INTERNATIONAL JOURNAL OF

SOLIDS and
STRUCTURES

www.elsevier.com/locate/ijsolstr

PERGAMON International Journal of Solids and Structures 40 (2003) 5521-5538

Mechanisms of stress transfer and interface integrity in
carbon/epoxy composites under compression loading.
Part II: Numerical approach

S. Goutianos ***, C. Galiotis *°°, T. Peijs ?

& Department of Materials, Queen Mary University of London, Mile End Road, London EI 4NS, UK
® Institute of Chemical Engineering and High Temperature Chemical Processes, Foundation of Research and Technology—Hellas,
P.O. Box 1414, Patras 265 00, Greece
¢ Department of Materials Science, School of Natural Sciences, University of Patras, Patras 265 04, Greece

Received 10 June 2003; received in revised form 10 June 2003

Abstract

The finite element method is used to get an insight into the micromechanics of the compressive behaviour of carbon
fibre composites. First the developed model is validated with existing experimental data and good agreement between
predictions and experiments was found. Then the FE model is used to derive the complete stress field in the fibre and the
matrix in the vicinity of a fibre fracture location. It was found that the perturbation of the stress field occurs mainly in
the direction transverse to the fibre axis and this could explain the failure modes observed in composites tested in
compression. Finally, a parametric study was performed on the effect of matrix modulus and matrix yield stress on the
compressive fragmentation process.
© 2003 Published by Elsevier Ltd.
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1. Introduction

Polymer composites possess excellent tensile properties due to the high tensile strength of the fibres.
However, their compressive strength is often less than 60% of their respective tensile strength (Budiansky
and Fleck, 1991). It is widely accepted, nowadays, that the observed composite inherent weakness in
compression is related to a plastic microbuckling process (Argon, 1972; Budiansky, 1983; Jensen, 2002). In
general, the compressive strength, ¢¢, is given as a function of the initial fibre misalignment and the matrix
or composite shear yield strength (Christensen and De Teresa, 1997; Fleck et al., 1995):
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where G ; is the composite shear modulus, ¢, is the initial fibre misalignment and /¢ is the composite shear
yield strain. )

The predictions of Eq. (1) are close to the compressive strength values experimentally measured (Soutis
and Curtis, 2000; Soutis et al., 2000), and significantly lower than Rosen’s analysis (fibre buckling in an
elastic matrix) (Rosen, 1965). It should be mentioned, however, that there is usually a large degree of
uncertainty concerning the fibre misalignment (see Eq. (1)) in a composite. More importantly, these ana-
lyses fail short to capture the physics of the problem (Schapery, 1995). As a consequence, alternative
theories have been developed, which consider the possibility of the failure being controlled by the com-
pressive failure of the fibres. Kozey (1993) concluded that stress raisers have an important effect on carbon—
fibre composites. He suggested the possibility of strain concentrations leading to compressive failure. This is
well demonstrated in the work of Lankford (1995) who showed that a cluster of broken fibres forms a
defect zone, which in turn leads to kink band formation. Moreover, he suggested that these initial fibre
breaks would lie along parallel shear bands rather than normal to the reinforcement direction. Narayanan
and Schadler (1999a) expanded Lankford’s ideas and have used the Laser Raman Spectroscopy tech-
nique to study kink band initiation in carbon—epoxy composites. In agreement with Lankford’s work,
they suggested that once the damage zone, consisting of broken and/or crushed fibres, reaches a critical
size, local instability causes microbuckling. Recently, Garland et al. (2001) developed a simple shear-
lag model to calculate the stress state around broken fibres, which has been used to predict the forma-
tion of damage zones. Their work and its limitations are discussed in more detail in the following
section.

Such theories, described above, could also explain i.e. the role of the interfacial properties in the
compressive behaviour in contrast to the family of matrix shear strength and fibre misalignment-dominated
theories (Lankford, 1995). For example Madhukar and Drzal (1992) have shown that by increasing the
interfacial shear strength (ISS), while keeping the matrix yield strength and fibre orientation constant,
compressive strength increases and at the same time the failure mode changes from delamination to
microbuckling. Similar results were also reported by Lesko et al. (1994), who found significantly increased
compressive strength values by increasing the ISS or the interfacial strain to failure.

