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CAVITATION INSTABILITIES BETWEEN FIBRES IN A METAL MATRIX
COMPOSITE

Viggo Tvergaard
Department of Mechanical Engineering, Solid Mechanics
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

ABSTRACT – Short fibre reinforced metal matrix composites (MMC) are studied here to investigate the
possibility that a cavitation instability can develop in the metal matrix. The high stress levels needed for a
cavitation instability may occur in metal ceramic systems due to the constraint on plastic flow induced by
bonding to the ceramics that only show elastic deformation. In a MMC the stress state in the metal matrix is
highly non-uniform, varying between regions where shear stresses are dominant and regions where hydrostatic
tension is strong. An Al-SiC whisker composite with a periodic pattern of transversely staggered fibres is here
modelled by using an axisymmetric cell model analysis. First the critical stress level is determined for a
cavitation instability in an infinite solid made of the Al matrix material. By studying composites with different
distributions and aspect ratios of the fibres it is shown that regions between fibre ends may develop hydrostatic
tensile stresses high enough to exceed the critical level for a cavitation instability. For cases where a void is
located in such regions it is shown that unstable cavity growth develops when the void is initially much smaller
than the highly stressed region of material.
Keywords: Void growth; Plasticity; Cavitation instability; Micromechanics; Metal Matrix Composite.

1. INTRODUCTION
Metal matrix composites (MMC) are an important type of the metal-ceramic systems where
the presence of elastic fibres gives a constraint on plastic flow, which tends to increase the
macroscopic stress level in the material. In a short fibre reinforced material this will also
increase the stress level in the metal matrix so that a cavitation instabilitiy may occur.
Reinforcement of metals by short brittle fibres increases the stiffness and tensile
strength, but also results in poor ductility and low fracture toughness due to debonding of the
fibre-matrix interface and fibre breakage (McDanels [1], Zok et al. [2], Mummery and Derby
[3]). The variation in uniaxial tensile stress-strain behavior in response to variations of the
matrix microstructure for a 2124 Al-SiC whisker composite has been investigated by
Christman et al. [4]. In whisker composites it is often found that the fibres are rather well
aligned as a result of the processing using either contracting flow or expanding flow in the
extrusion (German and Bose [5]).
Micromechanical studies for metal matrix composites, by numerical cell model analyses,
are an important tool for obtaining a parametric understanding of various material parameters.
Such analyses allow for an accurate representation of the fibre shape and the material
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behavior in both fibres and matrix, thus leading to realistic stress and strain fields around the
fibres (e.g. see Needleman et al. [6]). Axisymmetric cell models containing a single fibre have
been used to study failure by debonding at the fibre-matrix interface and subsequent fibre
pull-out (Nutt and Needleman [7], Tvergaard [8]) and have also been extended to consider
both fibre breakage and debonding (Tvergaard [9,10,11]). The actual three-dimensional fibre
distribution is only approximately represented in the axisymmetric analyses, but full 3D
numerical cell model analyses (Levy and Papazian [12], Hom [13]) have confirmed a rather
good agreement with axisymmetric results.
For a single small void in an infinite elastic-plastic solid under pure hydrostatic tension a
critical stress level has been found, at which the void grows without bound (Bishop, Hill and
Mott [14], Hill [15]). This unstable void expansion is driven by the elastic energy stored in the
surrounding material. Such cavitation instabilities also occur under axisymmetric stress states
(Huang et al. [16], Tvergaard et al. [17]), when the stress triaxiality is sufficiently high.
Niordson and Tvergaard [18] have studied size-effects on the phenomenon and Legarth and
Tvergaard [19] have analyzed void growth instabilities in a 3D stress state with anisotropic
plasticity, and dynamic effects on cavitation instabilities have been studied by Kennedy et al.
[20]. Also, in the context of nonlinear elasticity there has been much interest in cavitation
instabilities (Ball [21], Horgan and Abeyarathne [22], Horgan and Polignone [23]).
In metal-ceramic systems the small strains in the ceramics give a constraint on plastic
flow in the metal phase, which makes it more likely to reach high stress triaxialities in the
metal. This was seen in experiments of Ashby, Blunt and Bannister [24] for a metal wire
bridging a crack in a glass matrix, where fracture occurred by the growth of a single void to a
diameter, which approached half the diameter of the metal wire. Also cavities growing in a
thin metal layer used to bond two ceramics (Tvergaard [25]) tend to reach unstable growth
due to the constraint on plasticity, if the voids are sufficiently small relative to the layer
thickness.
Also in a metal matrix composite there is a constraint on plastic flow due to the presence
of the fibres, which means that locally in the metal matrix between fibres the hydrostatic
tension can be significantly larger than the overall hydrostatic tension applied to the
composite. In the present paper a void embedded in the matrix between fibres is considered,
and the dependence of the growth rate on the void radius, the fibre dimensions and fibre
spacings are analysed.
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2. PROBLEM FORMULATION

