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Strength of thermally exposed alumina fibers

Part II bundle behavior

P. E. CANTONWINE∗
Materials Science and Engineering Department, University of Virginia,
Charlottesville, VA 22903, USA

Non-ideal bundle models that predict the effect of filament slack, misalignment and
bonding were compared to the predicted ideal bundle stress-strain response and the
measured response of an Alumina tow (NextelTM 610) as a function of exposure
temperature. The ideal bundle model assumes that the filaments are perfectly aligned,
independent, and filament strength is characterized by single filament tests; the non-ideal
bundle models relax these assumptions. The NextelTM 610 tow was found to behave ideally
until the sintering bonds between filaments were strong enough to resist fracture during
testing. When bonded filament clusters existed throughout testing, the weakest filament in
the cluster likely caused failure of the entire cluster. Therefore, the assumption of
independence was not valid, and the measured bundle strength was lower than the ideal
bundle prediction. The assumption that the strength distribution of the bonded filaments
was the same as the filaments removed from bonded filament clusters also appears to be
invalid. It is hypothesized that the effective decrease in strength of bonded filaments is a
result of induced shear stresses that form along the bond line when bonded filaments are
either bent or twisted. However, within a composite this motion is limited. The modeling
indicated that 10% clustering can be tolerated with little degradation in composite
properties as long as the clusters remain independent from their neighbors.
C© 2003 Kluwer Academic Publishers

1. Introduction
Continuous reinforced composites are bundles of fila-
ments “glued” together with a metal, ceramic or poly-
mer matrix. Thus, it is not surprising that the models
developed to predict the stress-strain response of these
composites are based on the behavior of filament bun-
dles [1, 2]. Filament bundles have long been a con-
cern in the textile industry [3, 4], and the ideal bun-
dle model developed by Daniels [5], which allowed for
the accumulation of filament failures, ultimately ex-
plained why the strength of a bundle was significantly
less that the average strength of the constituent fila-
ments. In the late 1950s, Coleman [6] applied Daniels’
model to weakest-link filaments whose strengths fol-
lowed a Weibull distribution. This allowed the model
to be applied to advance composite materials where
the reinforcements were stiff, strong and brittle [1, 2].
Three important assumptions of the ideal bundle model
are that the filaments are perfectly aligned in the load-
ing direction, filament failure occurs independent of
neighboring filaments, and load from a failed filament
is evenly distributed among the remaining unbroken
filaments (global load sharing).

Continuous oxide reinforcements are most economi-
cally manufactured as multifilament tows or bundles.
Typically the process involves spinning hundreds to
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thousands of filaments from a liquid organic precursor
followed by solidifying, drying, and firing. An example
of such a multifilament tow is the NextelTM 610 fiber,
a small-grain Al2O3 filament manufactured by 3M (see
Fig. 1); NextelTM 610 has been used to reinforce var-
ious materials from titanium alloys [7, 8] to ceramics
[9], but it is apparent from Fig. 1 that the filaments are
not perfectly aligned.

Two types of alignment defects occur naturally in
multifilament tows: filament slack and filament mis-
alignment. Filament slack is caused by variations in
filament length over a given length of tow and re-
sults in the shorter filaments being loaded before the
longer filaments (i.e., there is a distribution in filament
strains). It will be assumed herein that when loaded
these “slacked” filaments are perfectly aligned. Fila-
ment misalignment refers to filaments that are oriented
at an angle to the loading direction also causing a dis-
tribution in filament strains.1 A third type of defect,
which is not apparent in Fig. 1, results from filament-
to-filament sintering after high temperature exposure.

