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Abstract

By adding glass fibres to carbon fibre composites, the apparent failure strain of the
carbon fibres can be increased. A strength model for unidirectional hybrid composites
was developed under very local load sharing assumptions to study this hybrid effect.
Firstly, it was shown that adding more glass fibres leads to higher hybrid effects. The
hybrid effect was up to 32% for a hybrid composite with a 10/90 ratio of carbon/glass
fibres. The development of clusters of broken fibres helped to explain differences in the
performance of these hybrid composites. For 50/50 carbon/glass hybrids, a fine bundle-
by-bundle dispersion led to a slightly smaller hybrid effect than for randomly dispersed
hybrids. The highest hybrid effect for a 50/50 ratio, however, was 16% and was
achieved in a composite with alternating single fibre layers. The results demonstrate that
thin ply hybrids may have more potential for improved mechanical properties than
comingled hybrids.
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1 Introduction

Carbon fibre-reinforced composites display excellent mechanical properties and a low
density, but they often lack toughness and have a limited failure strain. Many strategies
exist for improving composite toughness. Adding rubber inclusions [1] or nano-
reinforcements [2, 3] to the matrix can improve matrix-dominated properties, but these
strategies unable to significantly improve the failure strain of carbon fibre-reinforced
composites. Ductile fibres, such as metal [4] or polymer fibres [5], can yield high failure
strains, but sacrifice either density, stiffness or strength.

One strategy that has potential to combine high stiffness and strength with low density,
is fibre hybridisation. This means that two types of fibres are combined to form a hybrid
composite [6-9]. The most common hybridisation fibre for carbon fibre composites is
glass fibre. In addition to their good mechanical properties, glass fibres are cheaper and
thus can lead to significant cost reduction compared to an all-carbon fibre composite.
Hybrid composites also possess an interesting balance in mechanical properties. Most
properties have mechanical properties intermediate to the two composites consisting of
only one fibre type.

One remarkable effect that can be achieved in carbon/glass fibre hybrids is the apparent
failure strain enhancement of the carbon fibres. This effect, referred to as the hybrid
effect, was first described by Hayashi [10]. By adding glass fibre layers, Hayashi
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succeeded in increasing the failure strain of the carbon fibre layers by 40%. Several
authors obtained positive hybrid effects of up to 50% by this measure [11-15]. It has
been reported that the hybrid effect is larger in composites with lower carbon fibre
content [8] and better fibre dispersion [11, 16, 17].

Three hypotheses have been coined to explain the hybrid effect in unidirectional
composites: (1) changes in the sequences and mechanisms by which failure develops,
(2) the influence of thermal residual stresses on failure, and (3) the consequences of
dynamic effects [13, 18]. The focus here will be on the first hypothesis, as the other two
are generally considered to be secondary [8, 17]. Failure in non-hybrid composites starts
when the weakest fibre breaks, thereby losing its local load transfer capability. The load
transfer is taken up by the matrix that re-distributes load to surrounding fibres through
shear stresses. Away from the break, the axial stress in the broken fibre is recovered to
the nominal level. The part of the fibre where this stress is not yet recovered is known
as the ineffective length. As a result, the nearby fibres are subjected to local stress
concentrations, increasing their failure probability. Therefore, the composite has a
tendency to develop clusters of broken fibres, which then lead to even larger stress
concentrations in neighbouring intact fibres. At a certain point, the break-cluster reaches
a critical size after which it behaves like a large defect that propagates. This rapidly
leads to final composite failure.

If a second fibre type is added, the failure development can be significantly altered [19,
20]. No direct observations have been reported, but the following changes can be
expected. Firstly, the stress concentrations and ineffective length in each fibre depend
on its own fibre type and the type of its neighbours [15, 21, 22]. Secondly, when a
break-cluster of low elongation fibres is formed, it can be bridged by unbroken fibres of
the high elongation type [23-25]. This can delay further development of the break-
cluster and require a larger critical cluster size prior to final failure of the composite.
Thirdly, size scaling effects can occur. For a constant sample size, the total number of
carbon fibres decreases by partially replacing carbon by glass fibres. Just from this
effect alone, the failure strain of carbon fibre layers is expected to be higher in the
hybrid composite [26-28].

