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Numerical analysis to study the tensile
behaviour of a spring-steel-wire-
reinforced aluminium alloy metal
matrix composite

Matthias Merzkirch, Marius Meissner, Volker Schulze and Kay
André Weidenmann

Abstract

The reinforcement of composite extruded light metal profiles offers a high potential in terms of weight reduction and the
improvement of mechanical properties, both of which are essential for components in lightweight space frame con-
structions. In a previous study, the mechanical properties under tensile loading of spring-steel (301SS)-wire-reinforced
aluminium extrusions based on EN AW-6082 were investigated in terms of a varying reinforcing ratio. The aim of the
current study is to minimize the effort needed to gather mechanical data by calculation of the deformation and damage
behaviour under tensile loading of I 1.l vol.% spring-steel-reinforced EN AW-6082. The simulation of the push-out test
provided specific parameters concerning the interfacial properties — like the radial strength — needed for modelling the
tensile test. It could be shown that the simulation of the tensile test is in good agreement with the experimental results,

concerning quantitative values (stress—strain curve) and qualitative behaviour (necking and debonding).
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Introduction
Production process: Composite extrusion

The composite extrusion process, which is outlined in
Kleiner et al.,' allows a direct embedding of metallic
wires and hybrid wires based on ceramic fibres®
within lightweight metal matrices such as aluminium
and magnesium alloys with the help of modified port-
hole dies. A multitude of different continuous wire-rein-
forced material combinations and profile geometries
have been produced with a maximum reinforcing
ratio of 13.5 vol.%.°

Interfacial characterization: Push-out test

For a first estimation of the quality of extruded profiles,
statements about the quality of the embedded reinfor-
cing elements (REs) are necessary. A simple method
(regarding specimen preparation and experimental
setup) to determine the interfacial strength (debonding
shear strength) of unidirectionally reinforced

composites is the push-out test proposed by Marshall’
and Marshall and Oliver.® The functional principle is
depicted in Figure 1.

The RE (diameter d) within the flat specimen (thick-
ness h) is loaded axially by an indenter. A groove
(width b) within the support area allows the RE to be
pushed out of the surrounding matrix (M) material.
During this displacement controlled test, the load is
measured continuously. After reaching the maximum
load F.x, the interface collapses, and the RE is subse-
quently pushed out, generating friction between the RE
and the matrix material.'®'? The maximal debonding
shear strength is calculated using the maximum load
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and the lateral area of the RE’ (Figure 1), according to
equation (1):

Fmax
7w-d-h

(M

Odeb =

Ideally, the interface only experiences shear loads. In
practice, due to the lateral expansion by the compres-
sion load, a certain normal stress occurs.> A further
disadvantage is that the groove of the support area
should be larger than the diameter of the RE. As a
consequence, in addition to the axial loading of the
RE, a bending of the specimen occurs, which is influ-
enced by the diameter of the RE, the specimen thick-
ness and the groove width.!*> Nevertheless, this
experimental method is predestined for a quick and
easy quantification of the interfacial bonding. It was
used for different material systems.”’ Unfortunately it
does not deliver any insight into the normal debonding
strength. In Theler et al.,'* the normal adhesion
strength of composite extruded aluminium/steel profiles
was determined to be about 200 MPa, which corres-
ponds to about 90% of the ultimate tensile strength
of the aluminium alloy EN AW-6060. The measured
shear strength was about 140 MPa.'*

Tensile behaviour of monofilament-reinforced
composites

A detailed investigation of the tensile deformation and
damage behaviour in longitudinal direction of the
monofilament spring-steel (301SS)-wire-reinforced alu-
minium alloy EN AW-6082 (Mg and Si alloyed) with
varying reinforcing ratio is presented in Merzkirch
et al.'” The investigations have shown that the ductility

Figure 1. Functional principle and schematic load—displace-
ment curve of a push-out test according to Weidenmann et al.”

of the RE leads to higher ductility of the composite, as
is predicted by the Kelly model of Kelly and Davies'®
and Courtney.'” A representative nominal stress—total
strain curve for an 11.1 vol.% spring-steel-wire-rein-
forced EN AW-6082 composite is shown in Figure 2.
For comparison, Figure 2 also includes the unre-
inforced monolithic matrix material.