From the above, it can be argued that the fundamental issues, of the compressive behaviour of fibrous
composites still remain open. The problem of compressive failure is more complicated than is generally
appreciated (Lankford, 1995) and appropriate models should include the role of fibre strength and its
distribution, matrix properties, and interfacial properties. In a previous work (Goutianos et al., 2002a) the
laser Raman spectroscopy technique was used to get an insight into the microstructural aspects of
the compressive behaviour of carbon/epoxy composites. This was done by a comparative assessment of the
stress transfer efficiency in tension and compression in single fibre discontinuous model geometries. The
stress transfer mechanisms were completely described in the region around the fibre ends, however, this was
not the case in the vicinity of a compressive fibre break since in this case the balance of forces argument
(required to derive the interfacial shear stresses) breaks down (Goutianos et al., 2002a). Narayanan and
Schadler (1999b) have employed the balance of forces argument to calculate the ISS in the case of a
compressive fibre break, their reported ISS values were in excess of 150 MPa or even 300 MPa (Amer and
Schadler, 1997) for fibre/matrix systems similar with the system examined here and in our previous work
(Goutianos et al., 2002a). Since these values were unacceptably high, an attempt was made (Narayanan and
Schadler, 1999b) to modify the balance of forces argument to account for the post-failure geometric
configuration. Although the new ISS values were reduced these values were still too high and as stated by
the same authors, a more rigorous analysis is needed to estimate accurately the interfacial shear stress in the
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Fig. 1. (a) Micrograph of a typical compression induced shear fibre break, (b) micrograph of a fracture site showing fibres failed in
shear at a well defined plane, (c) SEM picture showing again co-operative fibre shear failure in compression.

neighbourhood of a compressive fibre break. As a result in the current work, the finite element method is
employed to study the complex stress field (in both the fibre and the matrix) generated by a compressive
fibre break (shear failure).

Fig. 1(a) shows a micrograph of a typical compression induced shear fibre break, it can be easily seen
that the broken ends slide past each other and therefore compressive stresses can be transmitted as the fibre
fragments remain in contact (Goutianos et al., 2002a). The same failure mode can be also observed in multi-
fibre model composites (Fig. 1(b) and (c)), that is the fibres have failed in shear at a certain (well defined)
plane, whereas no fibre fractures were observed far from the fracture planes (Goutianos et al., 2002b). Fig.
1 clearly indicates the importance of understanding the stresses generated around a fibre break, which
would probably enrich our knowledge concerning damage development in compression. In the current
work only a single-carbon fibre embedded in an epoxy matrix will be considered at first instance, while the
case of a planar array of fibres will be reported in a subsequent work.

2. FE model for fibre fracture in compression

Various analytical models (2D or 3D) have been developed over the past years (e.g. Nath et al., 1996;
Van den Heuvel et al., 1998; Sirivedin et al., 2000) for the derivation of stresses in both the fibre and the
matrix in single or multi-fibre composites. These analyses, however, are restricted in the case of tensile
loading. In contrast, very little work has been reported in the literature concerning numerical modelling of
the compressive behaviour of composites at micromechanical level. Usually the uniaxial composite is in-
vestigated using two or three-dimensional micromechanical models, which include a global (Hsu et al.,
1999a,b) or local (Vogler et al., 2001; Byskov et al., 2002) imperfection by means of fibre misalignment.
These global or local imperfections are required in order to initiate the kink band formation. Kink band
initiation and growth are by a fibre microbuckling process. Fibre fracture is not considered in these analyses
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since it is assumed that it might be a ‘post-failure’ event, that is the fibres may fail due to excessive buckling.
To the best of our knowledge the compressive fragmentation process has not yet been investigated by
means of a numerical or even more an analytical model mainly due to the complexity of the problem and
lack of experimental data with the exception of the work of Garland et al. (2001), which has been already
mentioned above. They have used a break-influence superposition technique (Sastry and Phoenix, 1993)
based on a simple shear-lag model to study the development of compression damage zones. As almost every
shear-lag model, their model presents some major drawbacks such as it assumes that the matrix only de-
forms in shear and its axial stiffness is ignored. More importantly the fibres are not allowed to deform in the
transverse direction, which is not the case as can be seen in Fig. 1(a). As a result of this fibre shearing
restriction, their predicted stress profiles are quite symmetric and similar to the tensile case, while according
to the experimental results (Goutianos et al., 2002a) the fibre stress profiles are not symmetric along the
fibre length. The same will be shown later in the following section by means of FE analysis. Furthermore,
the assumption that the fibre stress is zero at the break point is not supported by the experimental data of
Goutianos et al. (2002a). Finally, their key assumption that the peak stress concentration produced by an
angled break (i.e. like the one shown in Fig. 1(a)) is the same as that of a straight break is questionable.
However, despite these drawbacks, their work shows nicely how a damage zone of broken fibres could lead
to kink band formation. Thus here we attempt to model the compressive behaviour of a (at first instance)
single-carbon fibre embedded in an epoxy matrix by means of FEA, although this results in an intense
computation compared to the technique used by Garland et al. (2001). This material system is identical to
the system experimentally studied in previous works (Goutianos et al., 2002a,b).

