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ABSTRACT

The tensile failure of unidirectional alumina fibre reinforced aluminium is studied in
uniaxial loading along the fibre axis. The tensile strength is measured as a function of
matrix yield strength, which is varied by varying the testing temperature, from RT to
600 °C. Over the range of matrix yield strength (i.e.,, of temperature) examined, the
fracture mode remains brittle. Batdorf's (] Reinforced Plastics Compos 1982;1:153-164)
simple ideal local load-sharing model describes well the observed behaviour, under the
condition that it be adapted to account for the actual number of nearest neighbours
characteristic of the fibre distribution in the composite. This is shown to be close to
three, ie, at variance with the usually assumed idealized hexagonal or square fibre

arrangement patterns.

1. Introduction

Before a composite fails, it nearly always accumulates internal damage [1-6].

Sometimes damage spreads uniformly within the material; it then mostly reduces the



apparent stiffness of the composite, causing tensile deformation to become unstable
when the Considere criterion is met if the composite flow stress is independent of the
strain-rate. The composite ultimate tensile strength is then reached at a smooth
maximum, situated where the composite apparent stiffness has fallen to equal its flow
stress (e.g., [7]).

Often, however, composite tensile failure is much more abrupt: under tension, the
composite accumulates some internal damage and then breaks suddenly, well before the
Considere criterion is met (e.g., [8, 9]). This difference in behaviour is linked with
differences in the path of damage accumulation. If damage is uncorrelated, meaning if
one damaged site does not promote the formation of more damage in its vicinity,
internal damage builds in relatively uniform fashion throughout the material. Graceful
failure is then observed when testing under displacement control, the tensile curve
showing a smooth maximum if the composite contains many fibres. If damage is, on the
other hand, correlated, meaning if a damage event tends mostly to increase the
probability for more damage mainly in its immediate surroundings, then a region of
concentrated damage can appear and grow through the material. When such growth
becomes unstable, an avalanche of internal damage suddenly cuts the material in two,
well before most of the material sees much damage.

In a unidirectionally reinforced fibre composite stressed along its fibres, unless the
matrix is brittle, internal damage is in the form of individual broken fibres. What then
determines the composite fracture mode, and by implication its tensile strength, is the
propensity of one broken fibre to cause neighbouring fibres to break. This, in turn, is
determined by several parameters, which include the fibre and matrix properties, the
strength of the interface, and the geometrical arrangement of fibres in the matrix [1-5,
10-12]. This problem, of load transfer from one broken fibre to other fibres and to the
matrix in its vicinity, is complex and has been addressed, for various combinations of
matrix, fibre and interfacial strength, by many authors [2, 3, 8, 10, 11, 13-23].

Two limiting cases are often considered, as these give extremes for which the
problem is well defined and more tractable [2, 3, 10-12, 24-26]. One is Equal or Global
Load Sharing (ELS or GLS), where the load from one broken reinforcement is shed
equally to all remaining intact reinforcements across the composite in that section of the
composite, roughly one stress-transfer length long, that contains the broken fibre. GLS

favours a gradual build-up of dispersed damage within the composite. The other



extreme is local load sharing (LLS). This assumes that a broken fibre sheds all the load it
carried before fracture to its immediate neighbours only. LLS clearly favours damage
propagation from one broken fibre to its neighbours, making the composite prone to
break suddenly. It seems intuitively evident that GLS is favoured by a very weak matrix
or fibre/matrix interface, given that this is how a bundle of loose fibres fails. LLS, on the
other hand, tends to be favoured in composites that feature a strong interface between
fibre and matrix. There are in the literature several spectacular examples of a transition
between smooth tensile failure with many debonded fibres to brittle and sudden failure
with a flat fracture surface, where the transition is brought about by increasing interface
strength, all else (matrix, fibre) equal. Such examples exist in fibre-reinforced ceramic
[27], polymer [1, 7, 10, 28] and metal matrix [29] composites.