Over the years, the hybrid effect has been investigated numerically. Some of the older
models use 1D packings, composed of a single row of alternating carbon and glass
fibres [15, 21, 29]. These packings always contain the same number of carbon and glass
fibres. Furthermore, these packings have a fixed fibre dispersion, meaning a carbon
fibre is always surrounded by two glass fibres. The models are thus unable to
investigate the influence of hybrid volume fraction and fibre dispersion. Furthermore,
the failure development in a single row of fibres is not representative of a real hybrid
composite. Recently, Mishnaevsky and Dai [30, 31] developed a more advanced model
for predicting the failure strain of hybrid composites. Using 2D packings, these authors
demonstrated the importance of dispersion for damage development, but did not
investigate the hybrid effect.

There is plenty of experimental evidence that the fibre dispersion and the relative
fraction of both fibres are crucial for maximising the hybrid effect [8]. The mechanisms
by which these factors influence failure development in hybrid composites, however,



remain unclear. The present paper aims to reveal these mechanisms of failure
development through modelling.

2 Strength model for a hybrid composite
2.1 General approach

The model focuses on changes in the sequences and mechanisms by which failure
develops. The influence of dynamic effects and thermal residual stresses are not
considered in the model. The scheme of the model is summarised in the flow chart in
Fig. 1. Based on the parameters described in “2.2 Model parameters”, a representative
volume element (RVE) is created.
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Figure 1: Flowchart for the steps in the procedure for simulating failure of fibre reinforced
composite materials. The dashed rectangles indicate inputs and outputs.

The model utilises the chain-of-bundles approach of Rosen [32]. As illustrated in Fig. 2,
this approach divides each fibre longitudinally into elements. In the beginning of each
Monte Carlo simulation, a strength value consistent with a modified Weibull
distribution is assigned to each fibre element. The global strain in the model is gradually

incremented. Next, the stress in each fibre element is calculated. The stress o; in
element ‘i’ is calculated as o; =¢&-E; -SCF, where ¢ is the global strain, E is the

Young’s modulus of the fibre, and SCF, is the stress concentration factor applied to



element ‘i’. The definition and updating procedure for these SCFs will be clarified in
“2.3 Stress concentrations without fibre break interactions” and ‘2.4 Stress
concentrations with fibre break interactions”.

Figure 2: Illustration of how the chain-of-bundles approach splits up fibres into fibre elements.

The model then checks whether any of the fibre elements is carrying a stress higher than
its strength. If no new elements are broken, then the strain is further incremented. If new
elements are broken, however, the model checks the criterion for final failure. The
model is interrupted if more than 10% of the fibres are broken within an axial segment
having a length equal to 35um or 10 fibre elements. This failure criterion was chosen
because its satisfaction always coincides with an exponential increase in the number of
fibre breaks. The number of breaks and break cluster size starts to run away at this
stage, indicating the propagation of the critical cluster. Further computation of SCFs
and fibre breaks becomes both slow and pointless as all fibres will quickly break
thereafter.

If the failure criterion is not yet satisfied, then the model searches for the break-clusters.
The break-clusters will be defined in “2.5 Break-cluster development”. Updating the
break clusters is required for calculating the SCFs around interacting breaks later in the
model. Before calculating these SCFs, however, the SCFs around the newly broken
fibres are computed assuming that there are no interactions between fibre-breaks. Then,
these SCFs are modified to account for possible interactions between fibre breaks. Both
these steps will be explained in detail in “2.3 Stress concentrations without fibre break
interactions” and “2.4 Stress concentrations with fibre break interactions”.

