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Four Ti MMCs have been tested in transverse tension, at ambient temperature and 600 ◦C.
Generally, mechanical properties are reduced compared to monolithic Ti alloys. Transverse
Young’s modulus is, however, higher than in monolithic alloys, as a result of constraint of
the matrix by the fibres.

MMC proportional limits are associated with the onset of interfacial failure. Fibre coating
cracking and longitudinal fibre splitting may also contribute to MMC yield and the
associated acoustic emission peak. The fibre/matrix interface in IMI 834/SM1140+ appears
to be weaker than in the other MMCs, resulting in a lower proportional limit and less
acoustic emission. Final failure of the MMCs is generally via ductile shearing of matrix
ligaments. The exception to this is IMI 834/SM1140+ in which the matrix fails in a brittle
manner. This causes poor transverse tensile strength and failure strain in this MMC.

A model to predict the MMC proportional limit, previously proposed by Jansson et al.,
has been modified to take account of the tensile strength of the fibre/matrix interface. The
model previously used by Jansson et al. to predict the transverse tensile strength is
acceptably accurate provided that the area fraction of matrix appearing on fracture surfaces
is accurately determined. C© 1998 Kluwer Academic Publishers

1. Introduction
Fibre reinforced titanium metal matrix composites
(Ti MMCs) are being developed for use in aeronauti-
cal gas-turbine engines because of their improved lon-
gitudinal specific strength and stiffness and elevated
temperature performance compared to monolithic Ti
alloys. One of the aero-engine components which
would benefit from the incorporation of Ti MMCs is
the compressor disc, where reinforcement is obtained
via unidirectional, hoop wound SiC fibres. Significant
radial and axial stresses can be generated in these discs
and it is important, therefore, to characterize the be-
haviour of unidirectional MMCs subjected to loading
at a range of angles to the fibre axis. Presented here
are the results of research to characterize the tensile
behaviour of four Ti MMCs when subjected to stress
perpendicular to the fibre axis, and within the plane of
matrix foils and fibre mats (i.e. the transverse orienta-
tion).

2. Materials
The MMCs consist of Ti-6Al-4V or IMI 834 (Ti-5.8Al-
4.0Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si-0.06C) reinforced
with either SM1140+ carbon coated SiC fibre or
SM1240 C/TiBx coated SiC fibre. Panels were pro-
duced by the fibre-foil route [1] and were six or eight
ply thick. Fibre volume fractions were nominally 0.33.
The MMC microstructures have been investigated
in detail elsewhere [2]. Rectangular specimens with

fibres in the transverse orientation, and dimensions of
10 mm× 150 mm, were electro-discharge machined
from the panels, and their edges ground to minimise
the effect of machining damage. Protective glass fibre
reinforced plastic tabs were bonded to specimen ends.

3. Experimental procedure
Tests were conducted in air, at ambient temperature and
600◦C, at a strain rate of 5.5× 10−5 s−1, under exten-
sion control. Young’s modulus was taken as the gradi-
ent of the linear, elastic region of stress-strain curves at
ambient temperature. At 600◦C, MMC yielding at low
strains necessitated the use of the secant moduli method
to calculate Young’s modulus between 10 MPa and
100 MPa. Acoustic emission from the specimens was
detected using a grip-mounted sensor and a 300 kHz
to 1 Mhz filter. Specimens of the corresponding mono-
lithic, foil-bonded alloys have previously been tested
under identical conditions to act as a comparison [3].
Scanning electron microscopy and energy dispersive X-
ray spectroscopy (EDX) have been used to investigate
the MMC fracture surfaces.

4. Results and discussion
Table I shows the tensile mechanical properties of the
MMCs. The values shown are the mean of four tests
and the scatter bands are one standard deviation (σn).
Data for the monolithic, foil-bonded alloys from [3] are
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TABLE I Tensile data obtained from the materials

Test temperature Proportional Tensile strength Total failure Young’s
Material (◦C) limit (MPa) (MPa) strain (%) modulus (GPa)