We present here a study of the longitudinal tensile fracture of a high-strength metal
matrix composite made of aluminium reinforced with alumina fibres. This composite
was produced in wire form by 3M (St Paul, MN, USA) using an infiltration process, and is
used for the overhead transmission of electrical power [30] or the local reinforcement of
aluminium castings [31]. We compare theory with experiment in two ways: (i) by direct
comparison of strength predicted in the absence of adjustable parameters with
experimental data, and (ii) by studying the influence of variations in matrix flow stress.
This we accomplish by carrying out the testing at temperatures ranging from room
temperature (RT) up to 600 °C. We show that, over the whole range of temperatures
(matrix strengths) examined, the simple LLS model proposed by Batdorf [32, 33], which
we extend here to relax the low-stress approximation of Weibull statistics, yields a very
satisfying description of both the physics of composite fracture and of our data, provided
realistic assumptions are taken on the microstructure of the composite. That is, instead
of assuming a square [10, 13, 19, 20, 22, 34-37] or hexagonal [8, 10, 13, 15, 16, 19, 23,
38-48] fibre arrangement as is nearly always done in 3D fibre composite theory, we
consider another idealized fibre arrangement, which is based on results of statistical
image analysis on the composite material. As will be seen, the arrangement thus
deduced, in which each fibre has only three neighbours, leads to good direct agreement
between theory and experiment. It also gives a simple alternative explanation for
frequent prior reports in the literature of higher-than-predicted SCF values or lower-
than-predicted experimental strength values in composites failing by LLS [10, 11, 40, 44,
47, 49].



2. Experimental procedures

The continuous alumina fibre reinforced pure aluminium matrix composite wire of
this work was produced by 3M (St Paul, MN, USA) and was supplied on a reel. The wire
contains about 50 vol.% of continuous alumina fibre Nextel 610™ (3M, St Paul, MN, USA).
This fibre is composed of >99% «-Al203 and has a mean UTS of 3380 MPa at Lo = 25 mm
with a Weibull modulus of 11.2 [50, 51]; additional detailed data can be found in Refs.
[40, 50-53]. The wire has a roughly circular cross-section with an equivalent diameter of
1.99 mm (determined by volume measurement). 99.9% pure Al is used as the matrix
[54]. A micrograph giving a cross sectional view of the composite wire is given in Fig. 1
of Ref. [55]; representative micrographs of its structure taken at a higher magnification
are shown in Fig. 1 of the present publication.

Tensile tests were conducted on a computer-controlled Alliance RT/50 (MTS, MN,
USA) screw-driven universal testing machine equipped with a 5 kN load cell. The wire
sample gauge length was 180 mm. Elevated temperature tests were conducted using an
MTS environmental chamber for tests at 100 °C, and using a ZG.19.519-000 Heraeus
(Heraeus, Hanau, Germany) resistance tube furnace for temperatures above 100 °C. In
elevated temperature tests, the length of the hot zone was also approximately 180 mm,
i.e, identical to the gauge length in lower temperature samples. All tests were conducted
at a nominal strain rate of 10-* s-1.

The fibre distribution was analyzed in a similar way as that described in Refs. [56, 57]
on a polished surface half the cross section of the wire (roughly 7500 fibres). Each
micrograph contained typically 130 fully visible fibres (meaning fibres uncut by the
picture frame). The distances from a given fibre to its 15t to 6t nearest neighbours were
determined as follows: (i) images taken in optical microscopy (768 x 576 pixels in size)
were preprocessed by the aid of the image] software (functions “make binary” and
“watershed”, as well as “noise -> remove outliers”) [58]. The size of fibres (in pixels) was
computed by the aid of the “analyze particles” function. The “binary -> find maxima”
function was used to identify fibre centres. Their coordinates were then used as input to
the statistics software “R” [59]. Nearest-neighbour distances between fibre centres were

computed using the “nndist” function provided in the “spatstat” package [60], and



converted to surface-to-surface distances knowing the fibre diameter. This is justified
under condition that the fibre diameter distribution be roughly monomodal, a condition
that is fulfilled here exception made for a few significantly smaller fibres that were

occasionally encountered; these were discarded from analysis.

3. Experimental results

Figure 2 gives the distribution of measured distances from random fibres to their 1st
to 6t nearest neighbours. It can be seen that the fibre distance increases continuously
from the 15t to the 6t nearest neighbours—which is reassuring of course, but also shows
that there is no well-defined ring of nearest neighbours surrounding each fibre within
the composite, as is generally assumed in models. Almost all (90%) of the fibres have at
least one neighbour in their immediate vicinity, i.e, in direct or nearly direct touching
contact; this is immediately visible in Fig. 1. Many fibres have several such directly
contacting neighbours; their number decreases steadily down to roughly 4. The
likelihood of immediate contact with the 4th neighbour is small (roughly 10%) while the
probability of a fibre contacting 5 neighbours is almost nil. Taking as a definition for
contact or near-contact a measured distance between two fibres that is less than 10% of
their radius (0 to 2 um), one concludes that most fibres touch or nearly touch about 2-3
neighbours, something that is confirmed by close examination of the micrographs
shown in Fig. 1.