2.1. Finite element details

2.1.1. The mesh

The single-fibre model composite was implemented in the ABAQUS finite element code. The [-DEAS
pre-processor was used to generate the mesh of the microcomposite. Clearly the problem of the fibre
fracture in compression (see Fig. 1(a)) is a three-dimensional problem. In this case, however, the complexity
and size of the model significantly increase which is beyond the scope of the current work. Moreover, due to
the shear-failure of the fibre, the problem cannot be considered as an axisymmetric one. Thus, we have
chosen to model the fibre fracture problem as a plane stress problem. A schematic representation of the
model is depicted in Fig. 2. Fibre fracture is assumed to occur in the centre of the model composite. The
fibre is then divided in two fragments, which are fully bonded up to a certain applied strain level (equal to
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Fig. 2. Schematic representation of the FE model used.
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the fibre failure strain experimentally determined in similar specimens (Goutianos et al., 2002a)). The angle
between the fibre fragments is 45°, equal to the value observed in the experiments (see Fig. 1(a)). In the
subsequent step of the analysis the coefficient of friction between the fibre fragments is reduced allowing in
that way the fibre fragments to slide past each other. The fibre fragments (near the fracture site) are also
fully bonded to the surrounding matrix using the TIED CONTACT option of ABAQUS. Due to the multi-
contact nature of the model, bilinear four noded elements had to be used. The fibre close to the contact area
(see Fig. 2) was modelled using incompatible modes elements in order to prevent shear locking or hourglass
effects. At this point, it should be noted that as the fibre fragments slide past each other, bending of the fibre
fragments occurs. Full integration elements were found to give poor results in this case due to shear locking,
whereas reduced integration elements were sensitive to hourglass effects. Thus, the use of incompatible
elements was necessary although this resulted in significant increase of the computational time. The fibre
fragments far from the contact area (fibre fracture site) and the matrix material were modelled using full
integration elements. Finally, in order to facilitate the multi-contact definition, node a and b belonging to
the fibre fragments were slightly moved as it can be seen in Fig. 2. This kind of local imperfection results in
stress discontinuities at applied strains even much lower than the strain level at which the fibre fragments
are allowed to slide past each other. As it will be shown, however, in the results section this imperfection has
minor effects in the overall analysis. Finally, it should be mentioned that the analysis performed was quasi-
static, that is any dynamic effect from the fibre fracture is excluded. This is the case, however, also in the
experimental work on the same material system (Goutianos et al., 2002a). Thus, comparison of the nu-
merical predictions versus experiments is still valid.

The axial fibre stress is calculated at the right hand side of the fibre as it is shown in Fig. 2, whereas the
interfacial shear and transverse stresses are calculated at the corresponding fibre/matrix interface.

2.1.2. Boundary conditions and applied loads

Through the analysis the nodes at x = 0 (see Fig. 2) are fixed in the x-direction, whereas the far bottom
right matrix node is also constrained in the y-direction. A total strain of —0.8% with respect to the initial
x-length of the model is applied at the nodes at x = 2000 um. Up to an applied strain of —0.5% the fibre
fragments are constrained to move relative to each other. Then, as it was mentioned above, at an applied
strain of —0.55% (fibre failure strain in the microcomposite) the coefficient of friction between the fibre
fragments is decreased allowing the fibre fragments to slide past each other.

2.1.3. Material properties

The fibre is modelled as an anisotropic continuum with linear elastic behaviour in both compression and
tension. The fibre properties are listed in Table 1. Concerning the epoxy matrix, an elasto-plastic behaviour
is assumed. Fig. 3 depicts the experimental stress—strain curve for the epoxy matrix, whereas its mechanical
properties are given in Table 1. It should be mentioned here that in the results section, the effect of matrix

Table 1
Mechanical properties of fibre and resin
Mechanical parameters M40-40B carbon fibre Epoxy matrix
E, (GPa) 390 2
E, (GPa) 20 2
vi2 () 0.03 0.30
G (GPa) 12 0.77
Gy; (GPa) 5 0.77
G (GPa) 12 0.77

E: Young’s modulus, G: shear modulus, v: Poisson’s ratio, 1: longitudinal direction, 2: transverse direction, 3: out of plane direction.
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Fig. 3. Stress—strain curve for the epoxy matrix.

modulus and the effect of matrix yield stress on the stresses generated around the fibre fracture are in-
vestigated assuming an elastic—perfectly plastic behaviour for the epoxy matrix.