In Part I [10] the single filament strength distribu-
tion of NextelTM 610 was determined as a function
1 It is recognized that a filament slack defect likely will turn into a fila-

ment misalignment defect once the filament is loaded but this will not
modeled.
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Figure 1 As-received NextelTM 610 tow fiber with the polymer sizing
removed.

of thermal exposure; filament strength was found to
decrease as exposure temperature increased. The mea-
sured strength distribution characterizes the indepen-
dent failure of filaments within the bundle (an assump-
tion in the ideal bundle model). Thus, the results from
Part I were used with the ideal bundle model to de-
fine a hypothesized stress-strain response for NextelTM

610 bundles. The two main objectives of this work were
(1) to measure the stress-strain response of NextelTM

610 bundles as a function of thermal exposure and
to compare that response to the ideal bundle model,
and (2) to develop “non-ideal” models that predict the
effect of filament slack, filament misalignment, and
filament-to-filament sintering. By comparing the non-
ideal model results to the measurements, the relative
importance of each bundle defect can be determined.
Another objective was to characterize the evolution of
the defect distribution with exposure temperature and
compare it to previous results reported in Part I [10].

2. The ideal bundle model
An ideal filament bundle is a collection of a “large”
number (greater than 200 [11]) of independent fila-
ments oriented in a parallel array. When stress is applied
to the bundle, it is assumed to be evenly distributed to
all the filaments. At a stress much lower then the mean
filament strength, the first filament fails. This filament
becomes completely ineffective, and the load it once
carried is then assumed to be evenly redistributed over
the remaining filaments. This concept is called global
load sharing.

The bundle stress, σb, is defined as the load divided
by the initial area of all the filaments. The bundle stress
will be equivalent to the filament stress until filaments
begin to fail. At that point the single filament stress
become larger than the bundle stress. As defined by
Daniels [5] and Coleman [6], the ideal bundle stress is:

σb = σ f (1 − Pf ) (1)

where σ f is the applied stress in an unbroken filament
and Pf is the probability of failure, which can be de-
termined from the Weibull distribution:

Pf = 1 − exp

(
− L

Lo

(
σ f

σo

)m)
(2)

where L is the gauge length and Lo, σo and m are the
Weibull parameters determined from single filament
tests. The probability of failure is equivalent to the frac-
tion of filaments that have failed in a bundle. Equation 1
is therefore a simple rule of mixtures model.

By substituting Equation 2 into Equation 1 and using
Hooke’s law for the filament stress, the bundle stress can
be written as a function of strain, ε.

σb = E f ε exp

(
− L

Lo

(
E f ε

σo

)m)
(3)

The failure strain of the bundle, εfail, is found by dif-
ferentiating Equation 3 with respect to strain, setting it
equal to zero, and solving for the strain:

εfail = σo

E f

(
Lm

Lo

)−1/m

(4)

The bundle strength, σ ∗
b , is found by substituting

Equation 4 into Equation 3 to give:

σ ∗
b = σfail exp

(
− 1

m

)
(5)

recognizing that σfail = E f εfail,

3. Experimental procedures
3.1. Materials and processing
NextelTM 610 is 99.5% Al2O3. For a denier of 1500,
there are approximately 400 filaments per tow; the fil-
ament diameter is approximately 12 µm [12]. The fil-
aments are manufactured from an organic basic alu-
minum salt solution. The “green” filaments are spun
from a multi-orifice spinnerette, fired slowly to remove
the volatiles and then converted to alpha alumina at
1400◦C [12]. The NextelTM 610 fiber tow is a high
strength reinforcement used in metal and ceramic ma-
trices [13]. The high strength is achieved by keeping
the grain size small (less than 100 nm) and minimizing
the process induced defects [13].

