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Abstract

It is shown that tensile testing of continuous fibre reinforced composite specimens with varying gauge lengths above the matrix

melting temperature provides a method for the measurement of fibre damage within the composite. This method is applied to a

composite wire of alumina fibres reinforcing a pure Al or an Al – 2%Cu matrix. It is found that the wire contains a finite initial level

of fibre damage. Fibre damage accumulation caused by composite tensile straining is also measured by applying the method to

previously stressed wire samples. The rate of damage accumulation for a single phase matrix composite is well described by the

Weibull parameters of the virgin fibre, indicating that fibre strength is unaffected by composite processing. The presence of brittle

second phases in the matrix increases, however, the rate of damage accumulation as compared to the rate expected from single fibre

Weibull statistics.

� 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Continuous fibre reinforced aluminium is a type of

composite with unique properties and application po-

tential; yet, it is presently not entirely clear how such
composites fail in tension, nor what constitutes a

‘‘good’’ metal matrix for these materials [1–4]. Contra-

dictory data and interpretations exist concerning such

fundamental issues as, for example, the extent to which

load sharing around fibre breaks is global or local, the

role played by the matrix in determining the strength of

the composite, or the necessity of having weak, easily

debonding fibre/matrix interfaces versus the strong in-
terfaces generally observed in systems such as alumina

fibre reinforced aluminium (e.g. [5,6]).
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It is known that fibre breakage is the dominant

damage mode in such composites, and that it clearly

plays a key role in the succession of events leading to

their tensile failure. The formation of isolated fibre

breaks prior to tensile failure of fibre reinforced alu-
minium is well documented (e.g. [7]). Several techniques

are presently used to measure the evolution of the

fraction of broken fibres with axial stress.

Metallography is a simple method for detecting

broken fibres [8,9]; however, the actual volume of fibres

(total fibre length) sampled is usually small and possible

artefacts due to fibre breakage during metallographic

preparation are difficult to exclude [10,11]. In situ me-
chanical tests [12] under an optical or electronic micro-

scope suffer from the same problem of small sampled

fibre length, compounded by the fact that the fracture

behaviour of fibres situated along the sample surface,

which furthermore are often ablated during prior sample

polishing, is likely to differ from that of fibres in the

composite bulk.

Acoustic emission techniques have often been used
to measure the damage evolution in fibre reinforced
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composite materials and structures [7,13–18]. These in-

vestigations confirm the presence of progressive fibre

fracture prior to final composite failure. Quantitative

interpretation of the results (e.g. in terms of number of

fibre breaks as a function of applied stress) was suc-
cessfully done for monofilament reinforced metals;

however, with fibres typically used for reinforcing alu-

minium (fibre diameter on the order of 10 lm, versus

about 100 lm for monofilaments) the energy release due

to a single fibre break is much smaller. This makes a

quantitative interpretation of such data difficult [16].

More indirect measurements of the presence of fibre

breaks, such as monitoring the evolution of the com-
posite longitudinal Young�s modulus, have also been

used to assess damage, e.g. in alumina fibre reinforced

magnesium subjected to thermomechanical fatigue [19].

This method is made difficult by several complicating

effects, such as effects of non-linear elasticity in the re-

inforcing fibres, the importance of which was recently

brought to light for such composites in [20]. Density

variations as a measure of damage have also been in-
vestigated. In [19] a density decrease after thermome-

chanical cycling was detected but mainly attributed to

the formation of microvoids at the fibre-matrix interface

and in the matrix rather than to fibre breaks.

A new method for the measurement of internal

damage over comparatively large composite volumes is

presented in this paper. The method consists of con-

ducting tensile tests on long metal matrix composite
specimens while the gauge length is held at a tempera-

ture above the melting point of the matrix. The mea-

sured composite strength at this temperature can be

quantitatively related to the density of fibre breaks

present in the composite. With the application of prior

deformation on the composites in the solid state, this

technique allows the measurement of damage evolution

in the composites prior to failure, which in turn can be
used to gain insight into the process that leads to final

composite tensile failure.