Since the stress on the neighbouring fibres will increase due to the SCFs, the element
stresses in the nearby fibres are calculated again. The process of updating element
stresses, checking element failure and updating SCFs is repeated until no new elements
fail in the same strain increment. The model then increases the strain and repeats the
procedure until the composite failure criterion is satisfied. The strain increment is
initially set to 0.04%, but is gradually decreased as the simulation progresses. Near final
failure of the composite, the strain increment is reduced to 0.0025%. This gradual
refinement results in an optimal combination of computational efficiency and accuracy
near final failure.



The model output is generated by extracting the composite stress as well as the break-
cluster information at each strain increment. The composite stress is calculated by
weighting the average fibre and matrix stresses by their relative volume fractions. The
average fibre stress is obtained from averaging all the element stresses. The average
matrix stress is found by multiplying the global strain by the tensile modulus of the
matrix.

The hybrid effect is calculated as the relative increase of the failure strain of the hybrid
composite compared to the failure strain of the all-carbon fibre-reinforced composite. It
should be noted that failure of the hybrid composite in the present model coincides with
failure of the carbon fibres. The calculation of the hybrid effect therefore corresponds to
the correct definition of the hybrid effect, as recently identified in the review paper by
Swolfs et al. [33]. Final failure of the hybrid composite may involve debonding or
delamination of glass fibre layers or bundles, but these features are not included in the
present model.

Carbon fibre fragmentation or multiple fractures of the carbon fibre layers or bundles
[19, 20] were not possible in the present model. The model is interrupted when the first
critical cluster propagates. As the model does not predict what happens to the glass
fibres after this has occurred, fragmentation cannot be captured in the present model.
This also causes the predicted stress-strain diagrams to be linear.

2.2 Model parameters

The model uses hexagonal fibre packings, as this facilitates the prediction of stress
redistribution among broken and unbroken fibres. The choice for hexagonal packings
over more realistic random packings [34] is also motivated by the usage of the very
local load sharing rule. As will become clear in “2.3 Stress concentrations without fibre
break interactions”, this rule is more straightforward to apply in hexagonal packings.
Square packings are also possible, but they would lead to higher and less realistic stress
concentrations.

The difference in diameter between carbon and glass fibres restricts the maximal fibre
volume fraction in a hexagonal packing with both these fibres. To avoid this limitation,
both fibres are assumed to have the same diameter, allowing for an overall fibre volume
fraction of 50%. Fibre types are assigned to individual fibres through various schemes
so that the influence of dispersion and hybrid volume fraction can be investigated. The
hybrid volume fraction is defined as the ratio of volume of glass fibres over the overall
fibre volume.

The fibre radius is chosen to be 3.5 um for both carbon and glass fibres, and the elastic
moduli of the carbon and glass fibres are 230 and 70 GPa, respectively. The tensile
modulus of the matrix is 3 GPa.

Each fibre is divided into 2857 fibre elements of 3.5 pum length, and thus the total gauge
length is 10 mm. The cylindrical model contains 2276 fibres, including 276 boundary
fibres around the model perimeter. The reason for these boundary fibres will be
explained in “2.4 Stress concentrations with fibre break interactions”.



A total of 50 realisations is performed for each type of hybrid composite. Each
realisation has a different Weibull strength assignment for the fibre elements. The error
bars on all figures indicate the 95% confidence intervals.

Several researchers have pointed out that extrapolation of the standard Weibull
distribution down to short gauge lengths leads to overestimation of carbon fibre strength
[27, 35-37]. Authors have therefore proposed a modified Weibull strength distribution,
incorporating length dependency more accurately:

L a Gf m
P=l-exp|—|— | | —| |, (1)

L, Oy
where P is the probability that a segment of fibre of length L will fail when an axial
stress o, is applied to it, L, is the reference gauge length, o, is the Weibull strength

scale parameter and M is the Weibull shape parameter. The correction exponent & is
attributed to correlation of the flaws along the fibre length or to diameter variations
within each fibre [35, 38]. The Weibull data set from Beyerlein et al. [27] is used for

AS4 carbon fibre, with o, =4493MPa, L, =10mm, m=4.8 and «=0.6. For glass
fibres, most available data sets are consistent with the standard Weibull equation with
a =1. The data set for E-glass is taken from Okabe et al. [39], with o, =1550MPa,

L, =24mm, m=6.34 and a =1. To assign fibre strengths, a random number between

0 and 1 is generated to represent P . Equation 1 is then solved to obtain the
corresponding strength of the fibre element.