The effects of thermal exposure were investigated
via a continuous heat-treatment process. The NextelTM

610 was continuously drawn at 30 cm/min. through two
furnaces; the line tension was around 0.7 N to avoid sig-
nificant sagging. To burn off residual organics such as
the sizing, the temperature of the first furnace was set
at 750◦C. The second (or sintering) furnace was set
at temperatures ranging from 1100 to 1450◦C. Since
the hot zone was about 30 cm in length, the filaments
were at temperature for about 1 minute. To investigate
the possible introduction of handling flaws, an exper-
iment to represent the as-received condition was done
with the sintering furnace at room temperature. The fi-
nal step was to resize the bundle by infiltrating it with
a polyvinyl butyral/methanol solution followed by cur-
ing. The resizing step allowed for more uniform griping
of the filaments during the testing of the filament bun-
dles. This continuous process for sample preparation
was developed, in part, to minimized the possibility of
increasing the number of filament-slack and filament-
misalignment defects in the bundle test specimens.
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3.2. Testing
Sized filament bundles (∼13 cm in length) were put
into a 2.5 cm long furnace to burn-off the organic siz-
ing within the approximate 2.5 cm gauge length, which
eliminated the ability of neighboring filaments to com-
municate through shear stresses in the sizing. The bun-
dles were then mounted into paper tabs. The stress-
strain response of the bundles was measured at room
temperature using an ATS series 1100 tensile testing
machine with a 50 lb. load cell, 0.25 cm/min crosshead
speed, rubber face grips and an OPTRA 3000 laser
extensometer. Selected bundles were infiltrated with
petroleum jelly to dampen the shock waves during fail-
ure, thus saving the fracture surfaces for fractography.

4. Alumina filament bundle behavior
The stress-strain responses after four different heat
treatments are plotted in Fig. 2. The measured bundle
strength is plotted versus exposure temperature in
Fig. 3. The predicted response of an ideal bundle is
shown in these figures for comparison; the measured
Weibull parameters for each exposure were reported in
Part I [10] and are reproduced in Table I. The bundles
in the as-received condition and exposed to 1300◦C
were well predicted by the ideal bundle model. The
model overpredicts the measured modulus and bundle
strength by less than 10%. In contrast, for exposures
above 1300◦C, the ideal bundle model overpredicts the

Figure 2 Stress-Strain measurements, ideal bundle predictions and non-ideal cluster predictions (Section 5.3) for (a) as-received alumina bundles,
(b) exposed at 1300◦C, (c) exposed at 1400◦C and (d) exposed at 1450◦C.

TABLE I Filament strength parameters

Exposure Weibull reference Weibull
temperature stress (GPa) modulus

As-received 3.37 11.0
1100◦C 3.30 7.1
1200◦C 3.30 7.0
1300◦C 3.09 7.0
1350◦C 3.10 8.1
1400◦C 3.00 9.0
1450◦C 2.51 11.0

Figure 3 Bundle strength of NextelTM 610 versus exposure temperature.
The bundles exposed at 800◦C where considered to represent the as-
received condition.
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T ABL E I I Defect distribution; bundle tests

Defect type

Exposure temperature SU1 SW2 SC3 SN4 SB5 IU6 IP7 IPY8

As-received 32% 4% 4% 7% — 21% 23% 9%
1300◦C 25% 25% 2% 6% 6% 17% 15% 4%
1400◦C 30% 68% — — — — 2% —
1450◦C 13% 81% — 2% — — 4% —

1Surface unidentified.
2Surface weld-line.
3Surface crack.
4Surface nodule.
5Surface blister.
6Internal unidentified.
7Internal spherical pore.
8Internal non-spherical porosity.

bundle strength by 50% to 100%. The Young’s modulus
was unaffected by heat treatment, and the average mod-
ulus measured from all the tests (based on the slope of
the stress-strain response) was 355 ± 25 GPa. This was
slightly less than the modulus reported for NextelTM

610 single filaments (380 GPa) [13].

4.1. Fractography
The defect population in the filaments after failure
of the bundle was determined from SEM micro-
graphs. The results are listed in Table II and compared
well to the observations from the single filament tests
[10]. Similar to the single filament tests, 50% of the fail-
ures in the as-received condition were due to internal de-
fects. As the exposure temperature increased, the obser-
vation of internal defects decreased, and the observation
of weld-line defects (a remnant of filament-to-filament
sintering) increased. After exposure at 1450◦C, over
80% of the failures were due to weldline defects.

