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A new approach for estimating the interfacial frictional
shear stress in fiber-reinforced ceramics is presented. The
approach is based upon measurement of the temperature rise
which occurs during the cyclic loading of ceramic com-
posites. This temperature rise, which is caused by the fric-
tional slip of fibers within the composite, is related to the
level of frictional shear stress which exists along debonded
interfaces. To illustrate the technique, the interfacial shear
stress in a unidirectional Nicalon-fiber calcium aluminosili-
cate matrix composite was determined at ambient tempera-
ture. [Key words: composite, interfaces, shear, friction,
heating.]

1. Introduction

HERE are currently several approaches uscd to determine

the frictional shear stress which exists along the fiber/
matrix interface in fiber-reinforced ceramics. For example,
Marshall* developed a straightforward indentation tech-
nique (fiber pushout) that has gained widespread acceptance
and has been used to determine the interfacial shear stress in
polymeric-matrix, metal-matrix, and ceramic-matrix com-
posites. A related approach, fiber pullout,** has also been
widely used to measure interfacial shear stress. Both fiber
pushout and fiber pullout experiments provide information
regarding the interfacial shear stress which would exist under
monotonic loading conditions. To complement this informa-
tion, there is a need to develop procedures which can be used
to determinc the interfacial shear stress which is present dur-
ing fatigue loading.

Recent experiments by Holmes et al.* indicate that signifi-
cant internal heating can occur during the cyclic loading
of fiber-reinforced ceramics. For example, a temperaturc risc
of approximately 100 K was observed during the room-
temperature fatigue of unidirectional SiC-fiber calcium alu-
minosilicate matrix composites at a frequency of 75 Hz and
stress limits of 220 MPa and 10 MPa.” The temperature rise
which occurs during cyclic loading, as well as cyclic wear
damage along the fiber/matrix interface,® could lead to ditfer-
ences in the interfacial shear stress which exists under
monotonic and cyclic loading conditions.* The primary mech-
anism of internal heating in fiber-reinforced ceramics in-
volves the frictional slip of fibers along debonded fiber/matrix
interfaces.® For a frictional slip mechanism, the magnitude of
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*Under cyclic loading, differential thermal expansion between the fiber
and matrix could lead to a frequency dependence of frictional shear stress
(note that the degree of differential thermal expansion is determined by the
thermal expansion mismatch between the fiber and matrix and the tempera-
ture rise which occurs during fatigue: the temperature rise js strongly influ-
enced by both loading frequency and applied stress range™').
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internal heating would be related to the average frictional
shear stress which cxists along the fiber/matrix interface.
Thus, by equating the work performed in the frictional sliding
of fibers to the hcat energy dissipated by a fatigue specimen,
it should be possible to estimate the average level of fric-
tional shear stress present along the fiber/matrix interface;
the development of this approach forms the basis of the
present papecr.

1L Analysis

(1) Work Performed in the Frictional Slip of Fibers

It is assumed that the cyclic frictional sliding of unfrac-
tured fibers within debonded interfacial slip zones is the pri-
mary mechanism of internal heating which occurs in
fiber-reinforced ceramics. The distance over which interfacial
slip occurs during cyclic loading is controlled by the magni-
tude of the external load and the direction of loading;”*"
thus, the active slip length changes throughout a fatigue cycle.
Depending upon the loading history, temperature, and com-
posite system, fibers can undergo either partial slip or a com-
bination of partial and full frictional slip.” Thus for
generality, two cases must be considered when determining
the work performed in the frictional sliding of fibers: (I) par-
tial frictional slip and, (I1) partial/full frictional slip. In the
analysis which follows, the slip zone formed during loading
will be referred to as a forward slip zone; the slip zone
formed during unloading is referred to as a reverse slip zone.