2.3 Stress concentrations without fibre break interactions

Identifying and applying the correct stress redistribution during fibre failure is a
challenging task in hybrid composites. Therefore, to obtain a tractable procedure, linear
stress recovery in the broken fibres is assumed, just as in the Kelly-Tyson model [40].
The ineffective length for these profiles was obtained from FE calculations. It was
defined as the relative distance from the break at which 90% of the nominal fibre stress
is recovered. The FE calculations for ineffective length are described in detail in [22,
34].

The assumed stress recovery profiles for both carbon and glass fibres are shown in Fig.
3. The ineffective length yields one point on the stress recovery profile, while the other
point on each plot is the origin. The ineffective length in the finite element simulations
was found to be 52 um and 26 um for carbon and glass fibre, respectively. The stress
recovery in a broken carbon fibre is slower than in a broken glass fibre due to the higher
stiffness of the carbon fibre [34]. It has been previously proven that hybridisation has
little influence on the ineffective length for each fibre type [22]. The above estimates
can thus be used with confidence for hybrid composites.
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Figure 3: Stress recovery in a single broken fibre as a function of the distance from the crack plane.
The red and black dot indicate the two data points coming from the FE calculations for glass and
carbon fibre respectively.

“Very local load sharing” between fibres is assumed in this study. In a hexagonal
packing, this means that all stress concentrations due to a single fibre break are confined
to the 6 nearest neighbouring fibres. In non-hybrid composites, this assumption leads to
SCFs in the crack plane being equal to 7/6 for each nearest neighbour around a single
fibre break. FE calculations for hexagonal packings have demonstrated that the real SCF
1s significantly lower than this value [34, 41]. For random fibre packings, however, such
high SCFs are actually possible, although only for fibres very near to the broken fibre
[34]. Further away from the crack plane, the stress in the broken fibre is increased, as in
Fig. 3. Therefore, less load is shed to the surrounding fibres and the SCFs in the intact
fibres decrease accordingly.

To determine how the SCFs in hybrid composites are distributed on the carbon and
glass fibres, available knowledge on this topic is used. Swolfs et al. [22] demonstrated
that the local arrangement of the fibre types in hybrid composites does not affect the
SCFs. Glass fibres around a single broken carbon fibre also carried a higher SCF than
the carbon fibres around that broken fibre. This was only true if both fibre types are
assumed to have the same radius, which is the case here. The ratio of the SCF shed to
glass fibres over that shed to carbon fibres was found to be approximately equal to the
inverse ratio of their stiffness, 230 GPa/70 GPa [22]. This ratio is used throughout the
paper. Thus, a single broken carbon fibre is assumed to have nearest neighbour carbon
fibres with an SCF equal to 7/6. The nearest neighbour glass fibres then carry an SCF
equal to 1 + 1/6x230/70 = 1.548. This stress redistribution is illustrated in Fig. 4a.

Swolfs et al. [22] did not analyse the stress redistribution around a broken glass fibre. It
is assumed that this redistribution is similar to the one around a broken carbon fibre.
The single broken glass fibre is assumed to have nearest neighbour glass fibres with an
SCF equal to 7/6. The nearest neighbour carbon fibres then carry an SCF equal to 1 +
1/6*70/230 = 1.051. Examples of the resulting SCFs for a single fibre break are
displayed in Fig. 4b. The SCFs on these 7 fibres, with the broken one having an SCF =
0, do not add up to 7 as one might expect. This is not required, as the fibre stiffnesses



are different. Instead, it is the total load on the fibres that must be kept constant before
and after the fibre break. The proposed scheme achieves this force equilibrium.
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Figure 4: Illustration of the stress concentration factors (SCFs) in the crack plane according to very
local load sharing around (a) a broken carbon fibre, and (b) a broken glass fibre.

