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This study focuses on the interfacial properties of a family of
porous matrix oxide composites with uncoated fibers. Measure-
ments of debond energy and sliding stress are made using a
modified version of the established fiber push-in test. Modifica-
tions include the following: (i) use of a sphero-conical indenter
(not a sharp-tipped one) to produce only elastic deformation of
the fibers, and (ii) analysis of the loop width (instead of absolute
displacements) to ascertain interface properties. The method
obviates the need for indentation tests on reference (non-sliding)
fibers. It also mitigates the problems associated with the elastic
deformation of the surrounding matrix. The measured debond
toughnesses (about 0.05 J/m

2
) are about two orders of magni-

tude lower than the fiber toughness. This ensures that debonding
will occur when a matrix crack impinges on a fiber. Addition-
ally, the sliding stresses are in the same range as those reported
for C-coated Nicalon fibers in glass–ceramic matrices (about 5
MPa). The latter results are qualitatively consistent with the
observed damage tolerance in these two seemingly disparate
systems, as manifested in the degree of fiber pullout as well as
the notch sensitivity of tensile strength.

I. Introduction

ENABLING damage tolerance through the use of porous ma-
trices is now a well-established paradigm in high-perfor-

mance oxide composites.1–10 From a mechanics perspective, the
porosity serves two functions: (i) it reduces the energy release
rate of matrix cracks relative to that in a dense matrix, and (ii) it
leads to an inherently weak bond between the fibers and the
matrix. Provided the matrix is sufficiently compliant and weak,
the composite exhibits a high tensile strength and a low notch
sensitivity,4,10 comparable to those of composites with coated
fibers and dense matrices.11 Furthermore, the mechanisms that
lead to damage tolerance are essentially the same. That is, ma-
trix cracks deflect at the fiber–matrix interfaces, fibers subse-
quently break in a stochastic (uncorrelated) manner, and,
finally, the broken fibers pull out from the matrix, providing
additional energy dissipation.

The principal objective of the present study is to probe the
interfacial debonding and sliding properties in one family of
porous-matrix oxide composites and begin to establish pertinent
correlations with the state of the matrix. The study is based on a
series of fiber push-in experiments on composites of Nextel 720
fibers and mullite/alumina matrices.10 To our knowledge, this
represents the first study of its kind on this class of composite. It
forms part of a broader effort to design and synthesize porous
ceramics for use in oxide fiber composites.12,13 A secondary ob-
jective is to present a variant on the established fiber push-
in technique14 and the associated analysis for use with porous

matrix composites. The variations include the use of a blunt
(sphero-conical) indenter for push-in (rather than a sharp-tipped
one) and the analysis of the hysteresis loop width to infer both
the debond toughness and the interface sliding stress. The ad-
vantages and limitations of the method are highlighted.

II. Test Protocol and Analysis

The benchmark for measuring interface properties in ceramic
composites is the fiber push-in test, introduced originally by
Marshall and Oliver.14 Briefly, the test is performed by pushing
an individual fiber into a composite using an instrumented ind-
enter and measuring the resulting force–displacement response.
The indenter tip is sharp so that the fiber undergoes plastic de-
formation during the test. To ascertain the sliding displacement
from the measured displacement, an additional test on a refer-
ence (non-sliding) fiber is required. The reference state is pro-
duced in one of two ways. When the fiber coating is oxidizable,
the composite is heat treated to remove the coating and to bond
the matrix to the fibers.14,15 Otherwise, the reference state is
achieved by fabricating a composite without a fiber coating and
subjecting it to a heat treatment that produces strong interfacial
bonds. In both cases, the sliding displacement is obtained by
subtracting the displacements of the reference fiber from those
of the sliding fiber at prescribed forces. The variation in sliding
displacement with force is then analyzed in terms of an appro-
priate micromechanical model.