The metal matrix composite (MMC) considered here is taken to have transversely staggered
short fibres arranged in the periodic pattern illustrated in Fig. 1. As has been shown in
previous studies [8,9] such transversely staggered patterns of brittle fibres give rise to high
normal stresses on the fibre ends, but also result in large shear deformations in the metal
matrix between fibre sides, when the composite is loaded in tension along the fibre direction.
The transversely staggered array of fibres is chosen here, rather than transversely aligned
fibres, because the staggered array shows a mixture of high shear stresses in parts of the metal
between fibres and high normal stresses in other parts, as will often be the case in short fibre
reinforced metals (e.g. see comparisons in [10]).
For tensile loading along the fibres combined with equal transverse loading in the
directions perpendicular to the fibres a good estimate of the stresses and strains in this MMC
is obtained by representing the material in terms of an axisymmetric unit cell model, as
indicated by the hatched area in Fig. 1, and shown in more detail in Fig. 2. In some of the
present analyses voids with initial radius

rv are taken to be present in the material, as

indicated in Fig. 2, while in other analyses there are no voids, as in Fig. 1. The cross-section
perpendicular to the fibres (Fig. 1b) shows a square array of fibres with spacing 2ac , and the
initial radius rc = (2 / π )ac of the axisymmetric model problem is chosen such that the fibre
volume fraction of the cell is equal to that of the material illustrated in Fig. 1. With the initial
cell length  c , and the fibre geometry specified by the initial half length  f and radius rf ,
the fibre volume fraction is f = (rf2  f ) /(rc2  c ) .
On the curved side of this circular cylindrical cell equilibrium and compatibility with
the neighbouring cells has to be represented in an approximate manner, as described in [8,9].
A neighbouring cell is identical to that analyzed, but is rotated 180 so that it points in the
opposite direction (see Fig. 1a). Compatibility and equilibrium in the axial direction are
directly specified in terms of the axial edge displacements and nominal tractions
u1 =
−U1 / 2, T 2 =
0 at x1 =
0

=
u U1 /=
2, T
0=
at x lc
1

2

1

(1)
(2)
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where the constant

U1 is the increase of length of the cell, while the displacement

components and the nominal traction components on reference base vectors are denoted by
u i and T i . In the radial direction compatibility is represented by the requirement that the
total cross-sectional area (consisting of an equal number of cross-sections of the two types of
neighbouring cells considered) is independent of the axial coordinate
u1 (x ) =
−u1 (η ) , for x =
η , x2 =
rc

{r + u (x )} + {r + u (η )}
2

2

c

2

c

2

= 2 {rc + U 2 } ,
2

for x = η , x 2 = rc

(3)
(4)

where ξ and η are distances from the bottom and the top of the cell, respectively, and U 2
is the radius increase at the centre of the cell (at x1 =  c / 2 ). The equilibrium conditions on
the cell side are specified as
1
2
(x ) T 1 (η ) , T=
(x ) T 2 (η ) ,
T=

, x 2 rc
for
x η=
=

(5)

As U1 denotes the increase of the length of the cell, and U 2 is the radius increase at
the centre, the average logarithmic strains in the axial and transverse directions are
=
ε1 n(1 + U1 /  c ) and =
ε 2 n(1 + U 2 / rc ) , respectively. The average nominal stresses ∑ij
are computed as the appropriate area averages of the microscopic nominal stress components
on the surface (considering both the cell analysed and one of the neighbouring cells of
opposite kind). The axial and transverse Cartesian stress components are ∑11 and ∑ 22 =∑33
, respectively, for the axisymmetric problem, and all shear components vanish. Using the
average strains ε1 and ε 2 , the average true stresses σ 1 and σ 2 are calculated from the
nominal stress values.
The matrix material is taken to be described by