Ti-6Al-4V/ 22 275± 8 515± 2 1.36± 0.07 119± 5
SM1140+ MMC 600 — 161± 10 >5.00 94± 5
Ti-6Al-4V/ 22 254± 11 499± 9 0.95± 0.06 142± 5
SM1240 MMC 600 — 167± 6 >5.00 105± 5
IMI 834/ 22 212± 11 265± 9 0.24± 0.01 119± 5
SM1140+ MMC 600 — 165± 26 0.43± 0.1 98± 4
IMI 834/ 22 259± 9 440± 17 0.52± 0.07 140± 6
SM1240 MMC 600 — 244± 4 1.09± 0.21 101± 6
Foil-bonded 22 862± 19 955± 7 >5.00 106± 1
Ti-6Al-4V* 600 — 285± 6 >5.00 49± 4
Foil-bonded 22 927± 4 994± 26 >5.00 109± 1
IMI 834* 600 — 472± 4 >5.00 56± 1

∗From reference [3].

also shown. Generally, the mechanical properties of the
transverse MMCs are lower than for both the longitu-
dinal orientation [3, 4], and the corresponding mono-
lithic, foil-bonded alloy. This is a result of the minimal
influence of the strong, stiff fibres in this orientation,
and failure at the weak fibre/matrix interface. Young’s
moduli of the MMCs are, however, significantly bet-
ter than in the foil-bonded alloy, as observed in other
Ti MMC systems [5]. This is a result of constraint of
the matrix between fibres.

At ambient temperature, all MMCs exhibit initial lin-
ear, elastic, regions on their stress-strain curves (Fig. 1).
It has been suggested that small amounts of local ma-
trix plastic deformation may occur at this stage, but not
enough to cause non-linearity [6, 7]. Young’s moduli
are higher at both temperatures when SM1240 fibre is
used. This may be an effect of the different fibre coat-
ing materials and thicknesses. Micromechanical mod-
elling has shown that a lower stiffness coating leads
to a lower transverse Young’s modulus [8]. Also, in-
creasing the thickness of a low stiffness coating de-
creases this modulus. The SM1140+ fibre has a 5µm
thick carbon coating, whose modulus is likely to be
between 20 GPa and 170 GPa, depending on the SiC
content [8–11]. The SM1240 fibre has a thinner car-
bon coating of 1.5µm and an outer coating of TiBx,
which will have a modulus in the region of 400–500
GPa [11, 12]. Thus, from the work of [8], it is expected
that a Ti alloy reinforced with SM1240 fibres will have
a higher transverse modulus than the same alloy re-
inforced with a similar volume fraction of SM1140+
fibres.

As the applied stress approaches 275 MPa, plas-
tic deformation occurs, which is usually attributed
to failure of the interface between fibre and matrix
[6, 7, 13, 14]. In the current MMCs, with the excep-
tion of IMI 834/SM1140+, other mechanisms may
also contribute to the proportional limit and the asso-
ciated acoustic emission peak. In these MMCs a num-
ber of sub-fracture surface fibres exhibited longitudinal
splitting (Fig. 2). Also, the carbon coating in the Ti-6Al-
4V/SM1140+ occasionally exhibited cracking perpen-
dicular to the tensile axis (Fig. 3). These observations
suggest that the interface between fibre and matrix has
sufficient integrity to transfer enough load to fibres and

(a)

(b)

Figure 1 Representative stress-strain curves for the MMCs at ambi-
ent temperature a: IMI 834/SM1240 (Ti-6A1-4V MMCs similar) b:
IMI 834/SM1140+.

fibre coatings to cause them to occasionally fail, prior
to interfacial failure.

These three MMCs exhibit similar ambient temper-
ature proportional limits. The slight variation between
them can be accounted for by differences in the com-
pressive matrix residual stress [3] and interfacial bond
strength [15–20] which will affect the applied stress
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Figure 2 Longitudinal splitting of SiC fibres (Ti-61A1-4V/SM1240
shown).

Figure 3 Cracking of carbon coating in Ti-6A1-4V/SM1140+.

required to cause interfacial failure. These MMCs have
a proportional limit significantly higher than that mea-
sured for an SM1240 fibre reinforced Ti-6242 MMC,
tested using similar geometry specimens [21].