The method is applied to measure the damage evo-

lution in two alumina fibre reinforced aluminium com-

posites, namely Nextel 610TM/Al and Nextel 610TM/

Al – 2%Cu. The experimental results presented are con-

fronted with the damage evolution expected according

to a two-parameter Weibull distribution that is most
commonly used to describe failure of brittle fibres [21].
Table 1

Main properties of the Nextel 610TM alumina fibre

Composition [22] >99% a-Al2O3

0.2–0.3%SiO2

0.4–0.7%Fe2O3

Mean UTS at L0 ¼ 25.4 mm [23,24] 3.3–3.47 GPa

Weibull modulus [23] 9.7–11.2

Young�s modulus [23] 373 GPa

Density [22,23] 3.75–3.9 g cm�3

Diameter [23] 11.98 lm
CTE (100–1100 �C) [37] 8� 10�6 K�1
2. Experimental procedures

2.1. Materials

Two continuous alumina fibre reinforced aluminium
matrix composite wires are investigated in this study.

The wires are produced by 3M (St. Paul, MN, USA) and

supplied on a reel. The reinforcement of the wire con-
sists in about 50 vol% of the continuous alumina fibre

Nextel 610TM (3M, St. Paul, MN, USA). The main fibre

properties are summarized in Table 1; more detailed

data can be found in [22–24]. The wire is produced by an

ultrasound-driven liquid metal infiltration technique
[25]. The final wire has a roughly circular cross-section

with an equivalent diameter of 1.99 mm (determined

by volume measurement). Pure Al (>99.98%) and Al –

2%Cu are used as matrix materials. The Al – 2%Cu

matrix wire is investigated in the as-cast as well as in the

solutionized condition (16 h at 520 �C in air, followed

by a water quench). Due to limitations in the length

of available furnaces, wires with a gauge length
longer than 230 mm were not tested in the heat-treated

condition.
2.2. Microstructure

The microstructure of the composites was investi-

gated by optical and scanning electron microscopy.

Additionally, the wire material was characterized by a
transmitted light microscopy (TLM) technique, the de-

tails of which are described elsewhere [26].
2.3. Damage measurement

To measure fibre damage within the composites,

tensile tests were conducted while a selected length of

the wire between the grips was kept at a constant tem-
perature of 775 �C using custom-built resistance tube

furnaces with an inner tube diameter of 5 mm (the data

interpretation methodology is explained below). All

tensile tests were performed using an Alliance RT/50

(MTS, MN, USA) computer-controlled tensile testing

machine equipped with a 5 kN load cell. The specimen

was gripped using either mechanical or hydraulic grips.

The molten length of the wire was changed by varying
the number of heated zones or by varying the length

of the furnace. The length of the molten composite

wire zone l was measured by subtracting the length of

the non-molten part of the wire (measured after the

test) from the initial wire length (measured before test-

ing); the non-molten part is assumed to undergo only
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negligible irreversible deformation during the test. The

molten and non-molten parts of the wire were easily

distinguished after the test by their different levels of

surface tarnish. The tests were conducted under con-

stant crosshead displacement speed between 10 and
200 lm/s depending on the molten length, correspond-

ing to a strain rate of roughly 5� 10�4 s�1. The maxi-

mum stress is calculated from the maximum load

divided by the average initial wire cross-section before

melting. Some of the specimens underwent a prestress-

ing load cycle at room temperature by applying an ax-

ial tensile stress, rpre, to the composite of between 1000

and 1300 MPa followed by unloading, before testing
at 775 �C.
3. Results

3.1. Microstructure

3.1.1. Fibre distribution and volume fraction

The composite wire shows a characteristic ‘‘S’’-shape

fibre distribution with some regions of lower fibre vol-

ume fraction, Fig. 1. This is related to the processing,

indicating that a flat fibre bundle was folded to form the

round wire: the low volume fraction regions in the wire

correspond to the space between two surfaces of the

formerly flat fibre bundle [27]. The average wire fibre

volume fraction was determined by densitometry to be
roughly 50 vol%.
Fig. 1. Optical micrograph of the cross-section of the continuous

alumina fibre reinforced composite wire. The folded fibre tows are

clearly visible (the folds can be distinguished by the two fibre-free

matrix regions roughly one wire radius deep).
3.1.2. Al – 2%Cu matrix microstructure