3. Results and discussion
3.1. Effect of fibre geometrical discontinuity on the stress field

As it was referred in the previous section a geometrical imperfection was introduced in the model defi-
nition in the area where the fibre break is introduced. In this section, the effect of this imperfection will be
briefly investigated. Fig. 4 depicts the axial fibre stress (o1;) at different applied strain levels (-0.3%, —0.4%,
and —0.5%, respectively), which are lower than the applied strain at which the fibre break is introduced
(—0.55%). As it can be seen the fibre stress is constant along the fibre length as expected. At x = 1000 um,
however, a fibre stress perturbation can be observed due to the initially introduced imperfection. The same
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Fig. 4. Axial fibre stress of an embedded fibre (L =2 mm) in an epoxy matrix, loaded at strain of —0.3%, —0.4%, and —0.5%,
respectively.
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Fig. 5. Corresponding interfacial shear stresses of Fig. 4. The applied strains are —0.3%, —0.4%, and —0.5%, respectively.
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Fig. 6. Shear stress field around the compressive fibre break: (a) applied strain =—0.465% (no fibre break is introduced), (b) applied
strain = —0.55% (introduction of the fibre break), and (c) applied strain = —0.7% (all values in MPa). The coefficient of friction between
the fibre fragments is 0.4.
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can be seen in Fig. 5, which shows the interfacial shear stress (ISS) along the fibre/matrix interface. ISS is
zero everywhere, as it should be, except the area near the fibre discontinuity with its absolute higher value
being ~—17 MPa.

Fig. 6 depicts the shear stress contours (o) around the fibre break at three different applied strains,
(a) &1 = —0.465% (the fibre break is not yet introduced), (b) &; = —0.55% (fibre break introduction), and
(c) &1 = —0.70%. It can be easily seen that the shear stress perturbation due to the initial geometrical
imperfection (Fig. 6(a)) is much lower than the perturbation created by the fibre break (Fig. 6(b) and (c)).
Thus, it can be safely assumed that the initial fibre imperfection has minor effect on the overall analysis,
although the stress values are influenced exactly at the fibre break location and for this reason stress values
at these points will not be considered in the analysis.

3.2. Effect of friction between the fibre fragments

Fig. 7 shows the FEA predictions of the axial fibre stress profile in the vicinity of a compressive fibre
break. It can be seen that for a coefficient of friction of 0.4 the numerical data agrees relatively well with the
experimental values, except at x = 0 due to the model definition as it was explained in the previous section.
An important observation is that in contrast to the tensile case (Van den Heuvel et al., 1998; Nath et al.,
1996), the fibre stress profile is quite asymmetric around the fibre break. This is due to the fibre bending as
the fibre fragments slide past each other after the onset of fibre failure. These results also suggests that one-
dimensional analyses such as shear-lag models would fail to accurately capture the mechanics of the
problem as it is clear that this fibre failure mode causes also geometrical non-linearities. Fig. 8 depicts
another set of experimental data of the same fibre and applied strain (&, = —0.55%) but at different po-
sition along the fibre length. It can be observed that in this case a higher coefficient of friction between the
fibre fragments is needed in order to match the experimental values. At this point some reasons to explain
the mismatch between numerical and experimental values should be mentioned. Except the model’s im-
perfection at the fibre break location, the experimental data presents themselves a high level of noise since a
very detailed mapping of the fibre stress was attempted (data sampling every 2 um near the fibre fracture
(Goutianos et al., 2002a)). Moreover, during data acquisition some parts of the fibre were invisible to the
laser light due to fibre overlapping as the fibre fragments slide past each other (see Fig. 1(a)). Furthermore,
the laser spot was of about 2 um, whereas the fibre diameter is 6.6 um and it was impossible to control the
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Axial fibre stress (GPa)

-4 -1t r r - r - r 1 r 1 1 17
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Position form fibre break (um)