Since IMI 834/SM1140+ does not exhibit split fi-
bres nor carbon coating cracking, this MMC may have

a low interfacial bond strength. This is further suggested
by the fact that the initial yielding is not accompanied
by an acoustic emission peak. The proportional limit
in IMI 834/SM1140+ is significantly lower than in
the other three MMCs. This is surprising since IMI
834/SM1140+ is expected to have the highest com-
pressive matrix residual stress [4] which would result
in a high proportional limit. A low interfacial strength
or premature failure of the matrix are the most logical
explanations of the poor proportional limit.

In Ti-6Al-4V/SM1240, interfacial failure occurs
either through the carbon coating, often between the
two distinct carbon layers (Fig. 4) or the TiB/TiB2
reaction layer. This interfacial failure position has
been noted previously [22]. Interfacial failure in IMI
834/SM1240 is slightly different, rarely occurring
within the carbon layer. The favoured failure positions
for this MMC are the interface between the carbon
coating and the TiB/TiB2 reaction layer, or within the
TiB/TiB2 reaction layer itself.

Interfacial failure in Ti-6Al-4V/SM1140+ occurs ei-
ther at the carbon/TiC reaction layer interface, or be-
tween the layers of the carbon coating (Fig. 5). Interfa-
cial failure in IMI 834/SM1140+ occurs exclusively
between the fibre carbon coating and the TiC reac-
tion layer (arrow “a” on Fig. 6) producing the fracture
surface as seen in Fig. 7. The position of interfacial
failure in IMI 834/SM1140+ indicates that this inter-
face is weaker than in Ti-6Al-4V/SM1140+. A similar
interfacial failure location has been observed in a va-
riety of Ti matrices reinforced with the SCS-6 fibre
[23–25].

In IMI 834/SM1140+ (Fig. 1b), at strains slightly
beyond the proportional limit, acoustic emission sud-
denly increases followed almost immediately by spec-
imen failure. These acoustic events appear to be as-
sociated with cleavage cracking of the matrix which
initiates at or near the TiC reaction layer (arrow “b” on
Fig. 6). The premature failure of IMI 834/SM1140+,
which results in a poor tensile strength and failure strain,
is caused by rapid joining of these cleavage cracks.
Fracture surfaces clearly show large areas of matrix
cleavage failure (Fig. 7). Such cleavage has been ob-
served during longitudinal tensile testing of this MMC
[3], and is possibly due to a high matrix carbon con-
tent caused by carbon diffusion during MMC consol-
idation [2]. It is suggested that this could lead to an
increase in hardness and a decrease in ductility of the
matrix, ideal conditions for the inducement of cleav-
age failure. The predicted high matrix residual stress in
IMI 834/SM1140+may also contribute to the cleavage
failure.

In the other three MMCs, the acoustic emission drops
as interfacial failure becomes exhausted. Here, plastic
deformation towards the end of the stress-strain curve
is caused by elongation of matrix ligaments between
fibres [6, 7, 13, 14], which fail by ductile void coa-
lescence. The tensile strengths of the two Ti-6Al-4V
MMCs are similar and are significantly better than that
previously measured for Ti-6Al-4V/SM1140+ [14].
IMI 834/SM1240 has an ambient temperature strength
lower than the Ti-6Al-4V matrix MMCs. This can be
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Figure 4 Interfacial failure between carbon layers (arrowed) in Ti-6Al-4V/SM1240.

Figure 5 Fractograph of Ti-6A1-4V showing interfacial failure (species identified by EDX).

accounted for by differences in the fibre packing and
panel geometry, as will be shown in section 5.2

Although better than IMI 834/SM1140+, the fail-
ure strains of these three MMCs are significantly lower
than those of the monolithic, foil-bonded alloys because
of matrix constraint and matrix tensile residual stress
between fibres in the loading direction. The Ti-6Al-
4V MMCs have failure strains significantly higher than
both IMI 834 MMCs at both testing temperatures, be-
cause of their lower tensile matrix residual stress. In
addition, the IMI 834 matrix contains large numbers
of silicide particles [2] which are known to reduce the
ductility of this alloy [26].