2.4 Stress concentrations with fibre break interactions

Fig. 4 shows only the SCFs around a single fibre break, while the SCFs around multiple
fibre breaks are the crucial ones for predicting final composite failure. Linear
superposition of the SCFs can be used, but this is known to underestimate the SCFs
around multiple fibre breaks [42, 43]. Another issue with standard linear superposition
is that it does not satisfy force equilibrium, even in non-hybrid composites. Fig. 5a
illustrates this issue for a carbon fibre composite with 2 adjacent fibre breaks. Since this
composite contains 10 fibres of the same type, the sum of all SCFs should be 10 to
avoid loss of load bearing capacity. Standard linear superposition, however, omits the
SCF due to one broken fibre on another broken fibre and vice versa. This leads to a sum
0f 9.667, meaning that force equilibrium is not maintained.

An enhanced linear superposition is developed to resolve this issue. It is proposed to
distribute the load shed by breaks in a cluster in proportion to the prediction obtained
from standard linear superposition. This distribution causes intact fibres that are nearest
neighbours to multiple fibre breaks to have a higher SCF than those adjacent to only one
fibre break. This feature is also present in linear superposition. Thus the procedure is to
first compute the SCFs by the use of standard linear superposition. The SCFs caused by
every individual fibre break are summed up for each fibre element separately. Then, the
total load sustained by the broken fibres in the cluster and all of its nearest neighbours
are summed up. This sum is compared to the total load prior to the fibre breaks. The
SCF in the nearest intact neighbours is adjusted upwards. This adjustment ensures that
the total load transmitted by the entire set of fibres agrees with that sustained prior to



the fibre breaks. The resulting SCFs are shown in Fig. 5b. In this example, the SCF
shared by each intact nearest neighbour fibre is adjusted upwards by a factor equal to
6/5. This factor is not applied to the SCF itself, but to the additional SCF, being SCF
minus 1.
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Figure 5: Stress concentration factors (SCFs) in the crack plane (a) from linear superposition, and
(b) enhanced linear superposition in a carbon fibre composite having two fibre breaks in
neighbouring fibres where very local load sharing is assumed.

Due to the stress recovery in the broken fibre, it can occur that a fibre fails twice along
its length. If this occurs within the stress recovery region, the model assumes that the
lowest SCF prevails and no superposition is applied. Similarly, two nearby fibre breaks
can potentially cause SCFs within each other’s stress recovery region. It was decided
not to apply SCFs within the stress recovery region of broken fibres. Instead, these
SCFs are taken into account through the enhanced superposition, as explained in the
previous paragraph.

The superposition principle leads to preferential break-cluster formation at the edge of
the model. Fibres at the edge have fewer nearest neighbours. These fibres hence lead to
larger stress concentrations than experienced at break-clusters contained within the
interior of the model. To mitigate this feature, a ring of unbreakable fibres with infinite
strength is added at the model perimeter. These boundary fibres can carry SCFs, but are
not allowed to break and their stress is not used to calculate the composite stress. The
boundary fibres are a combination of carbon and glass fibres, depending on the hybrid
volume fraction and dispersion type.

2.5 Break-cluster development

To understand the hybrid effect in more detail than in Jones and DiBenedetto [44], an
algorithm was written to track break-cluster development. Two broken fibre elements
are considered to be part of the same break-cluster if (1) they are within 35um of each



other in the fibre axial direction, and if (2) they are one of the six nearest neighbours in
a hexagonal packing. The first condition is chosen as a compromise between the
ineffective lengths for the 2 fibre types. If breaks in nearest neighbour fibres are closer
to each other in the axial direction than the ineffective length for those fibres, then those
breaks will interact with each other. These breaks are thus considered to form a break-
cluster. Both carbon and glass fibres are taken into account for the break-clusters.