The composite wire with the binary Al – 2%Cu matrix

in the as-cast condition contains a considerable amount

of copper-rich second phases. These are composed pri-

marily of Al2Cu h-phase according to the binary phase
diagram (other Al–Cu intermetallics are also present due

to impurities such as iron) [28]. Copper-rich second

phases are preferentially located along the fibre-matrix

interface and in regions where two or more fibres are in

close contact, Fig. 2(a). Solutionizing at 520 �C for 16 h

in air followed by water quenching dissolves most of

these intermetallics; however, there are still some resid-

ual intermetallics present at contact points between two
fibres, Fig. 2(b).
3.2. Composite strength with a molten matrix (at 775 �C)

The tensile strength of the pure Al/Nextel 610TM

composite wire at 775 �C is shown in Fig. 3 (filled black

circles). A clear decrease in strength with increasing

molten wire length is visible. It follows additionally from
Fig. 3 that prestressing the wire at room temperature

before melting leads to a further decrease in strength

(open squares, triangles and circles).

Figs. 4 and 5 show the strength of the Al – 2%Cu/

Nextel 610TM composite wire at 775 �C, in the as-cast

and the solutionized condition, respectively (filled black

circles). The strength decrease with increasing molten

length l in the as-cast condition, Fig. 4 (filled black
circles), is roughly the same as for the pure Al matrix

composite. The strength at shorter molten lengths is

somewhat lower. The effect of prestressing, however, is

much greater for the alloyed matrix in the as-cast con-

dition than for the pure Al matrix composite, Fig. 4

(open rhombi and squares).

After solutionizing, Fig. 5 (filled black circles), the

strength of the alloyed wire at shorter molten length is
higher again and reaches almost that of the pure alu-

minium matrix wire. The effect of prestressing, Fig. 5

(open triangles and circles), is similar to that found in

the pure aluminium matrix composite.

The composite fracture behaviour changes gradually

from abrupt fracture at shorter molten zone lengths to a

smooth load decrease after reaching maximum load at

longer molten zone lengths, see Fig. 6. For specimens
with a molten length l below 50 mm, macroscopic fail-

ure of the specimen was usually observed at the solid/

liquid transition, Fig. 7 (left). For lP 50 mm, Fig. 7

(right), no macroscopic specimen separation was ob-

served and the stress decreased smoothly after its peak

value to a finite remanent value after failure, Fig. 6. This

value varied roughly proportionally with l, reaching 40

MPa with a molten length of 507 mm, but was
not significantly affected by the crosshead displacement

rate.



Fig. 2. Backscattered electron micrograph (BSE) of a metallographically polished cross-section of the Al – 2%Cu/Nextel 610TM composite wire in the

(a) as-cast condition and (b) after heat treatment (solutionizing at 520 �C for 16 h and quenched in water). In the as-cast condition (a), the Al2Cu

intermetallics are clearly visible as white regions around some of the fibres. Some residual second-phases are still visible at contact points between two

fibres after solutionizing (b).
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4. Discussion

4.1. Initial damage

4.1.1. Pure Al matrix composite wire

It was observed in tensile testing of molten wires with

shorter lengths (l < 50 mm) that:
(i) fracture of the wire (i.e. of the fibres in molten alu-

minium) occurred invariably at the solid/liquid tran-

sition, Fig. 7 (left), and

(ii) the measured wire strength at l ¼ 20 mm (�650
MPa) is significantly lower than the expected fibre

bundle strength for this length, corrected for the

fibre volume fraction (�1300 MPa) [29,30].



Fig. 3. Strength of the pure Al matrix composite wire at 775 �C as a

function of the molten length and the prestress level. The continuous

lines are manual fits according to Eq. (3) with parameters given in the

text, Section 4.1.1 (top curve) and 4.2.1 (lower two curves).