According to the Kelly model,'®!"” within region I
pure elastic behaviour occurs where the rule of mixture
for the Young’s modulus E;j can be used. The beginning
of region II is defined by the onset of plasticity of the
matrix material at its yield strength o, »s. The superpos-
ition of the elastic behaviour of the RE and the elastic—
plastic behaviour of the matrix material within region
IT can be approximated by equation (2):

d
En = ERrg - VR + (—dGM) -V (2)
em

The differential coefficient ‘é‘s’—h": describes the slope of
the stress—strain curve after the onset of plasticity and
marks the linear approach of the hardening of the unre-
inforced matrix material. Since the slope during
hardening is gradual in comparison to the Young’s
modulus of the RE, equation (2) can be simplified by
neglecting the second term. Region III is determined by
the plastic deformation of the RE and does not occur
where brittle REs are used.'®!” In Merzkirch et al.,'
metallographic examination showed multiple necking
of the RE. Additionally, the necking of the matrix
material in turn leads to a debonding of the interface
between the RE and the matrix material.'> The ultimate

—— 11.1 vol.% composite
— — -EN AW-6082 matrix

o _in MPa

g in %

Figure 2. Representative nominal stress (G,)-total engineering
strain (e.) curve of an | l.] vol.% reinforced specimen (tested in
longitudinal direction) with indications of the different deform-
ation and damage regions |-V, and for comparison the unre-
inforced matrix material EN AW-6082."



tensile strength of the composite can be calculated
as follows:

ouTs.c = OUTS.RE - VRE + oM (eRe) - Vi 3)

om(egg) stands for the stress occurring within the
matrix at fracture of the RE.'®!” The fracture of the
RE marks the transition to region IV which represents
the elastic—plastic behaviour of the remaining matrix
until its final fracture at a total strain of about
e~ 13%.1°

Since the main aim of simulations is to reduce elab-
orate experimental investigations, the present study
deals with the calculation of the tensile behaviour of
11.1 vol.% spring-steel-wire-reinforced aluminium
alloy EN AW-6082 and the comparison with experi-
mental tensile tests, shown in Merzkirch et al.'®> The
first step of the modelling includes the implementation
of the mechanical tensile data of the single components,
RE and matrix. For the modelling of the contact
between the RE and the surrounding matrix material,
more quantitative information about the interfacial
behaviour is needed, since the experimental data
about the debonding behaviour are relatively poor.
Therefore, the push-out test was also calculated includ-
ing the iterative implementation of interfacial param-
eters, aiming for a proper adaption of the interfacial
properties to the model of the tensile test.
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Modelling

The modelling of the push-out test and tensile test was
performed by ABAQUS Standard 6.10. Two-dimen-
sional axisymmetric quadrilateral elements'® with
reduced integration (CAX4R) were used.

Push-out test

Similar to the experimental setup shown in Figure 1,
the push-out test was modelled on an axisymmetric half
section, according to Marshall and Oliver® and
Chandra and Ananth,'® due to the existing symmetries
(see Figure 3). The indenter was modelled as a sphere
with infinite stiffness (rigid body).

Due to the axisymmetric character of the model, the
groove was modelled as circular gap, whereas it is rect-
angular within the experiment.” The support area with
a length of 3mm was modelled as fix gripping with
neither translational nor rotational degrees of freedom.
The displacement of the indenter is allowed by appro-
priate boundary conditions in the y-direction. The
meshing, see Figure 3, was modelled by a refinement
towards the interface.

Tensile test

The geometry of the tensile specimen with a reinforcing
ratio of 11.1 vol.% is shown in Figure 4. The RE with a

Figure 3. Model (above) and meshing (below) of the push-out specimen, dimensions in mm.
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constant diameter of 1 mm is placed in the centre of the
cylindrical specimens (dotted line).

The tensile specimen was modelled as an axisymmet-
ric quarter section with respect to the symmetric char-
acter of the specimen (see Figure 5). As a boundary
condition for the axis of symmetry, the displacement
in the y-direction as well as the rotation around the
x- and z-axis was limited (U, =0, UR,=UR,=0)."

The displacement-controlled loading was realized via
boundary conditions at the clamping area of the speci-
men’s outer surface — the length of which is exactly the
same as in the experiment — in a positive y-direction.

The small element size of the RE is the result of the
demand that the size of the element of a ‘master’ con-
tact area should be bigger that of the ‘slave’ contact
area of a cohesive joint." The level of mesh refinement
in the gauge section has been shown to be sufficient to
capture the desired effects. Since the focus of the inves-
tigations is on the gauge length, the element size of the
clamping area is chosen to be larger in order to save
computing time. The strain was determined along the
modelled measuring length.