The shape of the composite tensile curves is almost linear, with slight nonlinearity
arising both from matrix plasticity and from non-linear elastic deformation of the fibres
[54, 61]. A change in slope due to fibre damage may be expected, notably shortly before
failure when the damage growth rate is highest (as suggested from acoustic emission
experiments [9]); however, no pronounced slope change could be detected on the
recorded load-displacement curves over the range of test temperatures examined.
Clearly the amount of damage accumulated prior to fracture is not sufficient to induce
tensile instability, Fig. 3.

SEM images of fracture surfaces of wires tested at room temperature and at 600 °C
are shown in Figs. 4a and b, respectively: apart from regions of fibre pull-out betraying a

softer matrix at 600 °C, fracture surfaces look similar. Large portions on both fracture



surfaces are flat and indicate a brittle failure mode, consistent with the observed shape
of load-displacement curves.

The composite wire has a mean strength of 1380 MPa (x40 MPa standard deviation)
at room temperature. Its ultimate tensile strength decreases monotonically with
increasing temperature in the range from 20 °C to 600 °C, as shown in Fig. 5. We note in
passing that above the matrix melting temperature (660 °C), the composite strength
drops sharply and becomes a strong function of the molten length; such data are given in
an earlier study where this technique was used to measure damage accumulation within
the composite [55].

Also noteworthy is the fact that no transition towards GLS behaviour is found with
matrix softening, betraying a strong prevalence of LLS in this material. This is not
necessarily the case for other systems. For instance, a transition was observed in Fuwa
et al.'s semi-cured organic matrix composites [28] and Hauert et al.'s particle reinforced
aluminium [62, 63], and was demonstrated in a planar LLS model by Phoenix and

Newman [64].

4. Theory

In LLS, composite fracture is caused by the formation of a (often complex and
statistically variable) critical cluster containing a limited number of fractured fibres that
propagates catastrophically above a certain stress; the ensuing fibre fracture “avalanche”
then abruptly breaks the composite. This cluster forms starting from a single fibre
fracture which, as stress increases, causes successive failure in nearby fibres. This in
turn occurs because of the increased stress the broken fibre induces in its neighbours
over a length roughly equal to 29, where the stress transfer length ¢ is taken as half the
critical length [65] given by

(1)

where o is the fibre remote stress, rt is the fibre radius and 7ym the matrix shear yield

stress.



Batdorf proposed a simplified yet comparatively clear framework for analysis of such
composite fracture behaviour, which has been shown to be fairly accurate for relatively
large values of the fibre Weibull modulus m (defined immediately below), such values
being typical of high-quality ceramic fibres [18]. We use it hereafter essentially as it was
originally formulated [2, 18, 32, 33], but adapt it to incorporate the full expression for
fibre Weibull failure probability:

P=l—exp{—£-(%} ] (2)

instead of the first order approximation used by Batdorf, which can lose validity in the
present context. In Eq. (4), L is the length of the fibre, Lo the Weibull reference length, oo
the Weibull reference stress, and m the Weibull modulus. This introduces no great
complication to the derivation while making some of its points clearer.

Consider a composite specimen containing N fibres, all of length B, subjected to
tensile stress o parallel to the fibres, which represent a volume fraction V¢ of the
composite volume. The matrix surrounding the fibres has a shear yield strength tym. If
we ignore work hardening of the matrix (a legitimate assumption in the present
composites [54]), then the fibre stress or can be calculated from the equistrain rule of

mixtures, known to be valid in this configuration:
o=V,-o,+(1-V,)-M-1,, 3)
where M = V/3 is the (von Mises) conversion factor from shear to tensile yield stress.
To calculate the number of uncorrelated single fibre breaks (“singlets”) we account

for the possibility of multiple fracture of each fibre provided breaks are one transfer

length 6 apart. The number of singlets Q1 created at given o is therefore

Q1=N-TB6-[1—exp[—%-(Z—:j ]] (4)