Fig. 7. Axial fibre stress (oy;) in the vicinity of a compressive fibre break (x = 0 um). The applied strain is —0.55%, and the coefficient of
friction between the fibre fragments is 0.4.
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Fig. 8. Axial fibre stress (a1;) in the vicinity of a compressive fibre break (x = 0 um). The applied strain is —0.55%, and the coefficient of
friction between the fibre fragments is 0.4 and 0.6, respectively.

point of the fibre fragment where the laser light was focused—as it will be shown later the fibre stress sig-
nificantly varies across its section near the fibre break position. Finally, as mentioned above the angle
between the fibre fragments was set to 45° in the model definition. However, in reality it is expected that
more probably there might be small deviations from this value, which would change the effective coefficient
of friction between the fibre fragments as a result of the change of the normal force component in the plane
of fracture. Considering the above, it can be argued that model’s predictions agree well with the experi-
mental findings.

The different coefficient of friction between the fibre fragments used in Figs. 7 and 8 could be explained
by the problems during data sampling previously mentioned. However, it might be possible that fibre
breaks in the same fibre can have different values of coefficient of friction. This is also supported by the
experimental data reported by Goutianos et al. (2002a), where large differences between types of breaks in
the same fibre were observed, which cannot be explained by the experimental error of the technique used.

3.3. Stress field in the vicinity of a compressive fibre break

In this section the stress field around a compressive fibre break will be investigated. As it was mentioned
above this problem concerning the axial fibre stress was already experimentally investigated by Goutianos
et al. (2002a). However, as it is mentioned the derivation of the ISS, in the vicinity of a compressive fibre
break, from the fibre stress is not accurate since the balance of forces argument, used successfully in similar
problems in tension, is not valid. Thus here, after having validated the model so far by comparing the axial
fibre stress obtained from the finite element analysis with the experimental data, the interfacial shear and
transverse stresses will be derived.

Fig. 9 depicts the axial fibre stress along the fibre length (the fibre break position is at x = 1000 pm) at
three different applied strains, —0.55% (fibre break introduction), —0.6%, and —0.7%, respectively. It can be
easily seen that the compressive ineffective length is of the order of ~100 um, much smaller when compared
to the tensile ineffective length (~500 um). This can be explained by the fact that the fibre fragments remain
in contact after fracture and thus stresses can still be transmitted between the fibre fragments. Another
important observation is that the fibre stress profile does not change drastically after fracture with in-
creasing applied strain, which is in agreement with the experimental data reported by Goutianos et al.
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Fig. 9. Axial fibre stress (gy;) in the vicinity of a compressive fibre break (x = 1000 pum) at different applied strains (¢;;), —0.55%,
—0.60%, and —0.70% respectively. The coefficient of friction between the fibre fragments is 0.4.

(2002a). Finally, the far-field stress values (far from the fibre break location) are much lower than predicted
by applying Hooke’s law, i.c. for & = —0.55%, &, should be around —2.1 GPa, whereas from Fig. 9 oy, is
only 1.25 GPa. The fibre fragments behave like a column that cannot sufficiently support the applied load.
Due to the relative movement between the fibre fragments, the load applied to the fibre is partially dissi-
pated to the matrix material. This is in distinct contrast with what is observed in the case of tensile loading,
where the far-field fibre stress (or strain) is always equal to the applied stress (or strain) unless the fibre
fragment length is less than the critical fibre length or excessive yielding and debonding takes place at strain
exceeding quite enough the failure strain of the fibres.

Concerning the interfacial shear stresses from Fig. 10 it can be observed that similar to the axial fibre
stress ISS almost barely changes with increasing applied strain. The same can also be seen in Fig. 6(b) and
(c), where the shear stresses mainly change in the direction transverse to the fibre through the matrix
material. Furthermore, the ISS profile is quite different between the side of the fibre which is under com-
pression (maximum ISS ~22 MPa) and the side which is under tension (maximum ISS ~ 30 MPa).

Fig. 11 shows the transverse stresses at the fibre/matrix interface. The analysis of these stresses in the case
of tensile fibre fragmentation tests is usually ignored since they are compressive and thus do not lead to
transverse cracking. In the case of compressive fragmentation, however, these stresses are positive (tensile)
and hence if they exceed the matrix failure stress (under the assumption that the interfacial strength is equal
to the matrix strength) failure will occur. From Fig. 11, ignoring the high values near the fibre break
location (at x = 1000 um), we can conclude that transverse stresses do not cause transverse interfacial
failure for this material system within the applicability of the current model used.