As the composites of current interest do not rely on the use of
a fiber coating to effect debonding, neither one of the preceding
techniques for producing a reference fiber is practical. A further
complication arises from the low modulus of the porous matri-
ces. That is, during fiber push-in, the surrounding matrix un-
dergoes an indeterminate amount of elastic shear displacement,
concurrent with the plastic displacement of the fiber surface and
the sliding displacement. An illustrative example of this phe-
nomenon is presented in Fig. 1. The results in the figure are
based on finite element calculations of an axisymmetric unit cell
model of a fiber composite, loaded uniformly over a circular
patch concentric with the fiber. They demonstrate that the total
elastic displacement d at the center of the loading point increases
appreciably with decreasing matrix modulus. For instance, d
triples as the matrix modulus is reduced from 260 GPa (that of
Nextel 720 fibers)16 to 10 GPa (representative of the more com-
pliant matrix used in the present study).13 One consequence is
that, if the reference fibers were embedded in a dense matrix, the
test results on these fibers would not capture all of the extrane-
ous displacement. In light of these problems, a variant of the
established push-in technique was developed and used in the
present study, as described below.

The preceding problem of determining the sliding displace-
ment can be obviated by implementing two changes: (i) using a
blunt indenter that produces only elastic deformation of the
fiber over the force range of interest (Fig. 2); and (ii) using the
hysteresis loop width for analysis, rather than the absolute dis-
placements during loading or unloading. The loop width is ob-
tained by subtracting the measured displacements on loading
and unloading at each force level; as the extraneous displace-
ments are elastic, their values depend only on force and hence
they cancel when the displacement difference is calculated.
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The loop width is analyzed using the shear lag model of Mar-
shall and Oliver.14 The key assumption is that the interface is
characterized by a debond toughness G and a constant sliding
stress t. The sliding displacement d is then obtained from a shear
lag analysis. Four solution domains exist. (i) Provided Ga0,
sliding is initiated at a critical force FC:

FC ¼ 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3EfG

p
(1)

where R is the fiber radius and Ef is the fiber Young’s modulus.
Below this force, d5 0. (ii) After the onset of debonding
(F4FC), the displacement dL during loading on the first cycle
is given by

dL ¼
F2

4p2R3tEf
� G

t
(2)

(iii) Upon unloading from the force maximum FM, it follows that:

dU ¼ dM 1� 1

2
1� F

FM

� �2 !
� G

t
(3)

with dM being the maximum displacement, evaluated from Eq.
(2) at F5FM. (iv) Then, during reloading (at the start of the
second loading cycle), the displacement is

dR ¼
dM
2

1þ F

FM

� �
� G

t
(4)

Thereafter, upon further unloading and reloading between 0
and FM, the displacements are again given by Eqs. (3) and (4).

Equations (1)–(4) lead directly to solutions for loop width:
denoted D1 for the first cycle and Dn for all subsequent cycles.
Expressed in non-dimensional form, the results are

D1

D�
¼ ð1� gÞ 1� 1

2
ð1� kÞ2

� �
ðF < FCÞ (5a)

D1

D�
¼ 1

2
þ k� 3k2

2
ðF > FCÞ (5b)

Dn

D�
¼ k 1� kð Þ (5c)

where D� is a reference displacement, defined by

D� �
F2
M

4p2R3tEf
(6a)

g is a normalized toughness,

g � 4p2GR3Ef

F2
M

(6b)

and k is the normalized force,

k � F

FM
(6c)

Some representative numerical results are plotted in Fig. 3.
They illustrate that the effects of g are obtained only in the first
loading cycle in the domain FoFC. Thereafter, for F4FC in the
first cycle and over the entire loading range for all subsequent
cycles, the loop width is independent of g.

Based on these observations, the following protocol has been
established to determine D� and g from experimental measure-
ments. From the first loop, the results at high forces (F4FC) are
fit by Eq. (5b) to ascertain D�. Then, to obtain g, the results at
low force (FoFC, also in the first loop) are fit by Eq. (5a), using
the inferred value of D�. From Eqs. (6a) and (6b) and the known
values of R and Ef, the values of t and G are computed. For
subsequent loading cycles, Eq. (5c) is used to fit the data and
infer the values of D� and t.

Fig. 2. Schematic of the fiber push-in test using a sphero-conical indenter.