If an isolated fibre break causes fracture of one neighbouring fibre, the result is the
formation of a pair of correlated fibre breaks (a doublet). If this doublet in turn causes
fracture in another neighbouring fibre, a triplet is formed, and so on to form i
neighbouring fibre breaks, resulting in a cluster of broken fibres called an “i-plet”. Rules
for damage propagation can vary; a fairly elaborate example is given by Smith et al. [66].
The Batdorf model simplifies the complex statistical problem of fracture propagation in
fibre composites by assuming that, around each cluster of i broken fibres, the stress
concentration in the corresponding n; nearest neighbouring fibres is uniform. The Stress

Concentration Factor (SCF) is then

e S (5)

where Omax,i is the maximum stress on fibres neighbouring an i-plet, in a composite with
a given (far field) fibre stress ot Fibres more distant from a broken fibre cluster than its
nearest neighbours are on the other hand assumed to experience no stress
concentration, the fibre stress thus being orthere (the model thus assumes perfectly
localized load sharing).

The overload on a fibre neighbouring a broken fibre is approximated by Batdorf as a
triangular stress profile along the fibre axis. The peak value, ot s;, is reached in the
fracture plane and the far field fibre stress or is again reached at a distance 6 away from
the fracture plane in either direction. This stress profile can be replaced by a constant
stress concentration s; acting over a length A; that is defined such that the resulting
Weibull failure probability of the fibre be the same as for the triangular profile; the
result is [32]:

A=2.5 : (6)

The local failure probability for overloaded fibres neighbouring an i-plet is thus



A s -0 "
I)overloaded = 1_ exp[_L_ ( o : ] ] " (7)
0 0

The probability that a singlet transform into a doublet (by breaking one of its
neighbours) is then calculated knowing that the total overloaded length is A; times the

number of nearest neighbours n;

A o\
P, ﬂexp[%-[*a—(’fj } (8)
0 0

The number of doublets formed by this process in the composite is then simply

0, =0,-B_,. Similarly, the number of i-plets created from (i-1)-plets is O, =0, F.;,,;

By recursion:

i1+ %W 14 % 1S
0-011 1" exp " LI g
j=1- & LO & $0 P

(9)

Equation (9) represents a family of curves if the number of i-plets in the composite is
plotted as a function of the applied fibre stress for different values of i; Fig. 6 gives
examples for the present system (parameter values are detailed below).

As i increases, si increases (and A; decreases). Indeed, there are fewer neighbouring
fibres per broken fibre around a larger cluster than around a smaller cluster. Therefore,
fibre fracture propagation is increasingly likely around i-plets as i increases. Thus, as i
increases, Q; tends to stabilize onto a single “high-i” master curve. Note that this
behaviour differs from that found in Batdorf's original derivation, where having
simplified the Weibull statistics to the low-stress limiting expression, Q; lines were
straight and intersected (such that above a certain threshold, which has on occasion
later been interpreted as an instability, i-plets became more probable as i increased—an
obviously artificial result). Note the similarity of these curves showing Eq. (9) with the
“characteristic distribution function” W that was introduced by D.G. Harlow and S.L. Phoenix

[25] and extended to 3-D by Smith et al. [66] (for comparison, Eq. (9) has to be divided by



N-B / 2-0). Smith et al. also gave an estimate of the limiting curve to which this family of
curves converges. Note also that the decrease of A; with i also favours the development of
a single dominant crack in the specimen, notably for fibres having a high value of m.

Now for each i, the or value at which Q; equals unity is that at which there is, on
average, one i-plet in the composite. The or value at which the asymptotically bundled
high-i curves reach unity is thus a or value for which there is on average one cluster that
is indefinitely large, or in other words sufficiently large to cut across the composite. The
corresponding far-field fibre stress, o', is therefore the average fibre stress for which
the composite will fracture. The average composite tensile strength o" is obtained by
substituting of" into Eq. (3).

