 Fibre stress distribution in (a) fibres 4, 3, 2, and 1 for the MUS
tows of ‘window’ of Fig. 2b at 0.60% applied strain and (b) fibres 4, 5, 6,
and 7 for the MUS tows of ‘window’ of Fig. 2b at 0.60% applied strain.
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(a)

(b)

Figure 5 Calculated stress concentration factors as a function of inter-
fibre distance for (a) MEBS tows at an applied strain of 0.50% and (b)
MUS tows at an applied strain of 0.60%.

(a)

(b)

Figure 6 Calculated stress concentration factors,Kq, as a function of
interfibre distance: (a) MEBS tows at an applied strain of 0.60% and (b)
MUS tows at an applied strain of 0.63%.
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(a)

(b)

Figure 7 Interfacial shear stress distribution along fibre: (a) MEBS tows
at an applied strain of 0.50% and (b) MUS tows at an applied strain of
0.60%.

unsized sample (MUS fibres) involved more debonding
and fibre pullout on either side of the fracture path. This
debonded region extended for approximately 1.5 mm
from the crack path (Fig. 8a). In the case of the sized
hybrid composite (MEBS fibres) little debonding was
seen and the path of the crack traversed the tow along
an axis normal to the fibres (Fig. 8b).

In Figs 9–11 the results for the MEBS and MUS tows
at 0.25%, 0.35% and 0.45% applied composite strain
are presented. For the sake of clarity, the neighbouring
fibres in Figs 9–11 are shown equi-distant with a mean

(a)

(b)

Figure 8 Photomicrographs of the failure zone of impregnated hybrid
bundles (a) MEBS tows and (b) MUS tows.

centre-to-centre interfibre distance of 10.8± 0.2 µm.
Fibre clusters greater than a singlet have been labelled
alphabetically. A summary of these data is presented in
Table II.

For an applied strain of 0.25% applied strain (Fig. 9),
singlets and clusters of two fibre breaks were ob-
served in the MEBS system, whereas, only singlets
were present in the case of the MUS specimens. For an
applied strain of 0.35% groups of clusters greater than
three were observed for the MEBS tows, whereas for
the MUS samples a higher proportion of single breaks
and 2-plets were seen to exist (Fig. 10). Finally, for an
applied strain of 0.45% (Fig. 11), a group of 6 filament
breaks (i -plets) with low overall spatial distribution is
observed in the MEBS system (e.g. cluster E). In con-
trast, the damage in the case of the MUS sample is more
widespread and the clusters are of a smaller magnitude.

Fig. 12a shows a photomicrograph of the cluster-
ing of fibre breaks in a sectioned MEBS tow at 0.45%
applied strain. A 3-plet is observed at point A corre-
sponding to Cluster B (fibres 13, 14 and 15) in Fig. 11a.
Fig. 12b shows the formation of single breaks in a sec-
tioned MUS tow at 0.45% applied strain. A singlet is
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(a)

(b)

Figure 9 Fibre break investigations at 0.25% applied composite stress (a) MEBS tows and (b) MUS tows.

shown at point B (fibre 15) in Fig. 11b. The number of
filament breaks at each level of applied strain is shown
in Fig. 13 for both the MEBS and MUS composite sys-
tems. As expected the number of fibre fractures was
found to increase with fibre strain.

The clustered MUS breaks are spread over a wide re-
gion within the ‘window’ of observation, as the individ-
ual failures are offset by a greater distance in compari-
son to the more confined MEBS damage sites (Table II).

In the case of the unsized tow at 0.35% applied strain
(Fig. 10b) multiple fibre breaks were detected in fibres
11 and 12 (cluster B) at a distance of 10.01 mm and
9.90 mm, which indicates that these breaks are offset
by a distance 110µm from one another. If one con-
siders a sized cluster at 0.35% applied strain, e.g. clus-
ter C, Fig. 10a, fibre breaks are detected in fibre 16 at
13.65 mm and fibre 17 at 13.65 mm, respectively, which
indicates a much closer offset of only 20µm.
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(a)

(b)

Figure 10 Fibre break investigations at 0.35% applied composite stress (a) MEBS tows (b) MUS tows.