J2

flow theory with isotropic

hardening. A convected coordinate, Lagrangian formulation of the field equations is used, in
which

gij

and

Gij

are metric tensors in the reference configuration and the current

configuration, respectively, with determinants g and G , and =
ηij ½(Gij − gij )

is the

Lagrangian strain tensor. The contravariant components τ ij of the Kirchhoff stress tensor on
the current base vectors are related to the components of the Cauchy stress tensor σ ij by

τ ij = G / g σ ij . The finite strain generalization of J 2 flow theory [26], gives an incremental
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stress-strain relationship of the form τij = Lijk ηk  , where Lijk  is the tensor of instantaneous
moduli. The effective Mises stress is s e = (3sij s ij / 2)½ , with the stress deviator
ij
s=
τ ij − G ijτ kk / 3 . The uniaxial stress-strain behaviour is represented by




ε =
σ y
E


σ

for σ ≤ σ y

E
σ 
 
σy 

(6)

n

for σ > σ y

where E is Young’s modulus, σ y is the uniaxial yield stress, and n is the strain hardening
exponent.
The material properties for the MMC are chosen to be those measured in [4] for a
whisker reinforced 2124 Al-SiC composite. Thus, the Al matrix is approximated by taking

σ Y / E = 0.005 and n = 7.66 in Eq. (1), with Poissons ratio ν = 0.3 . For the brittle fibers the
elastic properties are taken to be E f = 5.7 E and ν f = 0.21 . The same material properties
have been used in previous studies [8,9]. In [4] the fibre volume fraction was found to be
around 0.13 , but here the fibre geometry is varied relative to the cell size to see the effect on
growth of a void located as shown in Fig.2.
The void growth is the only type of damage considered here, while earlier studies have
accounted for the possibility of fibre-matrix debonding as well as fibre breakage. The void
considered here is taken to be located between fibre ends, which will tend to give high
hydrostatic tension near the void. On the other hand, in the staggered array of fibres part of
the load on a fibre will be carried by the neighbouring fibres through shear stresses in the
metal matrix between the fibres. Therefore, the hydrostatic tension that drives the void growth
will depend on geometry parameters such as the spacing between fibre ends, the transverse
spacing between fibres, and the fibre aspect ratio.
In the numerical analysis for the axisymmetric unit cell, the displacement components
on the base vectors of the cylindrical reference coordinate system are denoted u i , and the
Lagrangian strain tensor is given by

ηij=

1
ui , j + u j ,i + u,ki uk , j )
(
2

(7)
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Here ( ),i denotes the covariant derivative in the reference frame.
Numerical solutions are obtained by a linear incremental solution procedure, by
expanding the principle of virtual work about the current state. The incremental equation is, to
lowest order, equal to

∫ {∆τ
V

where V

ij

dηij + τ ij ∆u,kid uk , j } dV = ∫ ∆T id ui dA −  ∫ τ ijdηij dV − ∫ T id ui dA
A



V



A

(8)

and A are, respectively, the volume and surface of the body in the reference

configuration, ∆τ ij and ∆ηij are the stress and strain increments, T

i

are contravariant

components of the nominal surface tractions, etc. The bracketed terms are equilibrium
corrections. The displacement fields are approximated in terms of 8-noded isoparametric
elements, and volume integrals in the principle of virtual work are calculated by using 2x2
point Gauss integration within each element. An example of the mesh used for the
computations is shown in Fig. 3. Here, inside the fibre volume the elastic fibre properties are
used for the instantaneous moduli Lijk  , while outside the elastic-plastic properties of the
aluminium matrix are used. A special Rayleigh-Ritz finite element method [27] is used to
implement the boundary conditions, to control the numerical stability during rapid void
growth, and to enforce a fixed ratio, ρ = σ 2 / σ 1 , of the average true stresses in the transverse
and axial directions, respectively.

