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Abstract

Fibres fracture gradually during the fatigue cycling of continuous alumina fibre reinforced aluminium. The number of fibre
breaks increases linearly with the logarithmic cycle number, depends on the maximum stress and the stress ratio, and agrees with

published data for the fatigue of bare fibres.
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1. Introduction

The fatigue performance of fibre reinforced metals
has been extensively investigated, with prime focus on
SiC monofilament reinforced Ti-matrix composites
[1,2]. Fatigue mechanisms and properties in this system
are now reasonably well understood and documented
[1,3-7]. Other systems that have been characterized in
fatigue include composites of aluminium reinforced with
glass [8], SiC [9], B [10], or first-generation alumina
fibres [10-13]. Comparatively, the newer generation of
high-performance Nextel 610™ alumina fibre reinforced
aluminium composites [14,15] have, from this stand-
point, only received limited attention [16-18].

Matrix cracking, interfacial debonding, or a combi-
nation of both are the main internal damage mecha-
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nisms that have been found during fatigue of fibre
reinforced metals [1,2]. In a recent study of the tensile
properties of virgin Nextel 610™ fibres, it was found that
cyclic loading causes failure of the fibres at stresses
noticeably lower than the average tensile fibre strength
in monotonic loading [19].

This finding suggests that, in composites reinforced
with such fibres, damage accumulation may also pro-
ceed by progressive degradation of the intrinsic fibre
strength. Using a newly developed technique for the
measurement of internal damage in fibre reinforced
aluminium, we report here that such degradation does
indeed occur in composites of pure aluminium rein-
forced with Nextel 610™ alumina fibres.

2. Materials and experiments
2.1. Material
The composite investigated is a continuous wire of

99.98% pure aluminium reinforced with high-strength
continuous o-alumina fibres and supplied on a reel.
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Table 1
Main properties of the Nextel 610 alumina fibre

Composition [20] >990-Al,03
0.2-0.3%Si0,

0.4-0.7%Fe,03

Mean UTS at Ly = 25.4 mm [15,21] 3.3-3.47 GPa
Weibull modulus [15] 9.7-11.2
Young’s modulus [15] 373 GPa
Density [15,20] 3.75-3.9 gem™>
Diameter [15] 11.98 pm

CTE (100-1100 °C) [27] 810 K™!

The reinforcement of the wire consists in about 50 vol.%
of the continuous alumina fibre Nextel 610™ (3M, St
Paul, MN, USA). Principal properties of this high-
performance ceramic fibre are summarized in Table 1;
more data can be found in Refs. [15,20,21]. The final
wire has a roughly circular cross-section with an equiv-
alent diameter of 1.99 mm (determined by volume
measurement).

2.2. Fatigue testing and damage measurement

The wire was subjected to cyclic loading using a
Zwick010 (Zwick, Ulm, Germany) screw-driven univer-
sal testing machine with computer control and equipped
with a 10 kN load cell. The wire was glued at each end
into a carbon steel tube with 3 mm inner diameter and
gripped by mechanical grips on the steel tube. Two dif-
ferent R-ratio (R = 72) values, 0.1-0.9 and three diffe-
rent maximum loads (correspondmg to peak stresses
of 1100, 1160 and 1220 MPa) were applied. The tests
were performed in displacement control with a triangu-
lar waveform and constant load amplitude enforced
with a frequency of roughly 0.15 Hz. The specimens
were cycled to varying numbers of cycles, mostly with-
out failure, and then removed from the machine for
damage measurement. Some specimens failed during
cycling, thus yielding a few measures of the fatigue life
of the wire.

Fibre damage in the wire, before and after cyclic
loading, was measured using a method recently deve-
loped by the authors [22]. In brief, tensile tests were
conducted on the wire while a selected length, /, of
the wire was heated to 775 °C to melt the matrix. These
tests were performed using the same screw-driven uni-
versal testing machine as used for the fatigue cycles.
In order to introduce the fatigued specimen into the
furnace, one end of the wire was cut right at the steel
tube and then gripped directly with mechanical grips.
The tests were conducted under a constant crosshead
displacement speed of 0.2 mm/s, corresponding to a
nominal strain-rate of roughly 9 x 10~* s~!. The maxi-
mum stress is calculated from the maximum load
divided by the average initial wire cross-section area
before melting.

3. Results
3.1. Fatigue life of failed samples

Samples that were cycled to failure were ones that
broke before the end of the test as it was planned. As
a consequence, stress and cycle number of these speci-
mens are not statistically representative cyclic strength
data (since these samples were at the lower end of the
strength distribution among the present samples).
Among these, one broke after 5047 cycles with a peak
stress of 1100 MPa; one broke after 7650 cycles and
another after 1216 cycles with a peak stress of 1160
MPa while five samples broke with a peak stress of
1220 MPa, after 2, 3, 15, 30, and 57 cycles, respectively.
All these samples were tested with R =0.1.

3.2. Internal damage

A virgin wire tested at 775 °C with a molten section
of length /=230 mm has an average strength o), 5, of
446 MPa. This value is different from what was found
in Ref. [22]; this is a result of spool to spool variations
in the level of internal damage [23].