Although the defect populations were similar in the
single filament and bundle tests, the position of the
weld-line defect on the fracture surface was different.
The weld-line defects from single filament tests were
shown to be slightly offset from the focal point of the
fracture mirror [10]. In contrast, the weld-line defects
from the bundle tests were at the focal point in over 90%
of the filaments (see Fig. 4a). A tendency for the crack
to initiate and grow at an angle to the plane perpendic-
ular to the tensile axis also was apparent (see Fig. 4b).
This indicates that the stress state around the “weld” or
bond line was different in the two tests.

Filament clusters consisting of two, three, and four
filaments were observed after failure; a four filament
cluster is shown in Fig. 5. If filament failure was inde-
pendent of neighboring filaments, the probability that
a filament would fail within a diameter of its neighbor

T ABL E I I I Filament cluster distribution: Average number of clusters per exposure temperature

Cluster size

Exposure temperature 1 2 3 4 5 6 7 8 10 13 14 18

As-received 383 5 1
1300◦C 368 9 2 1
1400◦C 309 17 7 3 1 1 0.3 0.3 0.3
1450◦C 254 16 11 2 3 2 1 1 0.3 0.3 1 0.3

is equal to the filament diameter (12 µm) divided by
the gauge length (2.54 cm) or ∼5 × 10−4. Similarly,
the probability of three filaments failing within a fila-
ment diameter is ∼2.5 × 10−7, and for four filaments,
∼10−10. Therefore, the observations of filaments clus-
ters imply that bonded filaments are not independent.
The bonded filaments will transfer load from a broken
filament directly to neighboring filaments. Therefore,
the global load sharing assumption will not be valid for
filaments clusters, and the cluster will likely fail when
the weakest filament within the cluster fails.

4.2. Filament cluster characterization
To characterize the extent of clustering, the distribution
of clusters was measured from polished cross sections
of sintered bundles. The multifilament clusters were
counted from SEM micrographs. The number of single
filaments was then determined by subtracting the total
number of filaments in clusters from the average num-
ber of filaments in a bundle (396). The average cluster
distribution from three cross sections at each tempera-
ture is shown in Table III. As the exposure temperature
increased, the number of filaments in clusters increased.

The fractography results indicated over 80% of the
filaments failed from weld-line defects after exposure
to 1450◦C whereas only 35% would be expected from
the 2-D cluster distribution measurements. This dis-
crepancy indicates the filaments were not bonded over
their entire length. This was confirmed by direct obser-
vation of a diminishing filament-to-filament bond (see
Fig. 6).

5. Non-ideal bundle modeling
The non-ideal bundle modeling described in the fol-
lowing sections is based on a generalized bundle
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Figure 4 Example of a fracture surface from a bundle test. (a) Failure initiated at a weld-line defect: defect at focal point of fracture mirror, (b) Crack
propagation was often observed to initially begin at an angle to the expected direction for pure mode I failure.

Figure 5 Failure of filament cluster in a bundle exposed at 1450◦C;
filament failure occurs on or near the same plane.

model developed by Phoenix [14] and Monte Carlo
simulations. Three bundle defects are modelled: fil-
ament slack, filament misalignment and filament
clusters.

5.1. Filament slack
Filament slack results from variations in filament length
over a given bundle gauge length. Length variations
in the NextelTM 610 fiber tow are apparent in Fig. 1.
During the straining of a bundle, shorter filaments will
be loaded first followed by the longer filaments. This
creates a bundle whose filaments have a distribution of
strains.2

Phoenix [14] developed a generalized bundle model
to consider a bundle with a distribution of strains. The
Phoenix approach was to calculate the expected value of
the bundle stress for a certain filament type, i , and then
sum over the different types; filaments with different
elastic moduli would be considered different filament
types. The bundle stress is then:

σb =
n∑
i

Vi

∫ εb

0
E f i ε(1 − Pf i (ε))g(ε) dε (6)

2 In a composite where the matrix resists relative filament motion, varia-
tions in filament length will be manifested as a filament-misalignment
defect rather than a filament-slack defect.
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Figure 6 Weld-line defect on a filament removed from a bundle exposed at 1450◦C. The width and depth of the weld-line defect decrease from left
to right indicating the filament was not bonded over its entire length.

where n is the total number of filament types; εb is
the maximum strain in the bundle (i.e. the strain of
a perfectly aligned filament); Pf i (ε) is the probability
of failure, and g(ε) is the probability density function
describing the distribution of strains. The integral term
is the expected value for the bundle stress of the filament
type, i .