At 600◦C, the MMCs do not show a linear, elas-
tic region on stress-strain curves, but display a small
amount of yielding from load-up (Fig. 8). Proportional
limits could not be calculated, therefore, at this temper-
ature. This non-linearity has previously been attributed
to interfacial failure, as a result of relaxation of matrix
residual stress [27]. It is likely, however, that this initial

MMC yielding is predominantly due to yielding of the
matrix alloy, which occurs at very low stress at this
high temperature [3]. This is suggested because inter-
faces do, in fact, have an inherent tensile strength and
are not simply held together by residual stress [28, 29].
Even though the initial portion of stress-strain curves is
non-linear, a definite change in gradient is observed at
approximately 80 MPa which, in the Ti-6Al-4V MMCs
and the IMI 834/SM1240, is accompanied by the on-
set of acoustic emission (Fig. 8a). These observations
suggest that it is at this stress that interfacial failure ini-
tiates, not immediately on load up as suggested in [27].
The mechanisms of plastic deformation and final failure
are the same in these MMCs at this temperature as they
are at ambient temperature, but IMI 834 / SM1240 has
superior tensile strength to the Ti-6Al-4V MMCs, due
to the inherently better elevated temperature properties
of the IMI 834 matrix alloy.

In IMI 834/SM1140+, similar observations are
made at 600◦C as were made at ambient temperature.
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Figure 6 Interfacial separation (arrow “a”) and matrix cracking (ar-
row “b”) in IMI 834/SM1140+.

Figure 7 Fracture surface of IMI 834/SM1140+ failure (species iden-
tified by EDX).

Yielding, attributed to interfacial failure, is not accom-
panied by acoustic emission (Fig. 8b), and specimen
failure again appears to be due to matrix cleavage crack-
ing. At 600◦C, specimen failure is also influenced by
intergranular matrix failure, which occurs near the spec-
imen surface (Fig. 9). Intergranular damage has been
observed in this MMC after longitudinal tensile and
creep testing at 600◦C and is attributed to oxidation
[3, 30]. Such damage is absent in the SM1240 fibre
reinforced MMCs, but is present to a small extent in
Ti-6Al-4V/SM1140+. This suggests that it may be an
effect of oxidation interacting with carbon present in
the matrix. At this temperature the tensile strength of
IMI 834/SM1140+ is similar to the Ti-6Al-4V MMCs,
because the matrix embrittlement and superior elevated
temperature properties of the IMI 834 matrix effectively
cancel each other out.

At 600◦C, MMC failure strains are improved over
their ambient temperature values because of relaxation

(a)

(b)

Figure 8 Representative stress-strain curves of the MMCs at 600◦C
a: Ti-6A1-4V/SM1140+ (SM1240 reinforced MMCs similar) b: IMI
834/SM1140+.

of matrix residual stress (partial relaxation in the case
of the IMI 834 matrix). At this temperature the failure
strains of the Ti-6Al-4V MMCs exceeded the limit of
the extensometer (5%) due to the onset of creep. For
these specimens the failure strains are unknown.

In all the MMCs, tested at 600◦C, oxidation has
penetrated approximately 500µm along the interfaces
of surface exposed fibres, causing damage to the fibre
coating (Fig. 10). Such damage is known to embrittle
the interfacial region and lead to a reduction in me-
chanical properties [31–33]. This effect was observed
to an equal extent in all the MMCs, however, and so
cannot account for differences in their mechanical per-
formance.

5. Modelling of mechanical properties
5.1. Proportional limit
Jansson et al. proposed a model whereby the MMC
was said to yield as soon as the matrix residual
stresses, which clamp the fibre/matrix interface shut,
were overcome by the applied stress [13]. This model
assumes, therefore, that interfaces have zero tensile
strength. From the equations of Jansson et al., this
model can be written as:
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σpl = σr
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where:

σpl=MMC proportional limit
σr =Matrix radial thermal residual stress

Figure 9 Intergranular matrix failure in IMI 834/SM1140+ tested at 600◦C.

Figure 10 Near-surface oxidation of fibre coating (IMI 834/SM1140+ shown, but all MMCs similar).