Modelling of the interface

Generally the modelling of the interface can be carried
out based on a cohesive layer with known thickness or

Figure 4. Specimen geometry with a reinforcing ratio of |1.1
vol.% with dimensions in mm.

by knowledge of the mechanical data, e.g. the shear
modulus.'® Due to missing experimental data, a simpler
and established method was chosen: modelling a spring
layer as an interface layer with a neglectable thickness.
As described in the literature'®?°23 in detail, the RE
and matrix are coupled by stiff springs as surface knots.

Since no displacement of the contact areas of the
single components is possible, the stiffness of the
spring should be a multiple larger than the Young’s
modulus of the components. In order to prevent con-
vergence problems, the values are limited. As an exam-
ple, in Chandra and Ananth'® a stiffness 100 times
higher than that of the RE was chosen. The linear elas-
tic displacement model includes the stress tensor t,
including the stress in normal (radial) direction and
the components for shear and torsion which can be
calculated from the displacement ds;,,, and the stiffness
matrix K:"

tn Kin Kis Ky dn
t=1t - Kns Kss Ksn . 85 =K. (SSim
t Kiat K Ky ¢
“4)

Ko, Ky and Ky represent the stiffness in the normal
and the two shear directions which were assumed to be
Kon=Ku=Ky=5x10°GPa in order to ensure a
stable calculation.

Generally the interface bond in radial normal direc-
tion is another unknown variable. As a rough estimate,
in Mukherjee et al.?! the value for the interface normal
bond was set equal to the interface debonding shear
strength, in which a significant overestimation was
observed. Until damage initiation there is a linear cor-
relation between stress and strain. After damage initi-
ation, damage evolution occurs in terms of the
degradation rate and the type of interface stiffness.
The current investigations include the quadratic stress

Figure 5. Model (above) and meshing (below) of the tensile specimen.



criterion proposed by Mukherjee et al.?' and
Wisnom>* where a combination of the normal and
shear stress is considered for the calculation of the
damage initiation of the interface:

1> (t)]°  [t)?
{a} *H *H =! ®

For damage evolution, the scalar damage variable Dg;,,
with linear degression was introduced. Damage initi-
ation is represented by the value 0. During damage
evolution this value is steadily increased from 0 to 1

_ (1 - DSim) : En»En = 0
= { ths else ©
ts = (1 - DSim) : Es (7)
t, = (1 — Ds{m) . Et (8)

The default of damage evolution can be declared by the
maximum displacement Jg;,,, of total failure of the con-
tact point or by the maximum fracture energy which is
used at the failure of the contact point. The fracture
energy at failure of the interface was iteratively
assumed to be 2 kJ/m?.

Material parameters

Detailed information about the experimental proced-
ure and the investigation of the quasi-static behaviour
under tensile loading of the matrix and reinforcing
component is discussed in Merzkirch et al."®
The experimentally determined material data (stress—
strain curve with elastic and elastic—plastic parts)
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of the single components, the aluminium matrix
material EN AW-6082 and the reinforcing spring-
steel (301SS)-wire with a diameter of 1 mm, shown
in Figure 6, were implemented into ABAQUS. The
RE and the matrix are regarded as isotropic and

homogeneous and the ABAQUS classical metal
plasticity model with isotropic hardening was
employed.

An overview of the quasi-static properties of the
matrix material and the RE is presented in Tables 1
and 2, respectively,'®> where E is the Young’s modulus
of the matrix (index M) and the RE (index RE). Ry
is the offset yield strength and oyrs is the ultimate
tensile strength. "™ is the uniform elongation and &

Table I. Quasi-static properties of the matrix material EN
AW-6082.

Em Rp0.2 GuTs,M Elquni EEE

in GPa in % in MPa in % in MPa in% in% in%

68 + 29 99 + 1.3 202 + | 207+ 28+
Alé6 AO02

Table 2. Quasi-static properties of the reinforcing element
301Ss.

! F
Ere Rpo2 OUTSRE ERE ‘R

in GPa in % in MPa in % in MPa in% in% in%

197 =+ 14 1963 £ 05 2095 +02 |7+ 18+

A 0.02 A 0.07

2250
2000+
1750
1500 -
1250
1000 -
750+
500+
250+

0 T T T
0.0 0.5 1.0 1.5 2.0

g in %

o in MPa

Figure 6. Representative experimental nominal stress—total engineering strain curves of the matrix material (left) and the

RE (right)."
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the elongation until fracture of the component occurs.
It should be noted that the wire shows plastic
deformation.