To consider the effect of filament slack on the bundle
stress, a filament-slack parameter, �, is defined for each
filament, j , of type, i :

� = l j − lo

lo
(7)

where l j is the total length of an individual filament and
lo is the initial length of the bundle.� is the bundle strain
at which filament j begins to carry load. Therefore,
εb − � is the strain of an individual filament. Assuming
that a filament carries no load when εb − � < 0 and is
perfectly aligned when εb − � > 0, Equation 6 can be
rewritten as:

σb =
∫ �max

o
E f (εb − �)

× exp

(
− L

Lo

(
E f (εb − �)

σo

)m)
g(�) d� (8)

substituting the Weibull function for the probability of
failure and recognizing that there is only one filament
type in NextelTM 610. �max is the maximum value of
the filament-slack parameter. Equation 8 is the expected
value of the bundle stress given a distribution in the
filament-slack parameter, g(�).

One reasonable distribution function for the filament-
slack parameter is a linear decreasing function such as:

g(�) = − 2

�2
max

� + 2

�max
, 0 < � < �max (9)

This type of distribution represents the realistic case
where most of the filaments have very little slack.

For εb > �max, the bundle stress can be calculated
from Equation 8 while for εb < �max, the expected
bundle stress becomes:

σb =
∫ εb

o
E f (εb − �)

× exp

(
− L

Lo

(
E f (εb − �)

σo

)m)
g (�) d� (10)

Figure 7 Stress-Strain response of an ideal bundle compared to one with
filament slack; the Weibull parameters used were from the as-received
single filaments [10].

The stress-strain response of an ideal bundle compared
to one with a maximum filament-slack parameter of
0.001 is shown in Fig. 7.3 The filament-slack model
predicted that the initial Young’s modulus is signif-
icantly less then an ideal bundle. As more filaments
become loaded the stiffness increases until all the fila-
ments are loaded and the stiffness response parallels
the ideal bundle model. This type of response does
not match the measured response, which was linear
throughout and consistently 90% of the filament mod-
ulus. Filament-slack effects, therefore, can be ignored
in this well aligned NextelTM 610 tow.

5.2. Filament misalignment
Misalignment is another mechanism that can cause a
distribution in filament strains and decrease the modu-
lus and strength. If it is assumed that the filament an-
gle, φi , does not significantly change as the bundle is
strained, then the axial strain in a misaligned filament is:

εi = εb cos2 φi (11)

Again using Phoenix’s model, the bundle stress for a
given εb becomes:

σb =
∫ φmax

o
E f εb cos2 φi

× exp

(
− L

Lo

(
E f εb cos2 φi

σo

)m)
g(φi ) dφi

(12)

3 The integral was numerically evaluated in MathematicaTM.
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Figure 8 Stress-Strain response of a bundle with filament misalignment
(φmax = 30◦) compared to the ideal bundle model.

Similar to the filament-slack model, the distribution
of misalignment angles, g(φi ), can be modeled as de-
creasing linearly from the angle zero to a maximum an-
gle, φmax. The stress-strain response of an as-received
NextelTM 610 bundle with a maximum misalignment
of 30◦ is plotted in Fig. 8 along with the ideal bundle
prediction. The predicted modulus for this misalign-
ment distribution is 360 GPa, which compares well to
the measured bundle modulus. Also, unlike the fila-
ment slack mechanism, misalignment causes a consis-
tent percentage decrease over the entire linear elastic
region. However, this distribution of misalignment an-
gles is not realistic. Warren [15] measured the mis-
alignment angles between metal coated NextelTM 610
filaments prior to consolidation and determined that
φmax was no more than 6◦. Using Warren’s misalign-
ment distribution, the predicted Young’s modulus was
378 GPa. Therefore, misalignment in NextelTM 610 will
only contribute a part of the loss in modulus. It will be
shown later that misalignment will affect the ultimate
bundle strength when filaments are bonded together.