νm =Matrix alloy Poissons ratio
νf =Fibre Poissons ratio
Gm=Matrix alloy shear modulus
Gf =Fibre shear modulus
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Input values were taken as:νm= 0.33 [13], ν f =
0.17 [13],Gm= 45 GPa [34, 35],G f = 202 GPa [35].
This reduces equation (1) to:

σpl = σr

1.58
(2)

This equation has previously been found to accu-
rately predict the proportional limit of an SCS-6 fi-
bre reinforced Ti-15-3 MMC [13]. Miracle et al.
have used a similar equation to model a Ti-6242/
SM1240 MMC [21] with some success. It is noted,

Figure 11 Schematic of matrix fracture path and ligament dimensions
for use in equations (6) and (7) a. IMI 834/SM1140+ b. All other MMCs,
in which matrix failure is via shearing.

Figure 12 Shear failure of matrix ligaments as seen in all MMCs, except IMI 834/SM1140+.

however, that the values of matrix residual stress used
in these papers (−300 MPa for the Ti-15-3 matrix [13]
and−420 MPa for the Ti-6242 matrix [36]) are rather
high. If more realistic values of matrix residual stress for
these two systems [14, 37–41] are used in Equation 2,
the proportional limit is severely underestimated.

A mean literature value of matrix radial residual
stress in a Ti-6Al-4V alloy reinforced with carbon
coated fibres is−237 MPa [42–45]. If this value is
used for the current Ti-6Al-4V/SM1140+ MMC then,
once again, the proportional limit is underestimated by
Equation 2.

It is suggested that the failure of Equation 2 to pre-
dict the proportional limit of MMCs, when a realis-
tic value of radial matrix residual stress is used, is
due to the assumption that the interface has no inher-
ent tensile strength. Measurements of interfacial shear
strength [15–20] would suggest that this is not so and,
indeed, preliminary work shows that the interfacial ten-
sile strength in SCS-6 reinforced Ti-6Al-4V is of the
order of 145 MPa [28, 29]. Thus, the interfacial tensile
strength has to be overcome as well as the matrix resid-
ual stress, before interfacial failure occurs. Equation 2
must be modified to:

σpl = σr + σi

1.58
(3)

where:σi = Interfacial tensile strength.
If Equation 3 is used for the current Ti-6Al-4V/

SM1140+, with the value of interfacial tensile strength
found in [28, 29], it predicts a proportional limit of 242
MPa which is close to the experimental value of 275
MPa. This seems to vindicate the assumption that the
interface has a tensile strength which affects the MMC
proportional limit.

Equation 3 cannot currently be used to calculate the
proportional limit of the other MMCs since the radial
matrix residual stress in these MMCs has not been
calculated, and the tensile interfacial strength has not
been estimated for the SM1240 fibre. The interfacial
shear strength for Ti-6Al-4V reinforced with SM1240
fibres has been calculated, however, as 103 MPa [46].
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This can be used to estimate the interfacial tensile
strength as [47]:

σi = 1.7∗ τi (4)

where:τi = Interfacial shear strength.
Knowing the value of interfacial tensile strength from

Equation 4, Equation 3 can be used “in reverse” to es-
timate the radial matrix thermal stress in the Ti-6Al-
4V/SM1240 MMC:

254= σr + (1.7 ∗ 103)

1.58
Thus, σr = −226 MPa

The interfacial fracture behaviour of the IMI 834/
SM1240 is similar to that of the Ti-6-4/SM1240
so it may be assumed that the interfacial strength
is similar. Equations 3 and 4 then predict that the
matrix radial residual stress in the IMI 834/SM1240
is −244 MPa. The interfacial failure behaviour of the
IMI 834/SM1140+ suggests that the interface has
minimal strength. If the interfacial tensile strength
is set to zero then the matrix radial residual stress is
calculated from Equations 3 and 4 as−335 MPa.

Equation 3 predicts that the IMI 834 MMCs have ra-
dial matrix residual stresses higher than the Ti-6Al-4V
MMCs, and that MMCs reinforced with SM1240 fibre
will have lower residual stress than those reinforced
with SM1140+ fibre. These trends are to be expected
if the relative properties of the two matrix alloys and
the two fibre coatings are considered [4].