Fig. 1. Finite-element simulations of the elastic response of a composite
during fiber push-in. Force applied over a circular area of radius Rf/2.
Unit cell length is L5 20Rm. Other parameter values: 2Rf5 10 mm,
2Rm 525 mm, Ef5 260 GPa, vf50.2, vm5 0.1.
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Fig. 3. Variation in loop width with applied force for the first and sub-
sequent loading cycles. The dotted lines are from Eq. (5a) (FoFC) and
the solid lines from Eq. (5b) (F4FC); both are for the first loading/un-
loading excursion. The dashed line is from Eq. (5c) and corresponds to
all subsequent loading cycles.
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III. Materials and Testing Procedures

The composites were comprised of a Nextel 720 fiber cloth in an
8-harness satin weave and a porous matrix of mullite and alu-
mina. The processing route has been described in detail in earlier
articles.4,9 Briefly, the matrix was introduced in two steps: (i)
vacuum infiltration of a slurry containing 80% mullite and 20%
alumina particles into the fiber preform, and (ii) impregnation
and pyrolysis of an alumina precursor solution (Al2Cl(OH)5).
The volumetric yield of the precursor solution upon conversion
to g-alumina was 6.4%. After drying, the panels were fired at
9001C for 2 h, thereby converting the precursor to g-alumina.
After all impregnation cycles were completed, the panels were
given a final heat treatment at 12001C for 2 h. In the latter step,
the g-alumina is converted to a-alumina. The average fiber vol-
ume fraction was 38%. Two different composites were tested,
distinguished by the number of precursor impregnation and
pyrolysis (PIP) cycles: 0 or 2, subsequently referred to as 0 PIP
and 2 PIP. In preparation for push-in testing, samples were im-
pregnated with a low-viscosity epoxy and polished to a 0.1 mm
finish. The epoxy was then burned out at 5501C for 2 h.

Push-in tests were performed using an instrumented Hysitron
Triboindenter (Hysitron Inc., Minneapolis, MN). The loading
head has a force resolution of 1 nN, a displacement resolution of
0.4 nm, and a force capacity of 30 mN. Additionally, it is ca-
pable of acting as a scanning probe microscope (SPM). Speci-
mens were placed in the instrument chamber several hours
before testing to allow thermal equilibration. Immediately be-
fore each test, the thermal drift rate was measured and used
subsequently to correct the measured displacements. All tests
were performed with a diamond sphero-conical indenter with a
tip radius Ri 5 5 mm. Preliminary tests at varying peak forces
coupled with SPM images before and after testing revealed that
there was no detectable plastic deformation of the fibers up to
the maximum possible force (30 mN). Consequently, all subse-
quent tests were performed to this level. Push-in tests were per-
formed by placing the indenter at the center of the targeted fiber,
loading at a rate of 15 mN/s to the maximum, and unloading at
the same rate. Each tested fiber was subjected to three loading–
unloading cycles. To account for spatial variations, fibers were
selected from multiple bundles within each test specimen. The
radii of tested fibers were measured from the SPM images.

IV. Measurements and Analysis

Representative force–displacement curves from the first two
loading cycles for the 0 PIP material are plotted in Fig. 4. Sim-
ilar curves were obtained for the 2 PIP material. Analyses of the
test results via the protocol described in Section II yielded the
results in Fig. 5. For the first loading cycle for both materials,
the extrapolated curve from the high force domain to lower

forces yielded loop widths that were greater than the measured
values. The inference is that the debond energy is finite. Exam-
ples of the parametric studies used to infer G from the low force
domain are also shown in Fig. 5. Although a rigorous error
analysis was not performed, visual inspections of the best-fit
curves and those from off-optimal fits indicated an uncertainty
of about 10% in both G and t from an individual curve. The
shapes of the curves for the second and third loops were con-
sistent with those predicted by the model, assuming a constant
interfacial sliding stress (Eq. (5c)). Here, again, the uncertainty
in the inferred value of t was about 10%.