3. RESULTS

First the critical stress level for the occurrence of cavitation instabilities is determined, for the
particular metal used as matrix material here. Subsequently, a number of composites without
voids are analyzed under different external loading to check whether or not the critical stress
level is reached between fibres. Finally, the rate of void growth is analyzed for the same
examples of short fibre reinforced metals.

3.1 Cavitation instability limit in an infinite solid.
Cavitation instability limits have been determined in a number of previous investigations
[16,17] for various power hardening solids, as a function of the remote stress state. These
analyses were carried out by considering a single spherical void in an infinite solid subject to
an axisymmetric remote stress state. The cavitation instability state has been reached when the
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void keeps growing for a fixed stress and strain state at infinity, so that the void growth is
entirely driven by the stored elastic energy in the solid. In the present study the infinite solid
is approximated by considering a circular cylindrical body with a central void so small that
the void volume fraction is 10−10 . As indicated by the insert in Fig. 4 the true stress in axial
direction is S and the transverse true stress is T . At the two dotted curves in in Fig. 4
plasticity occurs at infinity (see also [28]). It is seen that in the whole range of the stress ratio
T/S where plasticity is confined to a region around the central void cavitation occurs at a
value σ m / σ Y in the vicinity of 5.0 , where σ m is the mean value of the remote true stress.

3.2 Stress states between fibres in an MMC with no voids.
In these analyses for metal matrix composites like those illustrated in Figs. 1 to 3 there
are no voids, but the local stress state is calculated at origo ( x=
x=
0 ), at the location where
1
2
voids are shown in Figs. 2 and 3. In these calculations with no voids a uniform mesh is used
in the region near origo, rather than a mesh focused on a void as shown in Fig. 3.
Fig. 5 shows the evolution of σ m / σ Y vs. the average axial logarithmic strain ε1 for
four different composites subjected to an overall stress state characterized by the ratio
=
ρ σ=
0.5 of the average stresses on the composite. In the reference case the geometry
2 / σ1
of the unit cell and of the fibre are specified by lc / rc = 6 , rf / rc = 0.6 and lv / rc = 0.8 . One
of these three parameters is varied for each of the three other curves, as indicated by the
parameter values for each curve. If the axial and transverse principal true stresses at origo are
denoted by S and T , thus referring to the stresses on the infinite solid in Fig. 4, the stress
ratio T/S is found to be initially rather low, but quickly grows to values between 0.8 and
0.85 , i.e. in the range of the cavitation curve shown in Fig. 4. Then, thinking about a void
extremely much smaller than the metal region around origo, this void would behave much
like a void in an infinite solid (Fig. 4), and since all four curves reach values of σ m / σ Y well
above 5.0 , it must be expected that a cavitation instability would be reached in all four
cases. In fact three of the curves in Fig. 5 reach values of σ m / σ Y as high as 10 or even 15,
so in these cases a cavitation instability would be expected early on. It is seen in Fig. 5 that
the values of the mean stress reach a maximum and then starts to decay, as would be expected
since the plastic deformations change the aspect ratio of the metal region around origo, and
the curves in Fig. 5 show that the stress level is quite sensitive to the initial value of this
aspect ratio.
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In Fig. 6 curves are shown for the same four materials, now subjected to uniaxial tension

ρ = 0.0 . Here the reference material does not reach the critical value of the mean stress near
origo. High enough stresses are reached for rf / rc = 0.8 , where the larger fibre radius and
thus smaller fibre spacing increase the mean stress, and for lv / rc = 0.4 , where the reduced
spacing between fibre ends gives higher mean stress. These two cases also gave high mean
stresses in Fig. 5. However, for lc / rc = 12 , where the cell aspect ratio is doubled and thus
the fibre aspect ratio is more than doubled, the normalized mean stress in Fig. 6 just reaches a
level around 5.0 , whereas in Fig. 5 this value exceeded 15. In Fig. 7 for the intermediate
level ρ = 0.25 of the average stress ratio three of the curves show values of the normalized
mean stress well above the critical level for cavitation instabilities, whereas the reference case
remains below that level.