3 Results and discussion
3.1 Effect of hybrid volume fraction

The hybrid volume fraction, defined as the relative volume fraction of glass fibre
compared to the overall fibre volume fraction, is varied between 0% and 100%. The
carbon and glass fibres are randomly dispersed, as shown in Fig. 6.
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Figure 6: Examples of randomly dispersed packings of carbon/glass at 5 different hybrid volume
fractions.

Fig. 7a shows that the stiffness and strength of the hybrid composite decrease with
increased hybrid volume fraction, while the failure strain increases noticeably. To
investigate this failure strain increase further, the hybrid effect is computed and plotted
in Fig. 7b. The hybrid effect is calculated as the relative increase of the failure strain
compared to the failure strain of the all-carbon fibre-reinforced composite. This
reference failure strain is predicted to be 1.50% + 0.03%. This agrees well with the
1.55% failure strain expected for AS4 carbon fibre composites, as mentioned in
Hexcel’s data sheet [45]. The reference failure strain for glass fibres was 2.82% +
0.06%. While this may be somewhat low for glass fibres, larger glass fibre failure strain
did not significantly affect the hybrid effect.
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The hybrid effect gradually increases with increased hybrid volume fractions, see Fig.
7b. It rises to 32% at a hybrid volume fraction equal to 90%. The failure of the hybrid
composite has to be associated with a critical cluster of carbon fibres that propagates
unstably within the same strain increment. If this is not the case, then it cannot be
considered a hybrid effect, as defined in section “2.1 General approach”. This was
indeed confirmed by a thorough analysis of all the modelled configurations.

The trend in Fig. 7b corresponds well to the increase expected from experimental data
in the review of Kretsis [8]. At a hybrid volume fraction of 100%, the composite has
only glass fibres, and its failure strain corresponds to such a material. This should not be
interpreted as a hybrid effect, though it is plotted in Fig. 7b as such for completeness.

Fig. 7b proves that the failure strain of carbon fibre composites can be increased
dramatically if a large fraction of well-dispersed glass fibres is added. Another
interesting feature arises when we consider the effect of a small amount of carbon fibre
added to a glass fibre composite. When only 10% of carbon fibres are added to a glass
fibre composite, the failure strain is reduced from 2.82% + 0.06% to 1.99% + 0.05%.
This is a dramatic reduction for such a small modification of the composite. When the
carbon fibres break, they act as crack initiators for the glass fibres. This crack initiation
mechanism drastically reduces the failure strain of the hybrid composite.
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Figure 7: (a) Stress-strain diagrams, and (b) the hybrid effect (defined as the relative failure strain
enhancement of the carbon fibers) for randomly dispersed packings at various hybrid volume
fractions for carbon/glass hybrid composites.

The break-cluster information generated by the model is data-rich, making it impossible
to present it all. Therefore, the evolution of triplets, which are clusters of 3 breaks, was
chosen as a marker for cluster evolution. The conclusions were also checked for other
break-cluster sizes, but are not shown here. The definition of a break-cluster can be
found in “2.5 Break-cluster development”.

The triplet development for various hybrid volume fractions is shown in Fig. 8. It can be
seen that the triplet development is most rapid for the all-carbon fibre composite. The
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triplet development is delayed as the hybrid volume fraction is increased and this is
especially true for a hybrid volume fraction of 90%. In that case, the probability of
finding 3 breaks in carbon fibres next to each other is small. Triplets are only likely to
be formed when the strain is high enough for the glass fibres to yield a significant
number of breaks.
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Figure 8: The evolution of triplets (break-clusters of 3 fibres) as a function of strain for randomly
dispersed 50/50 hybrid composites.