Fig. 4. Strength of the Al – 2%Cu matrix composite wire at 775 �C as a

function of the molten length and the prestress level in the as-cast

condition. The prestressing as well as the subsequent testing at 775 �C
were carried out with the wire in the as-cast condition. The continuous

line is a manual fit according to Eq. (3) with parameters given in the

text, Section 4.1. Compare the effect of prestressing with Fig. 3 to see

that damage is much higher for the Al – 2%Cu matrix in the as-cast

condition.

Fig. 5. Strength of the Al – 2%Cu matrix composite wire at 775 �C as a

function of the molten length and the prestress level. The prestressing as

well as the subsequent testing at 775 �C were carried out after solu-

tionizing the wire at 520 �C in air for 16 h followed by water quenching.

The top continuous line is the manual fit according to Eq. (3) drawn

with the same parameters used for the as-cast wire in Fig. 4. The lower

two lines are drawn with calculated parameters under the assumption

that damage accumulates with the same rate as in the case of the pure

aluminium matrix wire. The parameters are C ¼ 730 MPa, c1 ¼ 0:28,

Drpre
1 ¼ 0:0155, and Drpre

2 ¼ 1:01� 10�3 for a prestress of 1200MPa and

C ¼ 730MPa, c1 ¼ 0:28, Drpre
1 ¼ 0:0159, and Drpre

2 ¼ 1:418� 10�3 for a

prestress of 1300 MPa, for a reference length of 1 mm.

Fig. 6. Plots of stress–displacement curves showing the difference in

fracture behaviour found on varying the molten length l.
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A plausible explanation for these observations is that, at

the solid/liquid matrix interface stress concentrations act

on the fibres, in all likelihood because fibres that emerge

from the aluminium solid/liquid interface experience
stress concentrations due to bending whenever their axis

is not strictly parallel to the stress axis. This stress

concentration, in turn, results in localized fracture of

stressed fibres at the solid/liquid interface, at a stress
significantly lower than the nominal average fibre frac-

ture stress.

As the molten wire segment length is increased, the

macroscopically observed fibre fracture becomes in-

creasingly less concentrated at the solid/liquid matrix

interface. Many fibres still break there (Fig. 7); however,



Fig. 8. The size effect as observed in the molten wire experiment (filled

black circles) for the pure aluminium matrix composite and as expected

by the two-parameter fibre Weibull distribution (grey solid line). The

strength is normalized for a length of the specimen or of the molten

zone of 20 mm, respectively.

Fig. 7. Left: macroscopic failure at the solid/liquid transition for specimens with a molten length l6 50 mm. Right: two specimens with l > 50 mm

after failure (i.e. strained beyond the peak stress); the lower specimen is as-retrieved from the tensile testing apparatus, the upper specimen was pulled

apart while molten until full separation in two halves.
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an increasing fraction of fibres has already fractured

elsewhere, within the molten zone, from which they pull

out gradually after the composite reaches its peak stress.

This is consistent with the observation of a finite friction

stress after failure, most likely caused by fibres rubbing

one against the other under the action of capillary forces
(which have been shown to be substantial for fibres 8 lm
in diameter [31]). This explanation is also consistent with

the observation that this remanent stress increases

roughly in proportion with l, Fig. 6.

Additionally, the wire tensile strength decreases as

the molten zone length increases: there is thus a size

effect. A size effect is expected if the fibres in the molten

portion of the wire behave like a dry fibre bundle. Two-
parameter Weibull statistics describes the behaviour of

such a dry fibre bundle and the survival probability

SWeibull of a fibre under an axial stress of rf is a function

of its length L and of its Weibull parameters (charac-

teristic strength r0 at length L0 and Weibull modulus m)

SWeibull ¼ exp

�
� L
L0

� rf

r0

� �m�
: ð1Þ

The size effect for the strength of the dry fibre bundle

expected from the literature parameters (Table 1) and

the experimentally measured size effect on the molten

wire length l (both normalized with strength at

L ¼ l ¼ 20 mm) are plotted together in Fig. 8. It is seen
that the molten wire strength exhibits a significantly

greater size effect than expected for the dry fibre bundle.