In order to compute the stress concentration factors s; an assumption has to be made
on the fibre arrangement. As indicated above, square or hexagonal lattices are nearly
always assumed. In a hexagonal arrangement, for example, the number of nearest
neighbours for the singlet and doublet is six. This yields 1.17 for si; for a doublet the
number is eight, and s; therefore should equal 1.25, if Batdorf's assumption of uniform
SCFs over all the nearest neighbours is maintained. In reality, two of the nearest
neighbours bear a higher overload as compared to the others [66]. For a triplet and
higher order multiplets the number of nearest neighbours and resulting s; values depend
on the configuration of the i-plet,. Smith et al. [66] investigated several scenarios and
identified “dominant failure configurations” yielding the largest SCFs. A complication may
then arise, however, from the fact that these SCFs do not always increase monotonically with
the size of the i-plet. Further investigations were carried out by Mahesh et al., who
investigated the influence of the Weibull shape parameter m on the sequence of fibre failures
and resulting SCFs for the case of an elastic matrix [38]. In this work we stay with Batdorf's
assumption of uniform SCFs over the nearest neighbours, emphasizing however that this is
for no better reason than simplicity. Resulting SCFs increase monotonically and are largest
for clusters that resemble circles, as these result in the lowest number of nearest
neighbours possible for an i-plet of given size; this configuration was thus
(conservatively) assumed here in calculating SCFs for each value if i.

Now, as seen above, the actual fibre arrangement in the present aluminium/alumina
fibre composite is quite far from being square or hexagonal. We have seen that the
number of nearest neighbours to a single fibre is much closer to three than to six and

that, on the other hand, the distance to these closest neighbours is typically near zero.

10



Figure 7 shows a synthetic regular fibre arrangement that has both of these
characteristics: it is derived from a regular hexagonal fibre arrangement by simply
removing one fibre out of three. Furthermore, when the fibres touch, as drawn in Fig. 7,
Vtis 60.46%, which is a realistic value for composite such as that of this work, Fig. 1. We
thus take this simple pattern as a basis to compute more realistic numbers for n; than
are obtained from regular square or hexagonal fibre packings. Resulting values are given
in Table 1, together with those resulting from the assumption of a regular hexagonal
fibre arrangement.

From a mean fibre strength of 3380 MPa and knowing m = 11.2 [50, 51] it follows that
6o = 3490 MPa for Lo=25mm (at room temperature). To assess the in-situ matrix
properties, necessary for computing the stress transfer length and known to differ from bulk
properties due to the presence of geometrically necessary dislocations in the metal, we
make use of the data given in Ref. [54]. These values were obtained by "back-
calculating” the matrix flow stress from composite tensile tests conducted at room
temperature (note that the solution of this inverse problem requires a very high
precision, since the sought-after results corresponds to the difference of two large
numbers, namely the composite and fibre stress, respectively). This gives the room-
temperature values of tym. Corresponding curves of Q; versus or are given in Fig. 6, for
fibre packings featuring three or six neighbours.

The required precision is difficult to obtain when testing at elevated temperature,
which is why for elevated temperature we use literature data to evaluate tym. The
matrix material is nominally pure aluminium but contains traces of iron and silicon,
which increase the metal flow stress, notably at elevated temperature [54, 67]. The high
density of geometrically necessary dislocations present from cooldown from processing
temperature is also expected to induce a strain rate sensitivity in tensile loading that is
more characteristic of steady state creep rather than primary creep, even at low applied
mechanical strain. Based on this reasoning and on data plotted in Fig. 5 of Ref. [67], we
estimate oym = M Tym at elevated temperature as given in Table 2. For each temperature,
we also give the corresponding stress transfer length 6 (Eq. 1).

For completeness, we compare our data also with a GLS model. Curtin developed an
elegant statistical shear-lag analysis yielding a simple prediction for the tensile strength

of a fibre composite under global load sharing conditions [11, 27, 68, 69]. Failure occurs
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through geometrical instability (zero slope in the stress-strain curve). The predicted

composite strength is then

1

2 \m+tl (m+1
O-UTs:Vf'Gc'[m_i_zj '[m_i_z)"_(l_vr‘)'cy,m (10)
where o is defined as
ne
Gm‘T . L m+1
o, :[—0 - Oj (11)
rf

and depends on the statistical fibre properties (via the fibre diameter, rf, characteristic
stress and length values, oo and Lo, respectively, and the Weibull modulus m) and the

shear yield strength of the matrix, tym.