From the above results some distinct differences between the compressive and tensile fragmentation
process (Nath et al., 1996; Van den Heuvel et al., 1998) can be immediately identified. As it was mentioned
above, the ineffective length in compression is extremely small compared to that one in tension. Moreover,
as it was shown, the stress profiles (¢!, 6%, and ¢73) do not drastically change in the fibre direction with
increasing the applied strain after the event of fibre fracture. On the other hand, from Fig. 6 (shear stresses)
it can be seen that this is not the case in the direction transverse to the fibre axis. This is even more clear if
the transverse stresses are considered. Fig. 12 depicts the transverse stress contours at an applied strain level
of —0.55%. It can be easily seen that the main change in the stress field is in the transverse direction. Hence,
it can be assumed that a compressive shear fibre break results in a very local stress perturbation field and
the associated damage propagates in the transverse direction rather than in the longitudinal direction.
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Fig. 10. Interfacial shear stress (o12) in the vicinity of a compressive fibre break (x = 1000 pum) at different applied strains (&;;) —0.55%,
—-0.60%, and —0.70% respectively. The coefficient of friction between the fibre fragments is 0.4.
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Fig. 11. Transverse stress (02,) at the fibre matrix interface at different applied strains (g;1), —0.55%, —0.60%, and —0.70% respectively.
The coefficient of friction between the fibre fragments is 0.4. Transverse stresses at (a) the left side and (b) the right side of the fibre
break.

Additionally as it was shown by Boll et al. (1990), and experimentally supported by our previous work
(Goutianos et al., 2002a), that compressive failure of the fibres is not governed by fibre flaws. These
suggestions are in agreement with the results of Nakatani et al. (1999) who investigated in detail the dis-
tribution of the compressive and tensile strength of carbon fibres. They found that the fibre length de-
pendence of the average fibre compressive strength is much smaller than those of the tensile strength. More
importantly, they reported significantly larger value of the shape parameter of the Weibull distribution for
the carbon fibre compressive strength (ff = 32) than the fibre tensile strength (f = 6.1). Based on these
results, they also suggested that the scattering of the fibre tensile strength comes from the stochastic nature
of the existence and severity of defects and irregularities on the fibre structure. On the other hand, the fibre
compressive strength, according to the same authors, depends mainly on intrinsic material properties of the
fibre. This observation in conjunction with the current findings that the stress field, around a compressive
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Fig. 12. Transverse stress contours around the compressive fibre break at an applied strain of —0.55% (introduction of the fibre break).
The coefficient of friction between the fibre fragments is 0.4 (all values in MPa).

fibre break, changes at a higher rate in the transverse direction could explain the sudden catastrophic failure
observed in full unidirectional composites tested in compression. That is, an initial fibre fracture caused by
a stress raiser such as a hole, cut-out or fibre misalignment results in an intense stress perturbation in the
transverse direction, and as soon as the stress in the nearest adjacent fibre reaches it’s failure strength this
fibre will instantaneously break at this point (which is normally at a certain small angle with the initial fibre
failure as can be seen in Fig. 6(c)) since the failure pattern cannot be deflected by the existence of fibre flaws
as it happens in the case of tensile loading as suggested above. As soon as more fibres fail then catastrophic
failure takes place at a well defined plane, which lies at an angle different from 90° to the load direction as
also shown by Garland et al. (2001). This localised damage zone could then easily cause a local instability
leading to kink band formation. This proposed failure mechanism could explain the typical compressive
failure modes shown in Fig. 1(b) and (c).

3.4. Effect of matrix modulus

It is well known that the tensile properties of fibrous composites have been significantly improved over
the past decades by improving the fibre properties, understanding the role of the interface and optimising
the fibre/matrix adhesion, as well as matrix material. However, this is not the case concerning the com-
pressive properties where not much improvement was achieved. In the following sections a parametric
analysis of the matrix properties on the stress field generated by a compressive fibre break is performed with
the final aim to improve the compressive strength by using a matrix with the appropriate properties. The
matrix behaviour is now modelled as elastic—perfectly plastic material. First, the effect of the matrix
Young’s modulus will be addressed. A variation of the matrix Young’s modulus can be seen also as a
variation of its shear modulus.