5.2. Tensile strength
Since transverse failure of MMCs is caused by failure
of matrix ligaments, Janssonet al. proposed a model
based on a function of the matrix strength and the area
fraction of matrix present on fracture surfaces [13, 48]:

σuts= Am
2√
3
σm,uts (5)

where:

σuts =MMC ultimate tensile strength
Am =Area fraction of matrix on fracture

surfaces
σm,uts=Ultimate tensile strength of matrix alloy

TABLE I I Comparison of predicted and experimental transverse tensile strength

Area fraction of MMC Tensile
matrix on fracture Temperature Matrix Tensile Strength from MMC Experimental

Material surface (Am)+ (◦C) Strength (MPa)∗ Equation 4 (MPa) Tensile Strength (MPa)

Ti-6-4/ 0.45 22 955 497 501
SM1240 600 285 148 167
Ti-6-4/ 0.46 22 955 510 515
SM1140+ 600 285 152 161
IMI 834/ 0.42 22 994 482 444
SM1240 600 472 229 244
IMI 834/ 0.33 22 994 375 265
SM1140+ 600 472 178 165

+Obtained from Equations 6 and 7.
∗Taken from reference [3].

The main difficulty with this equation is assigning an
accurate value for the area fraction of matrix on frac-
ture surfaces. Since the matrix will fail at the mini-
mum width of the ligaments between fibres, it might
be expected that the fracture would follow the path in
Fig. 11a for a square packed fibre array. This is true
of the IMI 834/SM1140+ MMC, in which significant
amounts of the matrix fail by cleavage, and shear is
minimal. In this case, the area fraction of matrix on the
fracture surface can be calculated from:

Am = T − (Pf ∗ D f )

T
(6)

where

T =Specimen thickness
Pf =Number of fibre plies in the MMC panel
D f = fibre diameter

For the other three MMCs, however, significant shear-
ing of the matrix occurs during ligament failure.
Also the fibre packing is often hexagonal rather than
square [2]. This results in the fracture surface mor-
phology shown in Fig. 12. This is drawn schemati-
cally in Fig. 11b. The shearing and fibre placement
result in the matrix ligaments being wider than in the
IMI 834/SM1140+. Thus, the area fraction of matrix
on the fracture surface of these MMCs is given by:

Am = T − [ Pf ∗ (D f − 2b)]

T
(7)

Extensive measurement of sections taken through frac-
ture surfaces indicates that, in the MMCs which exhibit
significant shearing of the matrix, b≈ 8µm.

Equations 6 and 7 have been used to calculate the
area fractions of matrix predicted to appear on the
fracture surface of each MMC. The values obtained,
together with the resulting prediction of MMC trans-
verse strength from Equation 5, are shown in Table II.
Equations 5 to 7 provide a good estimate for the ten-
sile strength of the MMCs at both temperatures, with
the exception of the IMI 834/SM1140+, at ambi-
ent temperature. Although equation (5) predicts, cor-
rectly, that the IMI 834/SM1140+ will have the low-
est tensile strength it overestimates the value, because
it does not take account of the matrix embrittlement

5506



P1: PSG/KGI P2: PNR/SWR P3: PNR/ATR QC: PNR 5043-98 December 14, 1998 15:27

present in this MMC. In this case a modified value
of the matrix tensile strength should be used in Equa-
tion 5.

6. Conclusions
1. Transverse Young’s modulus of the MMCs is su-
perior to that of the corresponding monolithic, foil-
bonded alloy at both testing temperatures, because
of constraint of the matrix between fibres. All other
properties are, however, significantly worse than foil-
bonded alloys.

2. Young’s modulus of the MMCs reinforced with
SM1240 fibres is higher than that of the MMCs re-
inforced with SM1140+ fibres. This is attributed to
differences in the stiffness and thickness of the fibre
coatings.

3. The proportional limit in these MMCs is caused
by the onset of fibre/matrix interfacial failure. Fibre
splitting and fibre coating cracking may also contribute.

4. The fibre/matrix interface in the IMI 834/
SM1140+ appears to be significantly weaker than that
in the other MMCs.

5. Final failure of the MMCs is usually by ductile
shearing of matrix ligaments between fibres. The one
exception to this is the IMI 834/SM1140+ in which
the matrix fails in a brittle manner, causing a low ten-
sile strength and poor failure strain.

6. Models to predict the proportional limit in trans-
verse MMCs need to be modified to take account of the
intrinsic tensile strength of the interface.

7. The transverse tensile strength of the MMCs is
adequately predicted using the model previously used
by Jansson et al, provided that the area fraction of matrix
on fracture surfaces is accurately calculated.
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