5. Discussion

LLS (treating both six and three neighbour fibre packing configurations) and GLS
predictions of composite strength are plotted in Fig. 5 together with our experimental
data. The GLS and both LLS models all capture well the experimentally observed trend of
decreasing composite strength with increasing temperature. This is because the
influence of this parameter is common to all three models, namely a reduced matrix flow
stress has as its main consequence an increased ¢, leading in turn to an increased
probability for fibre fracture following fracture of another fibre, Egs. (1), (6) and (7).
This influence is relatively weak, due to the elevated value of the Weibull shape parameter of
the present fibres. An uncertainty in 7, therefore translates only weakly as an uncertainty in
the composite fracture stress. This can immediately be seen on Fig. 5: a decrease of 7, by
one order of magnitude (as encountered by a change of test temperature from room
temperature to 400 °C, see Table 2) induces a drop in composite strength of only about 16%.

On the other hand, of the three models only the LLS model with three direct
neighbours to a single fibre yields a good overall description of experimental data (note

that there are no adjustable parameters used in the comparison). This agrees with
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general features of fracture in the present composite: the sudden load drop on tensile
curves, Fig. 3, and the shape of fracture surfaces showing large portions of coplanar fibre
cracks, Figs. 4 a and b, clearly indicate a prevalence of LLS.

The only notable discrepancy is at the highest testing temperature, 600 °C, where
experimental values fall roughly 10% below those computed. This may be because at
that temperature the fibre strength starts to degrade. For elevated temperatures just
below 800 °C, no results on the fracture strength of Nextel 610™ seem to be available in
the literature; however, it has been established that at 800 °C the fibre fracture strength
is much lower than at room temperature [51]. It thus seems plausible that creep already
reduce the fibre strength at 600°C, which might explain that experimental values lie
below those predicted here on the basis of a constant fibre strength.

The role of LLS on composite failure and associated size effects follow also from the
scatter of the composite fracture stress, although the number of samples is not sufficient
to obtain reliable data. If we nonetheless attempt to determine the Weibull modulus from our
samples (we use a predictor of (i-0.5)/N and linear regression analysis as in [51]), we obtain
(bias-corrected) values of 32 (from 7 samples), of 116 (from a mere 3 samples), of 24 (from 7
samples), 100 (from 5 samples) and 46 (from 7 samples), for the samples tested at
temperatures of 23 °C, 100 °C, 400 °C, 500 °C and 600 °C, respectively. Given the fact that
the number of samples available is so small (95% confidence intervals for a population of 10
samples are fairly large with about 0.5 m < my,. < 1.9 m [70]; these are of course even larger
for the present even smaller sample populations), this large scatter of values of the Weibull
modulus is not surprising. Still, the above values suggest that the “true” Weibull modulus of
the composite samples is high, and lies probably around 50, which corresponds to i - m, as
expected for LLS. Now, if we plot Fig. 6a (Q; as a function of fibre stress) as Inln(1/(1- Q) vs.
In(or), we indeed obtain Weibull-shaped slopes, with a value for the critical Qs curve of 71,
i.e., again of a comparable magnitude (but rather on the upper end), Fig. 8. Given the fact that
the size of critical i-plets decreases with the number of nearest neighbours considered in the
fibre arrangement, this suggests that the relevant number of nearest neighbours may be a bit
below 3, say somewhere between 2 and 3, as also suggested from image analysis, Fig. 2.

We note also that, whereas in the present work we chose to better account for the
actual fibre packing but stay with uniform SCFs as did Batdorf, another possible
approach is that of Smith et al. who studied worst-case SCFs for “dominant failure

configurations” in a perfect hexagonal fibre array [66]. These SCFs are much higher than
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uniform values and of similar magnitude as our “3 nearest neighbours” SCFs (but do not
increase monotonically, as already stated). It is likely that the model by Smith et al. yield
similar results for our material as our “fibre-packing corrected” Batdorf model; however,
we also note that it entails is a significantly more involved calculation.