The interfacial strength was determined via the push-
out test on a flat specimen with a thickness of 1 mm to
O4eb =73 MPa. The RE — diameter d within the flat
specimen (thickness h) was loaded axially by an inden-
ter. The groove within the support area had a width of
2mm.9 Further details can be found in Weidenmann
et al.

Results and discussion
Push-out test

The simulation of the push-out test was primarily car-
ried out for verification of the interfacial properties,
since these are needed for the simulation of the tensile
test. Since no proven statement — experimental data —
about the value of the normal strength between the RE
and matrix material can be issued, the normal strength
was assumed to be equal to the interfacial shear
strength (c4ep, =73 MPa), according to Mukherjee
et al.,?' as an initial value. Since no debonding of the
interface was observed during simulation using this
value, much smaller values were then used — varying
between 2, 3 and 4 MPa — and implemented for an itera-
tive evolution of the experimentally determined values.

The influence of the radial normal strength ¢,,4 on
the load—displacement curve is shown in Figure 7. The
fracture energy correlates with the area beneath the
load—displacement curve.

Furthermore, it can be seen that the interfacial
normal strength only affects the maximum load,
whereas the displacement at the maximum load and
the total energy is almost constant (~20 um). A dou-
bling of the interfacial normal strength leads to an

250
6,,=2MPa
---5_,=3MPa
200- . ~--- 6 ,=4MPa
’\.\’
_ 150+ S
£
<_§ 100
50
0 T T T T
0 20 40 60 80 100

displacement in um

Figure 7. Influence of the radial normal strength on the load—
displacement curve.

increase in the maximum load of 13 N. The choice of
the interfacial normal strength was made by iteration of
the simulation of the tensile tests. For the following
investigations a  radial normal strength  of
Grad =2 MPa was assumed.

Figure 8 shows the comparison of the experimental
data with the calculated load—displacement curve. At
the beginning of the test a high stiffness can be seen.
A possible explanation can be found in the modelling of
the groove as a circular gap. This may lead to a higher
initial stiffness than the rectangular groove in the
experiment. Further comparison of the curves after
reaching the maximum load is omitted in the following
discussion, since friction effects beyond the load drop
were neglected in the calculations.

Since a relatively good agreement was shown
between the calculation and the experiment for
damage initiation before reaching the maximum load,
the following section deals with the analysis of the dif-
ferent stress components in the interfacial area using
contour plots.

Figure 9 shows the shear strength along the interface
for different displacements. At the beginning of the test,
Figure 9(a), relatively small shear stresses in loading
direction within the area of the load initiation at the
top and bottom of the specimen can be seen. The high-
est shear stress can be observed in the centre section of
the specimen. At higher penetration depths, Figure
9(b), an increase in the shear strength can be seen at
the top and bottom of the specimen. At a penetration
depth of 30 um a relatively homogeneous shear loaded
area can be observed. At the top of the specimen close
to the interface and at the bottom of the specimen high
deformation of the matrix material can be found (see
arrows Figure 9(c)).

Figure 10 depicts the radial stress within the RE as
well as within the matrix material with increasing

250
200 e
i \\\
z 1504 |/ N
£ ! \ -7
o ! NSt
g 1004 |/
!
i
50 ~
— - - Experiment
— Simulation (¢, = 2 MPa)
0 T T T T
0 50 100 150 200 250

displacement in um

Figure 8. Comparison between calculated (G,,4 =2 MPa) and
experimentally determined load—displacement curve.



displacement. In particular, at the area of the load ini-
tiation, high radial compressive stresses can be seen
which can be attributed to the radial deformation of
the RE resulting from the axial loading as well as the
load flow between the RE and matrix material.

Furthermore, the radial tensile stresses close to the
interface can be observed at the bottom of the
specimen. The stress resulting from the contact
with the support area can also be seen in Figure 10(b)
and (c).
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In order to investigate the influence of the interfacial
damage from the different displacements, Figure 11
shows the qualitative damage state of the interface
via cohesive surface damage (CSDMG)," analogous
to Dgm, see equations (6) to (8). Red areas represent
complete delamination (CSDMG =1), whereas blue
areas represent a completely intact interface
(CSDMG =0).

It can be observed that damage initiation of the
interface occurs at the bottom of the specimen.

Figure 9. Evolution of the shear stress (in Pa) in axial direction at displacements of (a) 10 um, (b) 20 pm, (c) 30 um (scale

factor = 10).