3.3 Rate of growth of a void located between fibre ends.
The analyses here consider MMC’s with a void located at origo, as illustrated in Figs. 2
and 3. The average stress ratio is

ρ = 0.5 as also considered in Fig. 5, and the material

geometry is that of the reference material. It is known from previous studies of cavity growth
in a finite metal volume [25] that a sufficiently small void relative to the metal volume shows
a cavitation instability if the critical stress level is reached, whereas a larger void does not.
According to Fig. 5 the reference material does reach the critical stress level at origo. For
rv / rc = 0.001 it is clear that the curve in Fig. 8 becomes vertical, so here the void is small
enough to interact with the neighbouring metal region as if this was an infinite solid. Also for
rv / rc = 0.01 the curve is nearly vertical, very close to that for the ten times smaller initial
void radius. However, for the two larger voids it is clear that there is no cavitation instability
and that void growth requires further macroscopic straining of the metal matrix composite.
Fig. 9 shows deformed meshes corresponding to two of the curves in Fig. 8, both
referring to the reference material. For rv / rc = 0.01 Fig. 2a shows the deformed mesh at the
stage where the normalized void volume has reached 4108, i.e. far above the top of the curve
shown in Fig. 8. The deformed mesh in Fig. 9b corresponds to rv / rc = 0.1 at a stage where
the normalized void volume is 886, i.e. about halfway up on the curve in Fig. 8. This is the
case used in Fig. 4 to illustrate an initial mesh. It is clear in Fig. 9b that the void has grown so
close to the neighbouring fibres that the interaction with the surrounding metal cannot be
similar to interaction with an infinite solid. It is noticed in both deformed meshes that there is
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no visible deformation of the fibres, which undergo only elastic deformations. It is also seen
in Fig. 9b that expansion outside the average cell radius in one end of the unit cell gives less
radial expansion at the other end of the unit cell, as is necessary due to the boundary
conditions (3)-(4) on the cylindrical side of the unit cell, which represent interaction with a
neighbouring unit cell identical to that analyzed, but rotated 180 so that it points in the
opposite direction (Fig. 1a).
Fig. 10 shows the evolution of the normalized void growth vs. axial strain for ρ = 0.5
and rv / rc = 0.001 . The four different composite geometries are the same as those considered
in Fig. 5 in the absence of any void. Based on the mean stress evolutions in Fig. 5 it was
already expected that a cavitation instability would occur in all four cases provided that the
void is sufficiently small, and this has already been seen in Fig. 8 for the reference case. The
difference to the other three cases in Fig. 10 is that here the cavitation instability develops at
smaller strains than that found for the reference case, as would also be expected based on the
more rapid development of high mean stresses in Fig. 5.
A computation was also carried out for the same cell aspect ratio

lc / rc = 6 , with

ρ = 0.5 and rv / rc = 0.001 , but with no fibres so that the volume occupied by fibres in Figs,
1, 2 and 3 is here given the material properties of the Al matrix. This corresponds to all four
curves in Fig. 10, but without fibres. Even though this curve was plotted into Fig. 10, it is not
visible, since at ε1 = 0.1 the normalized void volume V / V0 has only grown to the value
1.99 from the initial value 1.0 . Thus, the constraint on plastic flow due to the fibres has a
strong effect on the void growth behavior.
When the composites in Fig. 11 are subjected to uniaxial tension, ρ = 0 , rather than
the higher transverse stress applied in Fig. 10, this results in much lower stress triaxiality in
the vicinity of the void, as was also shown in Fig. 6. Based on Fig. 6 it is not surprising that
the reference case shows rather slow void growth with no tendency to a cavitation instability,
while the other three cases reach an instability at significantly higher strain values than those
found in Fig. 10. It is noted that even though the macroscopic stress state has the low
triaxiality 1/ 3 corresponding to uniaxial tension, the constraint on plastic flow is high
enough for some of the fibre arrangements to reach a cavitation instability locally in the metal
between fibres.
Fig. 12 illustrates the intermediate stress state, ρ = 0.25 , between those in Figs. 10 and
11. The high levels of normalized void volume are here reached at larger axial strains than
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found in Fig. 10 and at smaller axial strains than found in Fig. 11. Also, the reference case
does not quite reach a cavitation instability, as would be expected based on the mean stress
level reached in Fig. 7 when there was no void present.