Fig. 13 shows the axial fibre stress profiles along the fibre length for three different matrix moduli of 1.5,
2.0, and 2.5 GPa, respectively. The matrix yield stress is 45 MPa in all the cases. It can be observed that the
stiffer the matrix the lesser the fibre fragments can bend and therefore lower maximum fibre tensile and
compressive stresses can be attained. On the other hand, the far-field fibre stress is higher for a stiffer
matrix.

Concerning the ISS profiles it can be observed from Fig. 14 that for the side of the fibre fragment which is
under tension (Fig. 14(b)) all three cases examined show very similar behaviour (maximum ISS =22 MPa).



S. Goutianos et al. | International Journal of Solids and Structures 40 (2003) 5521-5538 5533

1
e E -15GPa 2 ~

o o E_=20GPa 1 . +Em:;g gz:
_ A E =25GPa . _ a2 —A E =25GPa
© b fo] 0 pis m
a a 0+
e e
2] )
0 ° 0
0 1] R =
® > D 1]
g o
8 % a 8
s L N s
X 2 =
3 Wi 2o

[ ?
700 750 800 850 900 950 1000 1000 1050 1100 1150 1200 1250 1300

(@) Position along the fibre break (um) (b) Position along the fibre length (um)

Fig. 13. Axial fibre stress (oy;) in the vicinity of a compressive fibre break (x = 1000 pm) for three different matrix modulus, 1.5, 2, and
2.5 GPa respectively. The coefficient of friction between the fibre fragments is 0.4 and the applied strain is —0.55%.
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Fig. 14. Interfacial shear stress (o),) in the vicinity of a compressive fibre break (x = 1000 pm) for three different matrix modulus, 1.5,
2, and 2.5 GPa respectively. The coefficient of friction between the fibre fragments is 0.4 and the applied strain is —0.55%.

In the case of a matrix with a lower modulus of elasticity the stress build-up from the fibre break is slightly
lower. However, at the compressive side of the fibre (Fig. 14(a)) the effect of the different matrix moduli is
more pronounced. A high matrix Young’s modulus results in much higher shear stresses. For £, = 2.5 GPa
the maximum ISS is ~20 MPa, whereas for £, = 1.5 GPa the maximum ISS is only ~15 MPa.

The transverse stresses are investigated in Fig. 15. Fig. 15(a) depicts the transverse stresses in the side of
the fibre fragment, which is under compression and Fig. 15(b) the side, which is under tension. It can be
seen from Fig. 15(a) that the higher transverse stresses are observed for the stiffer matrix similar to the case
of the interfacial shear stresses. Concerning the side, which is under tension, again not much difference
between the three different matrix moduli can be observed. In all the cases the maximum attained values are
the same, while as the matrix modulus decreases (read: the fibre can bend more easily) g,, decreases at lower
rate at a small distance from the fibre break and then rapidly drops to zero.

From the results presented above it can be concluded that a low matrix Young’s modulus (or shear
modulus) results in larger deformations of the fibre fragments after fibre fracture simply because the matrix
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Fig. 15. Transverse stress (o) in the vicinity of a compressive fibre break (x = 1000 um) for three different matrix modulus, 1.5, 2, and
2.5 GPa respectively. The coefficient of friction between the fibre fragments is 0.4 and the applied strain is —0.55%.

provides less support to the fibre fragments. In general, however, it can be assumed that a variation in the
Young’s modulus of the matrix does not drastically alter the stress field caused by the fibre fracture. Ad-
ditionally, the matrix shear stress patterns in the transverse direction to the fibre break were almost
identical for the three different matrix moduli examined. At this point it should be mentioned that Rosen’s
analysis (Rosen, 1965) treats the problem of compression as a buckling process in an elastic foundation and
its predictions are much higher compared with experimental values. From the results of this section, it can
be argued that the matrix modulus within the range examined has no direct effect on the compressive
fragmentation process.

3.5. Effect of matrix yield stress

In this section the effect of the matrix yield stress will be investigated. For this reason the matrix Young’s
modulus is kept constant and equal to 2 GPa. Fig. 16 shows the axial fibre stress in the case of three
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Fig. 16. Axial fibre stress (oy;) in the vicinity of a compressive fibre break (x = 1000 um) for three different matrix yield stresses, 30, 45,
and 60 MPa, respectively. The coefficient of friction between the fibre fragments is 0.4 and the applied strain is —0.55%, and the matrix
modulus is 2.0 GPa.
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different matrix yield stresses 30, 45, and 60 MPa, respectively. It can be easily observed that a low matrix
yield stress results in lower maximum fibre stress values and higher ineffective length. Additionally, it is
interesting to observe that the effect of the matrix yield stress is more pronounced of the compressive side of
the fibre fragment.