4. Discussion
4.1. Cluster nucleation and evolution
Clusters of fibre breaks are a consequence of an aggre-
gation of inherent filament defects. The number of these
defects depends on both the level of applied stress and
the magnitude of the stress concentration. If there is no
fibre-fibre interaction then the strength of a fibre bundle
(under Global Load Sharing conditions) is determined
by the statistical accumulation of defects as mentioned
in [1]. The Global Load Sharing (GLS) rule refers to

an equal distribution of load from the failed fibre to the
remaining intact fibres. In a composite situation the ap-
plication of the GLS rule requires that these clusters are
inconsequential for composite failure. However, when
stress concentrations is introduced the break progres-
sion will be affected; additional breaks will be gen-
erated as a result of the stress concentration in fibres
adjacent to those that have been broken initially.

In a composite there will be the generation of two
types of clusters of fibre breaks; (a) ‘incidental’ clusters
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(a)

(b)

Figure 11 Fibre break investigations at 0.45% applied composite stress (a) MEBS tows and (b) MUS tows.

that will occur by pure chance due to the proximity of fi-
bre flaws (b) ‘propagating’ clusters which are due to the
over-stress from failed filaments. However, all breaks
are still caused by the same population of defects and it
is the level of applied composite stress that determines
the order of cluster generation.

At fibre failure the matrix has the effect of localising
the redistribution of stress to the neighbouring fibres.
The rate of stress transfer is determined by the ratio of
the fibre tensile modulus,Ef to the shear modulus of the
matrix, Gm [21, 22]. The higher the ratio,Ef/Gm the

longer the ineffective length,δ, and the lower the max-
imum shear stress at the fibre end. If the matrix around
the fibre and the interphase region is stiff, then the stress
transfers back into the broken fibres very quickly and
the ineffective length is small in size. Thus the local
stress concentration surrounding the filament break is
higher because of the rapid nature of stress transfer in
that region. Conversely, if the material surrounding the
filament break is compliant, the ineffective length is
large, since a large distance is required to transfer the
stress back into the broken fibre.
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(a)

(b)

Figure 12 Photomicrographs of sectioned specimens: (a) MEBS tow at 0.45% applied strain and (b) MUS tow at 0.45% applied strain.

For the material system investigated here it is seen
that at low applied stress there exists a high density of
small clusters, but as the stress increases, larger clus-
ters of lower density form. As shown in Figs 9–11, the
largesti-plet observed for the MUS composite tows was
a 3-plet, whereas for the MEBS sample, a 6-plet was
observed. For the sectioned MEBS and MUS tows at
0.45% applied strain (Fig. 11a and b), the damage in
the MUS tow is much more widespread but the relevant
fracture sites are smaller in magnitude. The difference
in cluster density between the MUS and MEBS com-
posite systems can be explained by the higher interface
strength associated with the sized tows. In the unsized
fibres the bond strength is lower resulting in lower stress
intensification distributed over a longer Positive Af-
fected Length (440µm for the MUS tow, 400µm for
the MEBS tow). In the case of the sized fibre system
there is a greater probability of the increased stress in
neighbouring fibres to coincide with a flaw leading to
additional failures in adjacent fibres or to propagating
clusters. As a result, the total number of filament fail-
ures for the sized sample per level of applied strain is
greater than that of the unsized system (Fig. 13).

In Table II it is seen that the MEBS fibre breaks are
more geometrically confined when compared to those
of MUS filaments indicating a shorter region of influ-
ence in the neighbouring fibres. On average, the axial
offset (Fig. 14) between two filament breaks in the sized
(MEBS) system is approximately 37µm. However, this
value varies from cluster to cluster, with a maximum
offset equal to 80µm and the minimum corresponding
to no offset between the breaks (0µm). The average off-
set between breaks for the unsized system is 125µm,
with maximum and minimum value of 200µm and
90 µm, respectively. This is expected as in the MEBS
fibres greater stress intensification over a shorter PAL
is obtained and this increases the probability of coin-
ciding with a flaw in the adjacent fibres. In the MUS
system, the smaller stress concentration over a longer
PAL results in a smaller stress increase in the adjacent
fibres, which reduces somewhat the probability of fail-
ure and cluster formation. As postulated by Sastry and
Phoenix [22], a significant axial offset in ‘staggered’ fi-
bre breaks of the order of 10 fibre diameters can lead to
‘shielding’ and, henceforth, reduction of stress concen-
tration in adjacent fibres. Such ‘staggered’ fibre breaks
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TABLE I I Fibre break mapping for the MEBS and MUS impregnated tows at different levels of applied composite strain