5.3. Filament clusters
Both the generalized Phoenix bundle model and Monte
Carlo simulations were used to model the effects of
bonded filament clusters. The assumptions were that
the filaments were perfectly aligned (a reasonable as-
sumption given the modeling results in the previous
sections), a filament cluster failed at the failure stress
of the weakest filament within that cluster, and the fil-
ament strength distribution was described by the mea-
sured Weibull parameters from the single filament tests.
Therefore the probability of failure for a cluster type i
can be written as:

Pf i = 1 − exp

(
−Ci L

Lo

(
E f iε

σo

)m)
(13)

where Ci is the number of filaments in cluster type i .
The term Ci essentially increases the volume of the fil-
ament, effectively increasing the probability of failure.
Substituting Equation 13 into Equation 6 and assuming
the filaments are perfectly aligned (i.e. g(εb) = 1), the
filament-cluster bundle stress is:

σb =
n∑
i

Vi E f ε exp

(
−Ci L

Lo

(
E f ε

σo

)m)
(14)

Similar to the ideal bundle model, the bundle strength
is defined as:

σ ∗
b =

n∑
i

Viσfailc
−1/m
i exp

(
− 1

m

)
(15)

As a first approximation, volume fraction of each clus-
ter type was assumed to be equivalent to the measured
values in Table III. The response of the cluster model
was compared to the ideal bundle model and measure-
ments in Fig. 2. The cluster model indicates that the ulti-
mate bundle strength is lowered as clustering increases
but does not fully explain the large drop in measured
strength after heat treatments at 1400◦C and 1450◦C.

Monte Carlo simulations of bundle tests were also
performed to verify the accuracy of the Phoenix ap-
proach. The same assumptions were considered. To as-
sign strengths to the 396 filaments in a bundle, a random
number between 0 and 1 was generated. This number
was taken to be the failure probability, Pf . Substituting
this Pf into Weibull function, the strength of that fila-
ment was calculated and assigned. The strength of the
clusters was determined by assigning a strength to each
filament within the cluster, finding the lowest filament
strength, and then assigning this lowest strength to all
the filaments within the cluster.

With these assumptions and rules for assigning fil-
ament strengths, the bundle stress-strain response was
simulated using MathematicaTM. For each cluster char-
acterization in Table III, two simulations were per-
formed. The results in Fig. 9 for as-received NextelTM

610 show very good agreement between the Phoenix
model and the Monte Carlo simulations; similar results
were found for the exposed bundles. However, neither
model captures the large decreases in strength measured
for the heat treatment at 1400◦C and 1450◦C.

As discussed earlier, the fractography indicated
more filament-to-filament sintering than did the two-
dimensional measurements of clusters. In particular for
the bundles exposed to 1450◦C, 80% of the filaments
failed due to a weld-line defects (i.e. 80% were in clus-
ters) compared to the two-dimensional observations
that 35% of the filaments were in clusters. This dis-
crepancy was modeled using the Monte Carlo method
by assuming that 80% of the filaments were in one

Figure 9 Monte Carlo simulations compared to cluster modeling using
the Phoenix approach for as-received NextelTM 610.
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Figure 10 Stress-Strain response of bundles exposed at 1450◦C with the
Monte Carlo prediction of the worst case scenario (i.e. the bundle fails
when the weakest filament fails).

cluster. With a cluster this large, the bundle essentially
failed when the weakest filament failed, which may be
considered a worst case scenario. The results of five
simulations are shown in Fig. 10; the simulations still
overpredicts the measured bundle strength.