Figure 10. Calculated radial stress (in Pa) at displacements of (a) 10 um, (b) 20 um, (c) 30 um (scale factor = I).



2666

Figure 11. Qualitative evolution of interface damage at displacements of (a) 10 um, (b) 20 um, (c) 30 pm (scale factor = 10).

Figure 12. Comparison between calculated (scale factor =) (left) and experimentally determined (right) interface damage.

The amount of delamination rises with increasing pene-
tration depth bottom-up. At a penetration depth of
20 pm, Figure 11(b), the interfacial damage occurred
at about one-third of the specimen thickness, where
already a complete delamination occurs at a penetra-
tion depth of 30 um. Furthermore, the deformation at
the top as well as at the bottom can be seen (arrows in
Figure 11(c)), compare Figure 9.

Figure 12 compares the calculated (left) and the experi-
mentally determined (right) damage. A similar plastic
deformation of the matrix material at the top edge of the
specimen can be observed for the dragged matrix material.
Furthermore, a comparable delamination at the bottom
specimen area is seen in both investigations. In addition,
plastic deformation of the matrix material at the top as
well as at the bottom of the specimen can be seen. It can be

concluded that the high radial tensile stresses at the
bottom of the specimen, resulting from bending, lead to
a delamination of the interface.

It can be observed that the assumed interfacial
normal strength of 2MPa might be too small. The
(macromechanically) measured adhesion strength of
steel/aluminium joints close to the ultimate tensile
strength of the matrix material,'* which was initially
chosen, is much too high. This has already been
proved by assuming the interfacial normal strength to
be equal to the interfacial shear strength.?*

Tensile test

The stress—strain curve of the composite calculated
from the mechanical behaviour of the single
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Figure 13. Calculated nominal stress—total engineering strain
curve at different radial normal strengths of the interface.

components is depicted in Figure 13. The influence of
different implemented maximal radial normal strengths
Graq Of the interface — varying between 2, 3 and 4 MPa —
can be observed.

For all curves a steep increase up to 125 MPa, fol-
lowed by a gradual flattening of the curve can be
observed.

The stress plateau region starts at a total strain of
about & = 2%. For a radial normal strength of
Orad =2 MPa small stress decreases are visible at a
total strain of about ¢,=6.5%. The cause of this was
not clarified. From a total strain of ¢, & 7.6% a stress
reduction can be seen showing the influence of the
radial bond. An increasing flattening of the stress
reduction — a less pronounced stress reduction — can
be observed with increasing radial bond. The simula-
tion was interrupted at a strain of 10.3% since only the
deformation and debonding behaviour up to the end of
region III is of interest. Furthermore, elaborate experi-
mental data about the detailed fracture behaviour of
the RE is missing.

Figure 14 shows the comparison between simulation
and experiment as well as the modified Kelly model
behaviour presented in Merzkirch et al.'” for a reinfor-
cing ratio of 11.1 vol.%. The modification of the ana-
lytical Kelly model is based on the introduction of the
multiple necking of the RE in the plateau region. A
very good agreement can be observed for the stress—
strain curve calculated via simulation and the model
for regions I and II. In comparison to the experimental
curve a small overestimation of the stresses can be seen.

The simulation also shows a curved plateau region
(region III), comparable to the experiment, although
smaller stresses were calculated. Furthermore, the neck-
ing can be predicted precisely according to the stress
reduction.
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Figure 14. Comparison between the nominal stress—total
engineering strain curves obtained via simulation (G4 =2 MPa),
calculation using the modified Kelly model'® and experiment.'®

Table 3. Mechanical properties determined via experiment,'®
modified Kelly model'® and simulation.

E Ey Rpo2  OurTs
in GPa in GPa in MPa in MPa
Experiment'? 74 22 146 394
Mod. Kelly model'® 82 24 184 346
(equation (2)) (equation (3))
Simulation 84 22 176 368

Table 3 lists the mechanical values from all the dif-
ferent methods. The values of the modified Kelly model
were calculated using the rule of mixture and equation
(2), deduced from the stress—strain response (R ). In
particular, a good agreement can be observed for the
stiffness E; and Ejj.

In contrast to the experiment, the predictions show
an overestimation of the offset yield strength Ry, and
a conservative estimation of the composite tensile
strength oyrts.

In the following, the calculated deformation and
damage behaviour as a function of different total
strains for a radial normal strength of c,,4=2MPa
will be explained in detail.