Fig. 1 plots the fracture stress opoen Of the same
composite wire, again with a molten zone of length
/=230 mm, as a function of the number of fatigue
cycles N applied beforehand at room temperature with
R = 0.1, for three values of the peak stress, o,,.x, Namely
1100, 1160 and 1220 MPa. As seen, 0 mc1ten decreases in a
log-linear manner with increasing N. Increasing the peak
stress results in a lower absolute value of 6,,05ten and in a
greater rate of wire strength degradation during cycling.

Fig. 2 shows the influence of the cycling stress ratio,
R, on the measured residual fracture strength of the
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Fig. 1. Fracture stress of the molten wire as a function of the number
of fatigue cycles experienced, for three peak stress values, namely
1100 MPa (circles), 1160 MPa (squares) and 1220 MPa (diamonds).
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Fig. 2. Influence of stress-ratio, R, on the residual fracture stress of the
molten wire for a maximum stress of 1160 MPa: R = 0.1 (squares) and
R =0.9 (triangles).

molten wire for a fixed maximum applied stress, o,.x, Of
1160 MPa. As R increases from 0.1 to 0.9, the fibres still
experience damage; however, the rate of damage accu-
mulation is lower for the higher R-value.

Some of the cycled wires were tested in a standard
room temperature tension test after being cycled for var-
ious numbers of fatigue cycles. No strength decrease
could be detected compared to virgin wires.

4. Discussion

Fatigue lives of samples tested to failure, although
not statistically representative, are nonetheless compara-
ble with the data published by Zhang et al. for a nomi-
nally identical wire and similar loading conditions
(R=0.1) [18].

Data from molten wire tensile tests of pre-fatigued
samples show that fibres break in the composite during
cyclic loading. They do so gradually as cycling pro-
gresses resulting in an increasing number of fibre breaks
per unit fibre length.

The fracture strength, G,01en, Of the composite wire
containing a molten zone of length / obeys (see Eq. (3)
in Ref. [22])

Omolten — C- (Cl . (1 _Dl)l/lo +CZ : (1 _DZ)I/IU)7 (1)

where C is a constant, equal to the wire fracture stress at
the solid/liquid interface for the limiting case where all
fibres are intact, or for /= 0 mm. Subscripts 1 and 2 de-
note the two different fibre populations that exist in the
virgin wire (this is a result of processing; see Ref. [22] for
details); ¢; = 0.25 and ¢, = 0.75 are their respective frac-
tions. D; and D, are the damage parameters of the two

fibre regions, defined as the probability that a given fibre
is fractured within a length /; of the composite wire. This
reference length is fixed hereafter to /= 1 mm. In the
present study all wires were tested with a molten length
/=230 mm.

It was shown previously that there is a certain
amount of initial damage present in the as-produced
wire and that, if the wires are stressed in tension, the
amount of damage D, increases [22,24]. This increase
of damage was also shown to correspond with predic-
tions of the measured Weibull strength distribution of
the virgin Nextel 610™ fibre if one makes the (reason-
able) assumption that further damage accumulates
equally in the two initial fibre populations of the wire,
i.e., that the ratio between (1—D;) and (1—D,) remains
constant. This observation implies that, during mono-
tonic composite loading, the fibres behave in the com-
posite as if they were bare.

Maintaining in what follows the assumption that the
ratio between (1—D;) and (1—D,) remains constant after
fatigue of the wire, the survival probability S of a fibre
of length /[, = 1 mm can be calculated from Eq. (1) as

Iy/1
cycled cycled \ "0
S = 1- Di _ [ 9molten (2)
- 1 Dvirgin - virgin ’
- molten
evel . . .
where D with i = 1 or 2 is the damage parameter for

the fibres in the cycled composite, /=230 mm. ¢\ %"
and o2 are the measured molten wire strength values
before and after fatigue of the composite.

In Eq. (2), ratio S is the fraction of previously intact
fibres along 1 mm of the composite wire that survived
prior cyclic loading of the composite; (1—.S) is therefore
the probability for fracture of intact fibres 1 mm long

caused by cyclic loading of the composite. This is plotted
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Fig. 3. Fraction of fatigue-fractured fibres (1—S) in a length of 1 mm,
as a function of fatigue conditions (peak stress and R-ratio) and
number of cycles, N.
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in Fig. 3, according to Eq. (2) from the data in Figs. 1
and 2 (for comparison, the shear stress transfer length
at a broken fibre is below half a millimeter in this com-
posite according to shear-lag theory). As seen, the num-
ber of fibre breaks remains relatively small but clearly
increases with fatigue cycling. The trends found with
increasing o, at fixed R, and with increasing R at fixed
Omax, are both as expected. The roughly linear increase
in damage as a function of the logarithmic cycle number
implies that fibre breaks accumulate rapidly during the
first few cycles, after which the damage accumulation
rate decreases gradually, as found in prior investigations
of fatigue damage in heterogencous materials [25,26].