6. Discussion
The evidence of filament clusters failing on essentially
the same plane (Fig. 5) clearly indicates that filament
failure was dependent on neighboring filaments. In
other words, the global load sharing assumption is in-
valid for filament clusters. However, the filament cluster
model, which assumed the filament strengths were char-
acterized by the single filament tests and the filament
clusters failed when the weakest filament failed, did not
fully explain the differences between theory and exper-
iment. One must conclude then that the single filaments
removed from filament clusters have a higher strength
than while they are still bonded together, and therefore,
do not accurately describe the strength distribution of
the bonded filaments.

An important difference between the single filament
and bundle tests concerns the timing of when the fila-
ments are torn from the clusters. In the single filament
tests, the filaments were removed before testing so the
roughness of the weld-line defects were created be-
fore failure. The sintering stresses were also relieved.
In contrast, the filaments remained bonded during the
bundle testing, and the roughness of the weld-line de-
fect was created after testing; either from the shock
waves associated with failure or by manually removing
the filaments.

The central issue is the single filament tests are mea-
suring the strength distribution of defects created by
removing bonded filaments from the bundle. In one
sense, the weld-line defects are not actually present in
the bundles because they are created after failure. This
would seem to indicate that there was a difference in the
defect distribution, and therefore, it seems obvious that
the strength distribution from the single filament tests
would not accurately describe the strength distribution
of filaments still bonded together. However in Part I
[10], it was found that grain boundary grooves either
created by separation of bonded filaments or from ther-
mal etching likely controlled strength. Given that grain

boundary grooves from thermal etching were present in
the bonded filaments, the differences in the strength of
bonded filaments and single filaments with weld-line
defects are likely not due to differences in the defect
population.

A consideration of the fracture surfaces will give
some insight into why the bonded filaments in bundles
have a lower strength then when removed from those
bundles. In the single filament tests, the weld-line de-
fects were shown to be offset from the focal point of
the fracture mirror. In contrast, the bonded filaments in
bundle tests exhibited different fracture features. First,
in over 90% of the filaments the weld-line defect was at
the focal point of the fracture mirror. Second, in approx-
imately 50% of the bundle filaments, which failed from
a weld-line defect, the initial crack growth occurred at
an angle to the normal of the applied stress (Fig. 4).
These differences indicated that the stress state around
the weld-line was significantly different in the bonded
and unbonded cases.

One potential reason for the different stress state
is that the sintering stresses associated with the neck
were relieved when creating the weld-line defect. The
stress state normal to the neck area has been investi-
gated by a number of researchers [16, 17]. Zhang and
Schneibel [17] showed that tensile stresses on the or-
der of 100 MPa are present at the neck surface; a re-
sult of capillary pressure. These stresses decrease mov-
ing inward and ultimately change to compression. To
the author’s knowledge, the stress state parallel to the
axis of sintered filaments has not been determined. The
bonded filaments are under plain strain condition along
this axis, and therefore some induced axial stresses are
expected. However, since the sintering stress is very lo-
calized, it seems unlikely they would have a significant
effect on filament strength.

Another factor that may cause the stress to increase
in bonded filaments is the constraint of relative fila-
ment motion. As can be seen in Fig. 1, the filaments
will not be perfectly aligned and under a tensile load
will likely move relative to one another. In Fig. 11 the

Figure 11 Schematic representation of a sintered filament pair, and the
types of deformation that may occur during tensile testing.
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Figure 12 Normalized bundle strength (σ ∗
b /σfail) plotted versus cluster

size for bundles with 10%, 50% and 100% clusters. Bundles assumed to
consist of individual filaments and clusters of size, Ci .

four different types of deformation of bonded filaments
are schematically drawn. Finite element analysis was
used to examine how the application of tensile, bend-
ing, shear and torsion stresses affects the stress state
around the weld-line [18]. The model geometry was
based on a single filament pair with a single weld-line.
The results showed that the stress around the weld-line
was not enhanced in simple tension. Shear deformation
induced stresses around the transition from bonded to
unbonded filaments, but these stresses were induced in
such a small volume that this type of deformation is not
likely important. However, in bending and torsion of
bonded filament pairs, shear stresses are induced down
the entire length of the weld-line [18].