Finally, the critical cluster size was analysed by identifying the largest break-cluster in
the last strain increment before final failure. Fig. 9 indicates an average critical cluster
size of 22 broken fibres for all-carbon fibre composites, while it is only 11 for all-glass
fibre composites. The SCFs in the crack plane are the same for both non-hybrid
composites. This is attributed to the very local load sharing assumptions and SCFs
being expressed relative to the nominal fibre stress. Fig. 3 illustrated the longer
ineffective length of carbon fibre, which also causes the SCFs to be exerted over longer
distances. While this increases the SCFs of more elements than in the case of glass
fibres, it also spreads out a possible break-cluster over a longer length. This weakens
their interaction and spreads out the SCFs over a longer length. Larger cluster sizes are
hence allowed before unstable propagation starts.
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Figure 9: Critical cluster size as a function of the hybrid volume fraction. The dashed line indicates
the rule-of-mixtures.

Another influence on the critical cluster size is the difference in the Weibull
distributions. To understand the influence of Weibull modulus on the critical cluster
size, let us assume a large break-cluster. For fibres with a large strength scatter, the
probability that the break-cluster is surrounded by at least a few very strong fibres is
larger. These strong fibres make unstable propagation less likely and will require a
larger break-cluster before its propagation can occur. Since carbon fibre has the smaller
Weibull modulus in this case, it can be expected to have a larger critical cluster size
than glass fibres. This trend is confirmed by the analytic expression for critical cluster
size in Ibnabdeljalil and Curtin [46].

This reasoning can be extended to hybrid composites with one small alteration. Since
stresses in each fibre type are different, the strength scatter argument should be replaced
by a reasoning based on strain scatter. The critical cluster size for the hybrid composites
lies between values found for the two non-hybrid composites. However, a positive
deviation from a linear rule-of-mixtures is found. This positive deviation can delay the
development of the critical cluster and hence contribute to a positive hybrid effect. This
contribution has not been previously described in literature.

3.2 Effect of fibre dispersion

Fibre dispersion is a measure for how well two fibre types in a hybrid composite are
mixed. When the hybrid volume fraction is increased, the fibre dispersion is inevitably
increased. In this section, the hybrid volume fraction is fixed at 50% and the influence
of the fibre dispersion is analysed. The first dispersion type is bundle-by-bundle,
displayed in Fig. 10. The fibre dispersion is labelled by the number of bundles
intersected by a horizontal line in the middle of the circular cross-sections shown. The
number of carbon fibres in each bundle ranges from 500 for the “2 bundles”’-model
down to about 10 for the “16 bundles”-model. Labelling fibre dispersion according to
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the number of fibre bundles in each model would have perhaps been more intuitive.
Unfortunately, the circular cross-section of the model leads to incomplete fibre bundles.

2 bundles 4 bundles

8 bundles 16 bundles

Figure 10: Illustration of bundle-by-bundle dispersion, where black circles are carbon fibres and
red denotes glass fibres.

The influence of the bundle size on the hybrid effect and triplet evolution is shown in
Fig. 11. For the 2 bundles model, the hybrid effect is only 1.5%, while it increases to
7% for 16 bundles, as can be seen in Fig. 11a. The latter effect approaches the 9%
hybrid effect found for random dispersion at 50% hybrid volume fraction. Fig. 11b
proves that increased dispersion leads to a delay in break-cluster development. A similar
delay was also found for other cluster sizes, but is not shown here.
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Figure 11: (a) The hybrid effect for bundle-by-bundle fibre dispersion, and (b) the evolution of
triplets (break-clusters of 3 fibres) as a function of strain. The result for random dispersion was
added to facilitate comparisons.

The second dispersion type is layer-by-layer, as shown in Fig. 12. The fibre dispersion
is labelled according to the number of fibres across the thickness of each layer. The
corresponding hybrid effects and sequences of triplet evolution are shown in Fig. 13.
Even though these layer-by-layer hybrids seem less dispersed than randomly dispersed
hybrids, they are able to reach a higher hybrid effect. For the single fibre layer case, the
hybrid effect is 16%, which is significantly higher than the 9% found for random

dispersion.