The corresponding interfacial shear stresses are plotted in Fig. 17, where it can be seen that the shear
stresses are strongly affected by changing the matrix yield stress. Moreover, excessive yielding occurs for a
low matrix yield stress (see Fig. 17(b), whereas no yielding can be identified at the compressive side of the
fibre (Fig. 17(a)).

The transverse stresses for the three different matrix yield stresses used are given in Fig. 18(a) (com-
pressive side of the fibre fragment) and Fig. 18(b) (tensile side of the fibre fragment). In both cases a low
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Fig. 17. Interfacial shear stress (o)) in the vicinity of a compressive fibre break (x = 1000 um) for three different matrix yield stresses,
30, 45, and 60 MPa, respectively. The coefficient of friction between the fibre fragments is 0.4 and the applied strain is —0.55%, and the
matrix modulus is 2.0 GPa.
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Fig. 18. Transverse stress (2) in the vicinity of a compressive fibre break (x = 1000 pm) for three different matrix yield stresses, 30, 45,
and 60 MPa, respectively. The coefficient of friction between the fibre fragments is 0.4 and the applied strain is —0.55%, and the matrix
modulus is 2.0 GPa.
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matrix yield stress results in a higher affected zone caused by the fibre break as the matrix is more compliant
and therefore the fibre fragments can bend more easily. The difference between the different matrix yield
stresses chosen are now more clear in the side of the fibre fragment which is under tensile loading.

It is clear from the results presented that the matrix yield is a key parameter in studying the compressive
behaviour of composites. A high matrix yield stress is essential in order to improve the compressive
properties of fibrous composites. This is in agreement with the results of i.e. Argon (1972), Budiansky
(1983), and Fleck et al. (1995), the only basic difference with their analysis is that the primary damage
mechanism is the fibre fragmentation itself.

Next a comparison between an elastic (o)' = 0) and elastic-perfectly plastic matrix (o' = 45 MPa) will
be performed to highlight the effect of matrix non-linearity. Fig. 19 depicts the axial fibre stress profiles
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Fig. 19. Axial fibre stress (oy;) in the vicinity of a compressive fibre break (x = 1000 pm) for (a) an elastic matrix and (b) an elastic—
perfectly plastic matrix (o)} = 45 MPa). The coeflicient of friction between the fibre fragments is 0.4 and the applied strain is —0.55%,
and the matrix modulus is 1.5 GPa.
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along the fibre length (fibre break location at x = 1000 um) for the two different matrices. The ineffective
length does not show large differences although it is lower for the elastic matrix. The most striking ob-
servation is that for the elastic matrix the stress profile is shifted downwards to higher compressive values,
i.e. the far-field axial fibre stress is —1.9 MPa, whereas for the elastic—perfectly plastic matrix is only —1.5
MPa. Concerning the ISS profiles it can be seen from Fig. 20 that the elastic interfacial shear stresses are
unacceptably high (100 MPa) exceeding the shear yield stress of any commercial epoxy matrix. In the elastic
case the matrix is so stiff that the fibre fragments display small lateral deformations and as a consequence
the perturbation of shear stresses around the fibre break is minor. On the other hand, if the numerical
predictions for the elastic matrix concerning the axial fibre stress are compared with the experimental data
presented in Figs. 7 and 8, then it can be observed that plasticity needs to be taken into account in order to
model the compressive behaviour of fibrous composites.

4. Conclusions

A numerical investigation of the compressive behaviour of high-modulus carbon fibres embedded in an
epoxy matrix was performed. First the FE model was validated by comparing numerical predictions with
experimental data. It was shown that:

1. The stress build-up emanating from a compressive fibre break is quite different from that in tension. In
contrast to the tensile case in compression the fibre stress at a fibre break does not necessarily drop to
zero.

2. The rate of stress transfer from a compressive fibre break is extremely high, since load transmission oc-
curs between the fibre fragments, and therefore the corresponding ineffective length is extremely small.

3. The matrix modulus of glassy polymers has no drastic effects on the stresses generated by the fibre frac-
ture and thus enhancement of the compressive strength cannot be achieved by increasing the matrix
modulus (for an elasto-plastic matrix).

4. Matrix plasticity is a key parameter in modelling the compressive behaviour of composites—a high yield
stress is required for compressive strength improvement.
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