Since the fibres are known to be inert in molten alu-

minium, it is highly unlikely that their strength would be

degraded by the presence of the molten matrix. Hence, it

is concluded that the fibres in the composite wire were

already damaged before testing, most likely during

processing of the wire.
The presence and nature of such damage are con-

firmed by TLM [26]. This method quantifies the amount

of damage present in the form of ‘‘dead’’ fibre ends
within the wire, i.e., fibres that terminate within the

matrix. Such fibre ends can be explained either by the

presence of ending fibres in the initial fibre tows, or by

fibre fracture followed by relative displacement of the

fractured fibre ends during wire processing prior to

matrix solidification. Since fractured or terminating fi-

bres can clearly not carry load within the molten zone
(apart from a small amount due to friction) and since

the number of fractured or terminating fibres increases

linearly with the molten zone length, both the strength

of the partially molten wire and the proportion of fibres

breaking at the solid/liquid interface should decrease

with increasing molten segment length, as observed.

After the peak load is passed, the remanent wire

strength does not exceed 10% of the peak load. Hence,
for the sake of simplicity, friction loads exerted by
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broken fibres within the molten composite are neglected.

The fracture load of the molten wire can then be cal-

culated based on the following two assumptions:

(i) all fibres that end within the molten part do not car-

ry any load and
(ii) fibres that are continuous throughout the molten

part break at the solid/liquid transition, at an aver-

age stress value that is independent of the molten

length (and is governed by the stress concentration

at that location).

Under these assumptions, the composite fracture

strength is simply proportional to the number of intact

continuous fibres bridging the entire molten region (in
the following called ‘‘surviving fibres’’). This number is

governed by pre-existing damage in the wire.

If the damage parameter D denotes the probability

that a given fibre one millimetre long ends or is fractured

within this length in the undeformed composite, the

survival probability S (i.e. the probability that a fibre is

intact) over length l, expressed in mm, can readily be

calculated from the inverse probability 1� D and equals
S ¼ ð1� DÞl=l0 , with l0 ¼ 1 mm as reference length.

Assuming that the number of surviving fibres is suf-

ficiently large for the bundle strength to be governed

by the asymptotic bundle strength [29], the fracture

strength r of a composite wire containing a molten

region of length l can be written as

r ¼ C � ð1� DÞl=l0 ; ð2Þ

where C is the wire fracture stress at the solid/liquid

interface for the limiting case where all fibres are intact

(molten length l ¼ 0 mm), equal to the bundle strength
of the fibres at the solid/liquid matrix interface. Ac-

cording to Eq. (2) a plot of ln r versus l should yield a

straight line. It is found that this is not the case: the

relation between the logarithmic strength of the com-

posite and l is much closer to a bilinear correlation.

This can be rationalized by an additional observation

from the TLM investigation of fibre damage in the wire

[26]: close examination of TLM micrographs shows that
most defective fibres are located either at the periphery

of the wire, or along one of the two folds, visible as

essentially fibre-free matrix regions. In other words, fi-

bre damage is more extensive along the surface of the

formerly flat fibre bundle, and less extensive inside this

bundle. Ending fibres in the wire thus originate largely

from surface damage of the fibre tows and the molten

matrix composite wire during spooling and handling
operations in the composite wire production process. A

bimodal damage distribution is thus suggested by me-

tallographic observation. If we separate the fibres into

two populations with distinct damage parameters, cor-

responding respectively to the more damaged peripheral

fibres and to less-damaged fibres within the tows, Eq. (2)

is modified to
r ¼ C � c1 � ð1
�

� D1Þl=l0 þ c2 � ð1� D2Þl=l0
�
; ð3Þ
where subscripts 1 and 2 denote the two different fibre
regions (formerly flat fibre bundle periphery and inte-

rior, respectively) and c1 and c2 their respective fractions
(c1 þ c2 ¼ 1). The length l is as before counted in mm,

and the two damage constants D1 and D2 are normalized

to a length of one millimeter. As shown in Fig. 3, a good

description of the experimental values of the pure alu-

minium matrix wire strength as a function of the molten

zone length l is obtained using the following parameters
(determined by a manual fit): C ¼ 870 MPa, c1 ¼ 0:25,
Dvirgin

1 ¼ 0:02, Dvirgin
2 ¼ 9:3� 10�4. These parameters

correspond to an average damage parameter (calculated

by a rule of mixtures) of 5.7� 10�3 for a length of 1 mm.