Figure 15 shows different quarter sections of the
Mises stress as contour plots for different total strains.
It can be concluded that already at a total strain of
&, =4% stresses of about 2000 MPa within the RE as
well as stresses of 150 MPa within the matrix occur.

At a total strain of &, =9%, Figure 15(c), stress con-
centrations within the matrix and the RE can be seen.
The resulting necking of the matrix’ inner surface and
the necking of the RE lead to a debonding of
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Figure 15. Calculated necking at different total strains ¢, of (a) 4%, (b) 7%, (c) 9%, (d) 10.3% (scale factor = I) (Mises stress in Pa).

Figure 16. Calculated shear stress (in Pa) at different total strains &, of (a) 4%, (b) 7%, (c) 9%, (d) 10.3% (scale factor =1).

the interface. Furthermore, small stresses occur in the
homogenous deformed area of the measuring length of
the RE and the matrix. Additionally, a necking of the
matrix’ outer surface can be seen. At a total strain of
&=10.3% a more pronounced necking on both sides
of the matrix can be seen. Due to the advanced necking
of the RE an increase in the gap between matrix and

RE can be observed. The load flow between matrix and
RE, represented via the axial shear stress, is shown in
Figure 16. At a total strain of e, =7%, Figure 16(b),
within the transition area of the measuring length, high
shear stresses can be found which decrease with increas-
ing deformation. The remaining interface length shows
almost homogenous shear stresses. Furthermore, it



2669

Figure 17. Calculated radial stress (in Pa) at different total strains ¢, of (a) 4%, (b) 7%, (c) 9%, (d) 10.3% (scale factor =1I).

Figure 18. Comparison between calculated and experimentally determined damage (top: simulation ¢, = 10.3% scale factor =1,

below: longitudinal section &, =9%'?).

should be noted that the larger element size in the
clamping area in comparison to the adjacent measuring
length does not have an influence on the results.

Starting from a strain &, =9% high stress concentra-
tions can be seen to the left and right of the necking
area. The load flow continues within the specimen head
from the matrix into the RE. It continues from the RE
into the matrix right of the necking.

Figure 17 shows the radial stresses within the matrix
and the RE for different total strains. At a total strain
of &,.=7% high radial stresses close to the interface can
be seen at the transition of the measuring length.

Further stress concentrations can be observed in the
necking region. Within the matrix and the RE tensile
stresses can be observed, whereas the regions to the
right and left of the RE necking area show high com-
pressive stresses.

The calculated damage is compared to the longitu-
dinal section (Figure 18). In contrast to the longitudinal
section no multiple necking of the RE can be observed
for the calculated damage. It should be mentioned that
the comparison only shows a quarter section of the
calculated area. Consequently, in a full section, two
symmetric areas would be visible.
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The most pronounced necking occurs closer to the
specimen’s transition area for the calculation in com-
parison to the experiment. Nevertheless, a good
agreement between experiment and calculation of the
two-sided necking of the matrix can be observed.

Further investigations have shown that the position
of the necking is influenced by the clamping length of the
specimen head and therefore by the load flow. It can also
be observed that a smaller clamping length and clamping
at a greater distance from the measuring length lead to a
shift of the necking towards the specimen centre.

Conclusions

A good agreement between simulation and experiment
for the tensile behaviour of 11.1 vol.% spring-steel
(301SS)-wire-reinforced aluminium alloy EN AW-
6082 can be shown. This was proved by means of quan-
titative values as well as qualitative deformation and
damage behaviour until fracture of the RE (region
I11). The multiple necking of the reinforcing wire,
which was confirmed experimentally, was also calcu-
lated in the simulation.

The modelling of the interfacial behaviour is based
on many assumptions since more experimental data are
needed — like the interfacial normal strength between
matrix and reinforcement — which is limited and elab-
orate due to the small dimensions of the RE
(d =1 mm). This could be accomplished by a microme-
chanical determination of the radial properties of the
interface, e.g. normal adhesion strength, in order to
obtain detailed knowledge about the consistency and
the mechanical behaviour of the interfacial region
which is not currently available.

Further investigations should focus on the imple-
mentation of the residual stresses within the simulation
and the analysis of the effect on the interfacial
and deformation behaviour. The residual stress state —
which results from forming, based on the high plastic
deformation during the composite extrusion process, as
well as from the coefficient of thermal expansion
mismatch between the RE and the matrix material —
has first been experimentally investigated in
Weidenmann et al.?®
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