It is interesting to compare the amount of damage
accumulated in fatigue with that resulting from mono-
tonic straining. It was shown in Ref. [22] that damage
introduced during monotonic loading agrees with pre-
dictions from Weibull statistics of the virgin fibre; in
other terms:

1— D@formed L of m
— = Sweibull = R , 3
1 —pyen Welbull = EXP [ Ly (00) } G)

where D; with i=1 or 2, are the damage parameters
normalized to 1 mm, L is 1 mm, L is the characteristic
fibre length, o, is the corresponding characteristic fibre
strength, oy is the applied fibre stress and m is the Wei-
bull modulus. Values for virgin Nextel 610™ fibres are
m=11.2 and oo = 3.47 GPa with Ly =25.4 mm, from
single fibre test data reported in the literature [15,21].

Working the numbers, it is found that, during fatigue
cycling at R = 0.1 with ¢,,,x = 1100 MPa, the amount of
damage introduced after 1000 cycles is comparable to
the damage introduced after 1 cycle with a peak stress
of 1220 MPa representing basically a monotonic load-
ing. The increase in damage during cycling is thus signifi-
cant. This suggests that the fibres themselves undergo
fatigue damage, perhaps by subcritical growth of exist-
ing defects.

As noted above, if such a previously cycled composite
is strained to failure at room temperature, the composite
tensile strength is found to remain essentially unaffected.
This suggests that damage introduced by cyclic loading
nonetheless remains small, i.e. that the intact fibre seg-
ment length is long compared to the shear length and
that fibre breaks are mainly uncorrelated.

The present data represent the statistical fracture
probability of a large number of fibres after cyclic load-
ing. Comparison of the present data with the individual
fibre fatigue properties measured by Chawla et al. [19]
requires that our statistical data be transformed into
average fracture stresses for the cycled fibres. To this
end, we make the assumption that, after fatigue loading,
the Weibull statistics of the fibres maintain the same
modulus m (this approximation can be justified if the
same fibre defect population causes fracture of the fibres

in fatigue as in monotonic loading). The influence of
fatigue damage on the fibre strength is then reflected
in a reduced characteristic fibre strength a.

The applied peak fibre stress during fatigue of the
composite is estimated from the applied maximum com-
posite stress o, and the fibre volume fraction V; (=0.5
in the present composite) as oy = o/ Vs, thus neglect-
ing the small load carried by the matrix. Matching S
in Eq. (3) for of and L =1 mm, with the observed S
value derived from Eq. (2), the evolving characteristic
fibre strength ¢, can then be calculated as a function
of the cycle number N. The average fracture stress (fail-
ure probability 0.5) of a fibre Ly =20 mm long (the
length tested by Chawla et al. [19]) cycled N times to
peak stress o at the relevant value of R is then deduced
from Eq. (3). The result is shown in Fig. 4, where the
thus estimated average strength of fibres cycled in the
composite is compared with the single fibre S—-N data
by Chawla et al. (note that their data were measured
with R =0.2).

Fig. 4 shows clearly that all three curves with R = 0.1
collapse indeed onto one single curve, as they should if
the approximations made in the present estimation of
the S—N curve are correct. The stress ratio exerts an
influence on the response, since the estimated S—N curve
lies somewhat higher for R = 0.9; this of course reflects
an R-ratio effect on the fibre fatigue strength. While our
data suggest a considerably smaller slope for the S-N
curve compared to that plotted by Chawla et al., our
results are fully within the range of their data, at least
for N < 10%.

This agreement between the two sets of data suggests
in turn that damage accumulation by fibre breakage in
the aluminium matrix composite proceeds during fati-
gue essentially as if the fibres were stressed analogously
outside the composite, i.e., as bare fibres. This result
parallels that found in Ref. [22] for monotonic tensile
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Fig. 4. Characteristic fibre strength as a function of cycle number.
Calculated data from this study are compared with the published single
fibre fatigue results by Chawla et al. [19].
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loading. Although more data may be needed to confirm
this conclusion, it implies that the fibre fracture process
during fatigue of these composites is intrinsic to the
fibres, rather than being a result of phenomena specific
to the composite, such as stress concentrations induced
by slip in the matrix.

5. Conclusions

e Fibre damage accumulation during cyclic loading in a
continuous alumina fibre reinforced aluminium
matrix wire can be measured using the molten matrix
method described in Ref. [22].

e The number of fibre breaks during low-cycle fatigue
in alumina fibre reinforced aluminium wires increases
linearly with the logarithm of the cycle number.

e The damage accumulated and the rate of damage
accumulation increase with increasing peak stress at
constant stress ratio and with decreasing stress ratio
at constant peak stress; this is as expected.

o Interpreting fatigue damage of the fibres in the com-
posite as a reduction in their characteristic Weibull
strength with a constant modulus m, it is found that
the present data are consistent with data of Chawla
et al. from isolated fibre fatigue testing [19].

e The results of this study show that, as in monotonic
loading, fibres also fracture in fatigue within the com-
posite as if they were identically stressed outside the
composite.
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