4. DISCUSSION

Cavitation instabilities in metals require a mean tensile stress many times the initial yield
stress, as is known to occur in thin metal layers used to bond two ceramic bodies [24] or in
metal particles bridging cracks in ceramics to add ductility [24]. The present studies show that
also in a metal matrix composite, where the stress state in the metal is highly non-uniform, the
constraint on plastic flow can be sufficient to result in unstable cavity growth in some points
of the matrix.
For the particular aluminium alloy considered here it has been found that a cavitation
instability can occur when the mean stress normalized by the initial yield stress is around 5 .
It is known from previous studies [16,17] that this level varies with the material parameters,
such that a more high hardening material, with a smaller value of n in (6), results in an
increased level of the critical stress for cavitation, while a higher value of the initial yield
strain, σ Y / E , gives a reduced level of the critical stress.
The metal matrix in an MMC does not everywhere reach very high tensile mean stresses.
Thus, in the matrix between two parallel fibres pointing in the main tensile direction shear
stresses dominate. But the focus here is on locations between ends of fibres, where a high
mean stress tends to develop. It is shown that the mean stress level depends much on the ratio
of the distance between fibre ends to fibre radius, on the fibre aspect ratio, and on the distance
to parallel neighbour fibres. Comparison of the stress evolution at such locations between
fibre ends shows that the fibres can give a constraint on plastic flow that results in stress
levels even far higher than the cavitation limit.
The critical stress for a cavitation instability under a given remote stress state applies to
the case of a single void in an infinite solid. If the solid is not infinite, it has to be so large
relative to the void that there is enough stored elastic energy to drive the continued expansion
of the void once the critical stress level has been reached. This effect is also found here (Fig.
8), where the initial void radii of 0.1 or 0.03 times the cell radius are not sufficiently small
to allow for unstable cavity growth, but the unstable growth does develop for the smallest
voids considered. Then, studying only small voids, with an initial radius of 0.001 times the
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cell radius, it was found here that unstable void growth does develop in the cases of fibre
configurations and macroscopic stress states where analyses without voids have shown that
the critical stress level would be exceeded.
In the cases where unstable cavity growth has been found (Figs. 8 to 12) this growth has
been followed to normalized void volumes, V / V0 ,

exceeding 1600, but this will not

continue when the current void radius approaches the cell radius. In a previous study of void
growth in a thin metal layer between ceramics [25] it has been possible, using remeshing, to
follow unstable void growth up to a normalized void volune as high as 109 , but then
neighbour voids have grown so large relative to their spacing that their growth develops into a
standard coalescence mode.
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Figure captions:
Fig. 1. Periodic array of staggered fibres. (a) Cross-section along fibres. (b) Cross-section
transverse to fibres.
Fig. 2. Axisymmetric unit cell containing part of a fibre and part of a void.
Fig. 3. Example of a mesh used for a unit cell containing void and fibre.
Fig. 4. Cavitation limit for a spherical void in an infinite elastic-plastic power hardening solid
subject to remote axisymmetric stressing, for σ Y / E = 0.005 , ν = 0.3 and n = 7.66 .
Fig. 5. Evolution of mean stress σ m at origo for four different fibre arrangements, when

ρ = 0.5 (there is no void). The reference case has lc / rc = 6 , rf / rc = 0.6 and lv / rc = 0.8 .
Deviations from the reference values are indicated on the curves.
Fig. 6. Evolution of mean stress σ m at origo for four different fibre arrangements, when

ρ = 0 (there is no void). The reference case has lc / rc = 6 , rf / rc = 0.6 and lv / rc = 0.8 .
Deviations from the reference values are indicated on the curves.
Fig. 7. Evolution of mean stress σ m at origo for four different fibre arrangements, when