This is close, but not quite equal to, the average damage

parameter measured by TLM (D ¼ 6:8� 10�3 for 1 mm)

[26]. The slight difference between results from the TLM

study in [26] and the present experiments is most likely
related to spool-to-spool variations [32].
4.1.2. Al – 2%Cu matrix composite wire

The Al – 2%Cu matrix composite wire exhibits a be-

haviour similar to that of the pure Al matrix composite.

The wire strength at short molten length is lower in the

as-cast Al – 2%Cu wire than with the pure Al matrix.

After the wire is solutionized the strength values ap-
proach almost the values measured for the pure Al

matrix composites. Again the wire strength dependence

on the length of the molten zone, l, can be described by a

bimodal damage distribution with only slightly changed

parameters compared to the pure aluminium matrix

composite. The parameters for the as-cast Al – 2%Cu

matrix wire are C ¼ 730 MPa, c1 ¼ 0:28, Dvirgin
1 ¼ 0:015,

Dvirgin
1 ¼ 5:0� 10�4, still for a reference length of 1 mm

(top curve in Fig. 4). The resulting average damage

parameter is 4.56� 10�3 mm�1. It is likely that the

slightly lower value of C reflects a difference in the solid/

liquid interface morphology (and hence in the resulting

stress concentration factor on the fibres), while differ-

ences in damage distribution parameters probably re-

flect spool-to-spool variations noted previously, rather

than an influence of the matrix.
4.2. Damage accumulation during deformation

4.2.1. Pure Al matrix composite wire

As shown above, testing locally molten wires pro-

vides a method of quantifying the level of fibre damage

in the composite. Whether damage is present in the form

of isolated fibre ends or broken fibres (two opposite
fibre ends close together) does obviously not change

the effect. Hence the method can be used to measure

the amount of additional damage introduced in the



580 B. Moser et al. / Acta Materialia 52 (2004) 573–581
composite after it has been subjected in the solid state to

a given applied stress rpre.
It is indeed found that prestressing in the solid state

lowers the ultimate tensile strength of the partially

molten wire at 775 �C, Fig. 3. As can be expected, the
strength difference between prestressed and virgin com-

posites also decreases as l decreases. Since scatter in the

wire strength was found to increase as the molten zone

length decreases, molten wire strength measurements

for the prestressed wires were only conducted for

l > 100 mm. The model presented above to describe the

in situ fibre bundle strength as a function of fibre

damage can now be used to describe the behaviour of
the prestressed and hence damaged composite. To this

end, only one parameter (damage parameter D2) is

changed independently to describe the experimental

values of the prestressed composites, while the ratio

between (1� D1) and (1� D2) and also the respective

concentrations c1 and c2 as well as C are kept constant,

on the reasoning that damage accumulates identically in

intact fibres regardless of which region of the initial wire
they belong to. This is justified as long as the average

intact length is significantly longer than the critical shear

length. The result of the manual fitting process is shown

in Fig. 3: as seen it agrees quite well with the data. The

parameters resulting from this fit are C ¼ 870 MPa,

c1 ¼ 0:25, Drpre
1 ¼ 0:0205 and Drpre

1 ¼ 1:45� 10�3 for a

prestress of 1200 MPa, and C ¼ 870 MPa,

c1 ¼ 0:25;Drpre
1 ¼ 0:0209, and Drpre

2 ¼ 2:00� 10�3 for a
prestress of 1300 MPa, always with a reference length of

1 mm.