Eight fibre layer
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Figure 12: Illustration of layer-by-layer dispersion, where black circles are carbon fibres and red
denotes glass fibres.
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Figure 13: (a) The hybrid effect for layer-by-layer fibre dispersion, and (b) the evolution of triplets
(break-clusters of 3 fibres) as a function of strain. The result for random dispersion is added to
facilitate comparisons.

This remarkable effect can be explained based on the sequence of break-cluster
development. The development of triplets or break-clusters in general is delayed,
because forming break-clusters is more difficult in a single layer of carbon fibres. If one
carbon fibre breaks, the nearest neighbours are 2 carbon fibres and 4 glass fibres. The
applied strain, combined with the SCF, is then not yet high enough to break glass fibres.
Therefore, the break-cluster can only grow in the direction of the layer. If one of the two
neighbouring carbon fibres happens to be relatively strong, then there is only one
pathway for the break-cluster to grow. In a random packing, on the other hand, the
number of pathways for the break-cluster to grow is larger. For a random dispersion
with 50% hybrid volume fraction, the average number of neighbouring carbon fibres is
3. A strong neighbouring fibre is less likely to stop break-cluster development, as there
are other pathways for it to grow.

The critical break-cluster sizes for the various fibre dispersions are summarised in Fig.
14. The critical break-cluster size does not vary significantly with dispersion. Most of
the observed differences are not statistically significant, despite having 50 simulations
for each configuration. The importance of the critical break-cluster size for the hybrid
effect is therefore not straightforward. It helps to explain the influence of hybrid volume
fraction, but it does not seem to help for the influence of dispersion. It seems that the
delay in break-cluster development is the key parameter determining the hybrid effect.
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Figure 14: The critical cluster size for various fibre dispersions studied.

In general, these results demonstrate that the dispersion is a vital parameter for the
hybrid effect. This was the first study to optimise the hybrid effect by improving
dispersion. In contrast with what could have been expected from literature, random
dispersion was not the optimal dispersion for maximising the hybrid effect. Layer-by-
layer hybrids seem to be more efficient in delaying the failure development, which
increases the hybrid effect. From a practical point of view, this would mean that hybrid
composites made with thin plies have more potential than comingled hybrids.

4 Conclusion

A very local load sharing model for hybrid composites is developed and used to analyse
failure development for unidirectional carbon/glass hybrid composites. Addition of
glass fibres to a carbon fibre composite increases the failure strain of the composite, an
effect known as the hybrid effect. If the relative glass fibre fraction in the hybrid
composite is increased, then the development of break-clusters in the carbon fibres is
delayed. This delay postpones failure to a higher strain in the composite and thus leads
to a more pronounced hybrid effect. This effect was up to 32% for models with 90% of
glass fibres.

For 50/50 carbon/glass hybrids, the fibre dispersion is proven to have an important
influence on the hybrid effect. Random dispersion leads to a hybrid effect of 9%. A
slightly smaller hybrid effect was found in bundle-by-bundle dispersion for bundles of
only 10 fibres. The highest hybrid effect, however, was found for layer-by-layer
hybrids. A hybrid effect of 16% is found for alternating layers of carbon and glass
fibres, each of which are only one fibre thick. By reducing the number of pathways for
cluster growth, such layer-by-layer hybrids more efficiently delay the development of
break-clusters. The results indicate that thin ply hybrids have more potential for large
hybrid effects than comingled hybrids.

Finally, it was shown that the critical cluster size is a function of the hybrid volume
fraction. This feature contributes to a positive hybrid effect, as large clusters of fibre
breaks are associated with failure of the composite. However, the critical cluster size did
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not depend on the fibre dispersion, meaning that the delay in cluster development is the
key parameter controlling the hybrid effect.

This model will be further extended to local load sharing instead of very local load
sharing. This requires a more in-depth study of the stress concentrations around broken
fibres in hybrid composites, but will yield more accurate results. An experimental
validation of this model is currently being performed, and will be reported in an
upcoming paper.
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