ρ = 0.25 (there is no void). The reference case has lc / rc = 6 , rf / rc = 0.6 and lv / rc = 0.8 .
Deviations from the reference values are indicated on the curves.
Fig. 8. Evolution of the normalized void volume vs. axial strain for lc / rc = 6 , rf / rc = 0.6 ,
lv / rc = 0.8 and ρ = 0.5 . The four different initial void radii are indicated on the curves.
Fig. 9. Deformed meshes for two different unit cells with lc / rc = 6 , rf / rc = 0.6 , lv / rc = 0.8
and ρ = 0.5 . (a) For rv / rc = 0.01 at V / V0 = 4108 . (b) For rv / rc = 0.1 at V / V0 = 886 .
Fig. 10. Evolution of the normalized void volume vs. axial strain for four different fibre
arrangements, when
rf / rc = 0.6 and

ρ = 0.5 and

rv / rc = 0.001 . The reference case has

lc / rc = 6 ,

lv / rc = 0.8 . Deviations from the reference values are indicated on the

curves.
Fig. 11. Evolution of the normalized void volume vs. axial strain for four different fibre
arrangements, when
rf / rc = 0.6 and

curves.

ρ = 0.0 and

rv / rc = 0.001 . The reference case has

lc / rc = 6 ,

lv / rc = 0.8 . Deviations from the reference values are indicated on the
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Fig. 12. Evolution of the normalized void volume vs. axial strain for four different fibre
arrangements, when
rf / rc = 0.6 and

ρ = 0.25 and

rv / rc = 0.001 . The reference case has

lc / rc = 6 ,

lv / rc = 0.8 . Deviations from the reference values are indicated on the

curves.

Fig. 1. Periodic array of staggered fibres. (a) Cross-section along fibres. (b) Cross-section
transverse to fibres.
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Fig. 2. Axisymmetric unit cell containing part of a fibre and part of a void.

Fig. 3. Example of a mesh used for a unit cell containing void and fibre.

Fig. 4. Cavitation limit for a spherical void in an infinite elastic-plastic power hardening solid
subject to remote axisymmetric stressing, for σ Y / E = 0.005 , ν = 0.3 and n = 7.66 .
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Fig. 5. Evolution of mean stress σ m at origo for four different fibre arrangements, when

ρ = 0.5 (there is no void). The reference case has lc / rc = 6 , rf / rc = 0.6 and lv / rc = 0.8 .
Deviations from the reference values are indicated on the curves.

Fig. 6. Evolution of mean stress σ m at origo for four different fibre arrangements, when

ρ = 0 (there is no void). The reference case has lc / rc = 6 , rf / rc = 0.6 and lv / rc = 0.8 .
Deviations from the reference values are indicated on the curves.
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Fig. 7. Evolution of mean stress σ m at origo for four different fibre arrangements, when

ρ = 0.25 (there is no void). The reference case has lc / rc = 6 , rf / rc = 0.6 and lv / rc = 0.8 .
Deviations from the reference values are indicated on the curves.

Fig. 8. Evolution of the normalized void volume vs. axial strain for lc / rc = 6 , rf / rc = 0.6 ,
lv / rc = 0.8 and ρ = 0.5 . The four different initial void radii are indicated on the curves.
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Fig. 9. Deformed meshes for two different unit cells with lc / rc = 6 , rf / rc = 0.6 , lv / rc = 0.8
and ρ = 0.5 . (a) For rv / rc = 0.01 at V / V0 = 4108 . (b) For rv / rc = 0.1 at V / V0 = 886 .

Fig. 10. Evolution of the normalized void volume vs. axial strain for four different fibre
arrangements, when
rf / rc = 0.6 and

curves.

ρ = 0.5 and

rv / rc = 0.001 . The reference case has

lc / rc = 6 ,

lv / rc = 0.8 . Deviations from the reference values are indicated on the
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Fig. 11. Evolution of the normalized void volume vs. axial strain for four different fibre
arrangements, when
rf / rc = 0.6 and

ρ = 0.0 and

rv / rc = 0.001 . The reference case has

lc / rc = 6 ,

lv / rc = 0.8 . Deviations from the reference values are indicated on the

curves.

Fig. 12. Evolution of the normalized void volume vs. axial strain for four different fibre
arrangements, when
rf / rc = 0.6 and

curves.

ρ = 0.25 and

rv / rc = 0.001 . The reference case has

lc / rc = 6 ,

lv / rc = 0.8 . Deviations from the reference values are indicated on the
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