This evolution of damage with prestress in the wire

can be confronted with that expected from the intrinsic

fibre strength Weibull distribution. The increase in

damage created by prestressing (left-hand side of Eq. (4)

below) should follow directly from the two parameter

Weibull strength distribution of the Nextel 610TM

fibres (right-hand side of Eq. (4)) for a fibre length of

L ¼ 1 mm (as the damage parameters are normalized for

1 mm)

1� Drpre
x

1� Dvirgin
x

¼ SWeibull ¼ exp

�
� L
L0

� rf

r0

� �m�
; ð4Þ

where x can be either 1 or 2. Using m ¼ 11:2 and

r0 ¼ 3:47 GPa for L0 ¼ 25:4 mm (literature values from
single fibre tests, see Table 1), the failure probabilities of

a fibre of length L ¼ 1 mm are 6.334� 10�4 and

1.552� 10�3, for fibre stress levels rf of 2400 and

2600 MPa, respectively. These values are in fairly good

agreement with the parameters used to describe the ex-

perimental data from the presented molten wire tests

(Fig. 3), which lead to failure probabilities of 5.2� 10�4

and 1.1� 10�3, respectively.
This result implies that the fracture of fibres in the

solid matrix wire is mostly uncorrelated up to composite

stresses of 1300 MPa (corresponding to a fibre stress of
�2600 MPa), which is about 93% of the composite

tensile strength [32]. Indeed, the data from the single

fibre tests are coherent with those from the tests on the

composite with molten matrix.

4.2.2. Al – 2%Cu matrix composite wire

Applying the same reasoning to the Al – 2%Cu matrix

wire, one observes that the same conclusion holds for the

solutionized Al – 2%Cu matrix as for the pure Al matrix
composite: the progression of fibre fracture after defor-

mation is comparable to that found in the pure aluminium

matrix wire and therefore as expected from Weibull sta-

tistics of the virgin fibre (see Fig. 5 and compare with

Fig. 3). Hence, it can be concluded that the fracture be-

haviour of the fibres is not per se affected by the presence

ofCudissolved in thematrix. This is as expected, given the

fact that neither pure copper nor pure aluminium react
with alumina. With the Al – 2%Cu matrix wire in the as-

cast condition, on the other hand, molten wire strengths

are significantly lower after prestressing as comparedwith

the homogenized matrix, see Fig. 4 and compare with

Fig. 3. Fibre damage therefore accumulates during pres-

tressing at a far higher rate than expected according to the

Weibull statistics. This ismost likely due to the presence of

intermetallics, which are found in the as-cast condition
and are essentially removed after solutionization of the

Al – 2%Cu matrix. If we compare the applied fibre stress

with that needed to produce the same amount of damage

on virgin fibres, we find that the fibres behave as if they

experienced a stress amplified by a factor of about 1.21–

1.25. The intermetallics adhering to the fibre surface ap-

parently induce stress concentrations along the fibre,

most likely by premature cracking. This effect has been
documented for intermetallics and interfacial reaction

layers in several earlier studies on the behaviour of fibre

reinforced metals [33–36].
5. Conclusions

• A novel damage measurement method for fibre rein-
forced metals is presented. It is based on the tensile

testing of a fibre reinforced metal above the matrix

melting point and yields the density of broken or end-

ing fibres within the composite.

• Use of this technique on Nextel 610TM alumina fibre

reinforced Al and Al – 2%Cu composite wires shows

that the composite contains initial damage in the

form of dead-ending fibres that result from process-
ing. This observation and quantification of the

density of such defects are in agreement with metallo-

graphic observations.

• Using the same measurement method on previously

stressed composite wires it is found that: (i) the accu-

mulation of damage prior to composite failure is

mostly uncorrelated and governed by the two-param-
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eterWeibull distributionof the virgin fibre strength, (ii)

a brittle second phase at the fibre-matrix interface pro-

vokes premature fibre fracture such that a considerably

higher amount of damage is introduced for the same

load level, and (iii) the fibre strength is not per se af-
fected by processing or copper additions to the matrix.
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