Cluster Cluster Fracture site Axial off-set No. of

size identifier Fibre No. Position (mm) Fibre No. Distance (µm) observations

(a) 0.25% applied strain
Sized 1-plet 3 4.90 2

4 12.50
2-plet Cluster A 13 4.10 13/14 70 3

14 4.17
Cluster B 15 15.40 15/14 50

14 15.35
Cluster C 22 3.12 22/23 20

23 3.10
Total breaks 8

Unsized 1-plet 4 4.43 5
6 11.60
8 5.12
14 17.50
19 4.10

Total breaks 5
(b) 0.35% applied strain

Sized 1-plet 5 4.50 6
9 11.70
11 4.30
11 11.40
14 12.22
22 2.30

2-plet Cluster B 14 3.63 14/15 30 3
15 3.66 16/17 20

Cluster C 16 13.65
17 13.67

Cluster D 18 5.12 18/19 50
19 5.17

3-plet Cluster E 22 7.60 22/23 60 1
23 7.66 23/24 70
24 5.59

4-plet Cluster A 3 11.53 3/4 30 1
4 11.56 4/5 0
5 11.56 5/6 20
6 11.54

Total breaks 19
Unsized 1-plet 3 13.61 11

6 15.01
7 4.98
8 6.3
9 4.98
16 6.35
17 2.00
18 3.13
18 5.60
21 15.00
23 3.14

2-plet Cluster A 3 3.25 3/4 96 2
4 3.35

Cluster B 11 10.01 11/12 110
12 9.90

Total breaks 15
(c) 0.45% applied strain

Sized 1-plet 6 10.01 4
8 11.2
10 9.8
25 17.13

3-plet Cluster B 13 10.17 13/14 80 1
14 10.25 14/15 40
15 10.21

4-plet Cluster D 19 18.08 19/20 30 1
20 18.05 20/21 20
21 18.03 21/22 20
22 18.05

5-plet Cluster A 1 2.35 1/2 50 1
2 2.40 2/3 50
3 2.35 3/4 0
4 2.35 4/5 10
5 2.36

(Table continued on next page)
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TABLE I I (Continued)

6-plet Cluster E 21 3.27 21/22 30 1
22 3.24 22/23 10
23 3.25 23/24 10
24 3.24 24/25 70
25 3.17 25/26 30
26 3.20

Total breaks 22
Unsized 1-plet 1 5.23 8

4 3.70
15 3.70
17 17.26
20 5.15
21 1.31
21 15.01
23 5.33

2-plet Cluster A 6 5.23 6/5 100 4
5 5.33

Cluster B 8 16.28 8/9 200
9 16.08

Cluster D 18 5.33 18/19 130
19 5.46

Cluster E 23 17.08 23/24 150
24 16.93

3-plet Cluster E 12 5.21 12/13 90 1
13 5.30 13/14 130
14 5.17

Total breaks 19

Figure 13 The cumulative number of filament breaks at each level of
applied strain.

can be seen for the MEBS system in Figs 10a and 11a
(clusters A, D and A, B, D and E, respectively) and
for the MUS system in Fig. 11b (cluster C). The close
axial proximity of the MEBS breaks (offset of less than

40µm) makes the presence of such a ‘shielding’ effect
questionable.

This work has shown that due to statistical nature
of filament failure, clusters of fibre breaks can form in
composite tows. Fibres adjacent to these clusters will
be subject to a stress concentration value,Kq, which is
a function of cluster density, and interface strength. By
considering the cluster densities shown in Figs 9–11 it
is certain that the local stress concentration will increase
sharply as the number of broken fibres exceeds 6 or 7.
This matches the observations that broken fibres rarely
have a local group of fibre fractures that exceed 7 in
carbon-epoxy material systems [24].

4.2. Mechanisms of composite failure
In a composite material the evolution of fibre break clus-
ters and their density should be given proper attention.
As in the case of the Griffith type instability [25], the
number of fibre clusters increases and their size grows
as the applied stress increases. At a given load, a clus-
ter will reach a critical size and will propagate across
the whole composite cross-section causing catastrophic
failure. Hence, one possible mode of failure of the final
composite is that due to a single nucleating site evolving
into an unstable macrocrack.