Distributions in the sliding stresses from individual tests and
their average values are summarized in Figs. 6 and 7. For each
of the two materials and each of the three loading cycles, the
results span a wide range: typically 2–12 MPa. But the average
values for the first loading cycle differ only slightly between the
two materials: 4.870.5 and 5.970.5 MPa for 0 PIP and 2 PIP,
respectively. For subsequent loading cycles (N5 2 and 3), the
values are essentially the same, lying between 4.2 and 4.6 MPa
for both materials. The inferred values of G (Fig. 8) follow sim-
ilarly broad distributions (0.01–0.1 J/m2) and their averages
exhibit only a weak sensitivity to the number of precursor im-
pregnation cycles: 0.0470.02 and 0.0570.02 J/m2 for 0 PIP and
2 PIP, respectively.

V. Discussion and Conclusions

The debond toughness in the present composites is insensitive to
the state of the matrix and is about an order of magnitude lower
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than the toughness of the matrix alone: the latter falling in the
range 1–3 J/m2.13 The latter result differs from the expectation
that, because of similar compositions of the matrix and the fibers
(both being mullite/alumina mixtures), the two toughnesses
should be comparable to one another. The disparity can be at-
tributed at least in part to the reduced packing efficiency of ma-
trix particles near the fiber surface relative to that in the bulk.17

More importantly, the debond toughness is about two orders of
magnitude lower than the fiber toughness, Gf. The correspond-
ing ratio, G/Gf, falls well within the domain in which matrix

cracks are predicted to deflect into the interface rather than
penetrate into the fibers.18 This result is consistent with the ob-
served fiber pullout on tensile fracture surfaces of these com-
posites.10

The measured sliding stresses coincide remarkably closely
with those measured in Nicalon/LAS composites with C coat-
ings on the fibers (also in the range 2–12 MPa).15 This result, in
combination with the low debond toughness, appears qualita-
tively consistent with the similarities in the damage tolerance of
the two systems, as manifested in the degree of notch sensitivity
of tensile strength.11

From a testing perspective, the current push-in method has
three advantages over the one developed by Marshall and Oliv-
er.14 (i) It mitigates the problem associated with the elastic dis-
placement of the matrix: an important factor in the testing of
porous matrix composites; (ii) measurements of the indentation
response of a reference fiber are unnecessary, making test im-
plementation easier; and (iii) as all measurements used for anal-
ysis come directly from a single fiber, the accuracy of
measurements is likely higher. These benefits are offset by two
limitations. (i) The analysis is predicated on the assumption that
the sliding stress is the same for both forward and reverse load-
ing. Although this appears to be a reasonable assumption, a
critical assessment can only be made by separately analyzing
loading and unloading portions of push-in curves. (ii) The anal-
ysis is also predicated on the fiber response being purely elastic.
That is, the maximum force must not exceed that for fiber yield-
ing. Otherwise, the hysteretic displacements due to fiber plastic-
ity must be taken into account. This problem was not
encountered in the present study.

A guide to the allowable maximum force can be obtained
fromHertzian contact mechanics. The critical force, Fy, for yield
initiation is19,20:

Fy

R2
i

¼ C
H3

f 1� v2f
� �2
E2
f

 !
1þ

Ef 1� v2i
� �

Ei 1� v2f
� �

 !2

(7)

where C�0.8, Ri is the indenter tip radius, H is hardness, E is
Young’s modulus, v is Poisson’s ratio, and the subscripts f and i
refer to the fiber and the indenter, respectively. Plasticity initi-
ates at a point about a/2 beneath the surface (a being the contact
radius) and subsequently expands and approaches the free
surface with increasing force. While contained within the
sub-surface region, the plastic strains remain small (comparable
to the elastic strains of the surrounding material) and the mac-
roscopic response is essentially indistinguishable from that
of an elastic material. Only when the plastic zone reaches the
free surface does the plasticity begin to develop in full earnest,
leaving a detectable permanent impression after unloading.21

The critical force for this transition depends on the material
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yield strain and work hardening characteristics, but is typically
of order 5Fy. A key implication is that, as FypR2, the onset
of yielding can be delayed by using an indenter with a larger
tip radius, thereby extending the elastic domain to higher force
levels.
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