The general conclusion of this work is that it is important to describe the fibre
packing and resulting SCFs realistically before explaining how a fibre composite breaks
under uniaxial tension; this is in line with calculations of Landis and McMeeking, who
studied the effect of eccentricity of a single fibre within a regular (square) arrangement
and showed that the increase of the resulting SCF with eccentricity is substantial for
both an elastic as well as a plastic matrix or a sliding interface, suggesting in turn that
there is a strongly reduced shear coupling with increased fibre spacing, such that the closest
neighbours must bear the brunt of load transfer [20]. Fibre distributions vary:
monofilaments in a diffusion-bonded SiC/Ti composite are, for example, packed quite
regularly as a result of their processing route (e.g., [8, 71]). Being infiltrated, the present
composites contain fibres that are on the other hand irregularly distributed and that
often touch, and as such resemble fibre packings found in polymer matrix composites
(e.g., Fig. 3.3 of Ref. [1] or Fig. 5.10 of Ref. [72]) or some ceramic matrix composites (e.g.,
Fig. 7.2 of Ref. [72])—it would be interesting to test whether the present simple three-
neighbour model gives a better description of the longitudinal tensile strength of such
composites as well. It is also interesting to note that fibre distributions can be
engineered to optimize the strength of composites: this was elegantly demonstrated in
“hybrid” fibre reinforced metals, where ceramic particles are placed along the fibre
surface to keep these apart during composite processing [73-76]: higher longitudinal
tensile strengths are indeed obtained.

Another interesting question is the extent to which direct fibre-fibre contact
contributes to enhance overloading in the vicinity of fibre breaks via fibre-to-fibre
friction: the friction coefficient of alumina is fairly high, around 0.4-0.6 over the range of
temperatures examined in our study [77], and the transverse stress state across the
matrix cross section is compressive both after cooldown from processing temperature
and in tensile loading. This stress state therefore tends to squeeze the fibres against
each other, such that substantial friction stresses may develop along the fibre axis. A
parallel can be drawn with observations made in composites having organic matrices

and reinforced with carbon or glass fibres. These composites exhibit a drop of strength
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under tensile loading with increasing superposed hydrostatic pressure, which is
accompanied by an increasing flatness of fracture surfaces [78-80]. The authors explain
this observation as an effect of the compressive stress normal to the fibre-matrix
interface, which impedes fibre pull-out and thus embrittles the composite. Finally we
note that a more efficient stress transfer from a broken fibre to its neighbours may also arise
from dynamic loading effects as well as from local matrix hardening in regions of small fibre

spacing.

6. Concluding remarks

Over the entire range of temperatures (matrix strength values) explored, failure in
high-performance infiltrated alumina fibre reinforced aluminium is clearly dominated
by LLS. The classical assumption of a hexagonal fibre arrangement fails to provide a
satisfying prediction of experimental data. We rationalize this observation through the
fact that the actual fibre distribution in the composite is such that each fibre has
typically about 2-3 nearest neighbours instead of 6 as commonly assumed. We consider
a still idealized but more representative fibre arrangement pattern, where each fibre has
three direct neighbours, which together with Batdorf's simple LLS model enables a very
satisfying prediction of experimental results across the range of temperatures explored
here.

From the above we can deduce that the present composites can likely be made
stronger by (i) increasing the matrix strength (free of any embrittling phases however),
and (ii) by assuring a more regular fibre distribution designed to increase the number of

immediate fibre neighbours and to prevent fibre-fibre contact.
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Figure 1. Micrographs of the composite wire. Corresponding volume fractions of fibre

reinforcement are 60.9%, 54.7%, 59.1% and 51.9%, respectively.
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Figure 3. Typical load-displacement plot of a tensile test, here carried out at 600 °C.
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Figure 4. Fractography of composite wire (a) tested at room temperature, and (b) tested

at 600 °C. Arrows indicate regions of more pronounced matrix plasticity.

29



2000

® experiment

— GLS
w 1800 ——LLS 6 NN
= | Ny | -LLS 3NN
é 1600 |
Kz
o
3 1400 ¢
(@)
©
(O]
= 1200 |
o
o
£
3 1000 |

800

0O 100 200 300 400 500 600 700

Temperature [C]

Figure 5. Experimental as well as computed values of composite strength as a function of

test temperature.
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Figure 6. Evolution of Q; for i-plets with 1, 2, 3, 4, 5 or 10 fibres, considering that each

fibre has three (a) or six (b) neighbours. For i-plets with more than roughly 10 fibres,

resulting Q; curves overlap. Instability occurs when Q; = Qi+1 = 1.
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Figure 7. Idealized hexagonal-grid fibre arrangement giving each fibre three direct

neighbours instead of six.
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Figure 8. Double logarithmic plot of the lower end of Fig. 6a.
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