In the case of the MEBS system, the ineffective
length is small and the stress concentrations are high.
Here there is a tendency for the neighbouring fibres
to break and therefore catastrophic fracture propagates
along the direction of an initial cluster. The optical mi-
crograph of the fracture surface (Fig. 8a) shows that
the failure propagates along a well-defined axis almost
perpendicular to the fibre direction. This is indicative

5323



       

P1: BKR/JVE P2: PKP 5323-98 November 27, 1998 12:51

Figure 14 Schematic showing the relationship between the tow tensile strength and the ineffective length (strength of interface).

of brittle failure and is a consequence of the presence
of a strong interface as mentioned earlier.

In the case of the MUS system that has inherently
a weaker interface, fibre fractures are distributed over
a wider region as can be seen in Fig. 11b just prior to
fracture. Linking of the various clusters of low density
(Fig. 11b) can occur at a high applied stress and this
will ultimately lead to the failure of the whole compos-
ite cross-section. The micrograph of Fig. 8b shows that
the fracture surface is considerably jagged, which is
due to the fact that fracture occurs by the consolidation
of clusters that are widely spaced. It is therefore con-
ceivable that various clusters can coalesce leading to
the formation of a ‘supercluster’ that will cause catas-
trophic failure of the composite. Evidently, the applied
stress required to bring about fracture or in other words
the static tensile strength of this type of composite
should be higher than that of the sized system. Indeed,
measurements of the characteristic strengths of the tow
composite systems has shown that the value of the un-
sized system is higher by 7% (Table I) to that of the sized
system. In Fig. 14a schematic of the tow tensile strength
as a function of transfer length is given. For small trans-
fer lengths, the presence of the matrix and the resulting
stress concentration effect in the neighbouring fibres is
more important than the reduction of strength due to
fibre fracture predicted by the classical bundle strength
approach [2, 16, 18]. However, the gains in the tensile
strength are limited by the size of the ineffective length;
there will be a critical point beyond which the reduction
in the interface strength will bring about a severe reduc-
tion in the tensile strength due primarily to the loss of
fibre as a means of load support (Fig. 14). The results
presented here have clearly shown that the critical point
in terms of ineffective length is greater or at least equal
to the length of 220µm measured for MUS tows.

Past work by Nedele and Wisnom [26] has suggested
that the effect of stress concentrations in neighbouring
fibres is not as significant as originally suggested by

Hedgepeth [21, 27], Phoenix [22, 24, 27] and others.
However, the results presented here show that the num-
ber and density of localised fibre breaks can govern the
fracture process and the tensile strength of unidirec-
tional carbon fibre/epoxy composite tows. In the sec-
ond part of this series these experimental results will
be examined in the light of a newly proposed statisti-
cal treatment of composite tensile strength. The model
captures all the above experimental observations and
can be used for quantitative strength predictions.

5. Conclusions
This work has provided an important insight into the
redistribution of load around multiple filament breaks.
Therefore adjacent to a fibre break there will be a crit-
ical number of more highly stressed fibres increasing
the probability of fibre failure. Important parameters
in the prediction of composite strength using statisti-
cal theories are the in-situ fibre statistics and the stress
concentration factor in the fibres adjacent to ani -size
cluster (ani -plet). Thus to improve the current models
of aligned composite strength the effect of fibre surface
treatment and cluster density and geometry should be
taken into account in determining the values of stress
concentration factors and the composite strength in
general.

In a simple unidirectional composite it has been
shown that the fracture relies on the interface prop-
erties that can affect the composite ultimate strength,
strength variability, and failure mode/fracture morphol-
ogy. In a material with a strong interface (MEBS) the
fibre breaks cluster together forming an unstable mi-
crocrack. In a material with a weak interface (MUS)
there is a tendency of statistical accumulation of fila-
ment failure. Final composite failure is reached where
groups of widespread, low order damage can link result-
ing in the formation of a cluster of critical size, which
propagates in an unstable fashion through the whole
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composite cross section. One might, on the basis of
‘bundle strength’ considerations, use a stiff interface
and matrix to reduce the possibility of interaction of
fibre fractures at different positions along the length of
neighbouring fibres. However, stress concentration ef-
fects require the reduction of the interface strength in
order to reduce this stress overload. This is a problem
frequently encountered in the design of the optimum
tensile strength of a composite material.
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