The presence of the induced shear stresses around
the weld-line indicates that mixed-mode failure may be
occurring in the filaments that remain bonded. These
induced stresses and a potential mixed-mode failure
would effectively decrease the filament strength com-
pared to the single filament tests, which helps explain
the mispredictions of the bundle strength after heat
treating at 1400◦C and 1450◦C. However, the degrada-
tion of filament strength requires that the filaments re-
main bonded together during the relative motion. Since,
the bundle strength was well predicted for exposures
at or below 1300◦C (Fig. 3), the filament bonds were
likely broken by the relative motion of the filaments
during testing. For exposures at or above 1400◦C, the
filament bonds must be strong enough to resist fracture
from relative motion.

In a composite where relative filament motion is in-
hibited by the matrix material, one would expect the
induced stresses around the weld-line to be insignifi-
cant. The non-ideal cluster model (Section 5.3), which
assumes the strength distribution from the single fil-
ament tests,4 is the appropriate bundle model used in
conjuction with unidirectional composite strength mod-
els [1, 2] when filament-to-filament sintering occurs.
In the case where the reinforcements are woven, the
effect of the misalignment must be considered. For a
unidirectional reinforced composite, the effect of fila-
ment clustering can be estimated by plotting the bundle

4 The single filaments tests did appear to describe the strength distribution
of NextelTM 610 in a porous alumina matrix composite [18].

strength in Equation 15 normalized to σfail as a function
of cluster size, Ci (see Fig. 12). If 10% of the filaments
within a bundle are in clusters, the bundle strength is
not significantly affected. If 100% of the filaments were
in fifteen-filament clusters, the bundle strength would
only decrease approximately 23%. This analysis as-
sumes global load sharing behavior between clusters.
If the clusters remain independent from neighboring
filaments, 10% clustering within a composite can be
tolerated.

7. Conclusions
The strength of the NextelTM 610 alumina tow de-
creased as the exposure temperature increased. The
bundles behaved ideally when the amount of filament-
to-filament sintering was limited, and the filament
bonds fractured from relative filament motion during
testing. In addition, it was determined that filament
slack and filament misalignment were not significant
defects in the NextelTM 610 tow. When the filaments did
remain bonded during testing, the ideal bundle model
overpredicted the failure stress and strain. Two reasons
for this discrepancy were identified. First, filaments
within bonded clusters are no longer independent of
their neighbors and will likely fail when the weakest
filament within the cluster fails. Second, bonded fila-
ments will fail at a lower than expected stress when
compared to the strength of unbonded filaments.

The lower strength of the bonded filaments was due to
a stress intensification around the weld-line, which re-
sulted from bending or torsion of the bonded filaments.
Specifically, shear stresses were induced causing frac-
ture to possibly occur via a mixed mode in the bonded
filaments rather than only mode I as in the unbonded fil-
aments. Fractography showing an initial off-axis crack
propagation corresponds to this view of failure.

The effect of filament-to-filament sintering within a
composite should be less severe than in a “dry” bundle
since the matrix material will limit relative motion of
the filaments. Without the bending or torsion of bonded
filament pairs, there should be no induced stress at the
bond line, i.e., no decrease in the measured reference
stress from the single filament tests. In addition, a com-
posite may be more sensitive to the lower temperature
sintering since relative filament motion can not break
the bonds between the lightly sintered filaments. There-
fore, the non-ideal cluster model (Section 5.3) is the ap-
propriate bundle model to be used in conjunction with
composite strength models when filament-to-filament
sintering occurs. Assuming global load sharing behav-
ior between the clusters, the model indicates that 10%
clustering within a composite can be tolerated.
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