(A) Case I: Partial Frictional Slip

For purposes of discussion, it is assumed that a composite
has been subjected to the loading history shown in Fig. 1. A
specimen is first loaded from zcro stress to a stress o, along
path OA’. During this initial loading, matrix cracking and
interfacial debonding occur; this leads to the formation of a
forward slip zonc of length I (Fig. 2). For path OA’, the
length of the forward slip zone is equal to the distance over
which debonding occurs. Neglecting elastic deformation out-
side the slip zones, the fiber debond length & can be esti-
mated using an cquation similar to that given by Thouless
and Evans' for monotonic loading. At the maximum fatigue
Stress, omax, the forward slip-zone length ist

Cdfu-max'
li'wd’(o'm;xx’) =6=—"" (1)

4Td

where, 74 is the dynamic shear stress (frictional) along the
fiber/matrix interface.® d; is the fiber diameter, and C is given

"Partial slip refers to the situation where the active interfacial slip length
is always less than one-half of the matrix crack spacing. Full slip occurs
when the active slip length equals one-hall of the matrix ¢rack spacing.

*Note that the expression given by Thouless and Evans™ for slip length is
given in terms of the fiber stress, whereas Eq. (1) is expressed in terms of the
far-field stress.

*The terminology “dynamic shear stress” is used to emphasizc that the
frictional shear stress which is measured under cyclic loading conditions
may differ from that measured using fiber pushout or puliout experiments.
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Fig. 1. Loading path used to calculate the frictional energy dissi-
pation in fiber-reinforced ceramics subjected to cyclic loading.
Consistent with the experiments used to obtain a stable crack den-
sity prior to temperature rise measurements, initial fatigue is as-
sumed to occur between stress limits Of omux and o (path AA’).
Subsequent fatigue cycles occur at a lower stress range, between
stress limits of omax and omin (path BB').

in terms of the volume fraction of fibers (v¢) and the tensile
moduli of the matrix and composite (E,, and E., respec-
tively):
C = (1 Vf)Em (2)
VfEc
Upon stress reversal at point A', the loading path A'A is
followed to the minimum cycle stress oy, . After achieving a
stable crack density characteristic of fatigue at a maximum
Stress o, subsequent fatigue cycles arc assumed to occur
along path BB’ (0myx < Omay)- The first loading path OA'A
was included for generality since it determines the residual
stress state which exists during subsequent loading at lower
peak strcsses. The instantaneous slip-zone length /(o)
formed during loading from o, to ¢ can be found by graphi-
cal analysis of the matrix stress distribution shown in Fig. 3:

Cd;‘
li’wd((f) = Sr (0' - Umin) ((Tmin =0 = Umz\x) (3)
d
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Fig. 2. Axial stress distribution in the matrix and fiber during
initial monotonic loading from zero stress to an intermediate stress
level o. As a simplification, the shear stress is assumed to be con-
stant within the interfacial slip zones of length /. (an exact solu-
tion for the stress distribution can be found in Ref. 9). The unit
cell has a length equal to the experimentally determined mean
crack spacing.

Outside the slip zones, there is no relative displacement be-
tween the fiber and matrix; these regions of “stick” do not
enter into the calculations for frictional work. The changes in
fiber and matrix stress along the interface which occur during
the loading portion of the fatigue cycle can be determined by
graphical analysis of the residual (prior) and current stress
states shown in Fig. 3. For a change in stress from oy, to o,
the stress increments can be expressed as follows:
STdZ

E
doi(z) = E‘(a = Twia) +
c {

(0 <z < llwd) (4)

Som(z) = g"‘ (o — o-mi,,)(] - i) 0 < 2 < luy)

c fwd
(5

The corresponding increments in fiber and matrix displace-
ment along the interface (denoted by 8/, and I, respectively)
can be obtained by integration of the stress increments:

(0’ - O’min)Z 47‘122

8li(z) = B *IE )

The relative incremental displacement between the fiber and
matrix, 8., is given by the difference between the fiber and
matrix displacements (Egs. (6) and (7)):

4Td22
Cd(’V[ Ef

(Note that Eq. (3) was substituted for /g when simplifying
Eq. {8).) The increment in frictional work performed during
loading is given by the incremental sliding distance (6/q.)
multiplied by the frictional force (wd;rydz). Using an ap-
proach similar to that discussed by Thouless" for monotonic
loading, the frictional work performed during loading from
Omin 1O Tmax can be determined by integrating over the active
slip length:

8laiae(2z) = 8lz) — 8l,(2) = (8)

Itwdlomax) 7d f;C A0
Woa zzj Slsic dy dz=—"—"—"7"7"-——09
load . iae(Z) [rdymq] dz () (64)v,E7q 9
8 —Em?E¢
'lwd(o) 2(0)
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Fig. 3. Stress distribution in the matrix during loading and un-
loading for the case of partial frictional slip. In the figure shown,
loading is assumed to occur from o, 0 an intermediate stress o,
with unloading occurring from oy to o.
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where Ao = Omx — Tmm, and the factor of two is used to ac-
count for symmetry of the interfacial slip zones (see Fig. 2).

Upon unloading from o, to o, a reversed slip zonc of
length /,..(o) develops:

Cd
lrcv((f) = 4—'(0‘"\” - U)

87’4

((rmin =0 = Unmx) (“))

The frictional work performed during unloading can be
shown to be equal to that for loading (this can be shown using
an analysis similar to that used to derive Eq. (9)). Thus, the
total work performed in one complete loading-unloading
cycle becomes

diC* Ao’ 1}C? A’
I/Vlolul = Zmnud = 2( T 7 ) = ik 7

(3) (()4)V{E(’Td 96V( E|’Td
Dividing Egq. (11) by the unit ccll volume, wdff/4v‘- (scc

Fig. 2), and multiplying by the loading frequency f, gives the
total frictional encrgy dissipation per unit volume:

dwiee  fCdiAc”

de 24E 7,

(11

(12)

Note that the above analysis holds even if full frictional slip
occurs during initial loading to om. (path OA’); the only
requirement is that full slip does not occur during subsequent
loading between o, and oy (path BB'). The casc where
both partial and full frictional slip occur within the samc fa-
tigue cycle is analyzed below.

(B) Case II: Partial/Full Frictional Slip

As with case T (partial frictional slip), the specimen is first
loaded from zero stress 10 a Stress oy, (path OA'). If o 18
of sufficicnt magnitude, the interfacial slip zones will bccome
saturated at an intermediate level of stress denoted by oy,
(i.c., at oy, interfacial slip occurs over a distance equal to
the mean crack spacing /). During initial loading along path
OA'’, the applied stress level at which full frictional slip be-
gins is determined by the interfacial shear stress and mcan
crack spacing I:

Cd,

Tolip = (13)
Upon unloading from o, to an intermediate stress o, full
frictional slip will begin when the change in stress equals
204 After unloading to o, (path A'B), the residual stress
state shown in Fig. 4 will exist. Rcloading from o, to an
intermediate stress o gives rise to a forward slip zonc of
length /iwa(o) (see Fig. 4):

_ cdy

ll'wd(a) - 87’
¢

(0 = Tumin) (14)

If the stress range during subsequent loading to gmax €X-
ceeds 2oqp, full frictional slip occurs. As the stress is in-
creased beyond that ncccessary to initiate full slip, the
additional increment in external load is supported only by the
fibers. To determine the work performed in the frictional slip
of fibers, the loading path must be divided into two regimes:
(a) a partial slip regime which occurs for opin < 0 < Tmin +
204, and, (b) a full slip regime which occurs for o, +
200p < 0 < O Since the work performed during loading
and unloading is equal, only the work performed during load-
ing is considered in the analysis which follows.

{a) Partial Slip: 0, < T < Tpin + 204,: Within this
interval, the analysis is similar to casc I. The changes in fiber
and matrix stress along the interface which occur during the
loading portion of the fatigue cycle can be determined by
graphical analysis of the residual (prior) and current stress
states shown in Fig. 4. As with case I (Eq. (9)), the stress
increments can be uscd to determine the relative incremental
displacement between the fiber and matrix, 8/y,., which can
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Fig. 4. Stress distribution in the fiber and matrix during loading
and unloading for the case of partial/full frictional slip. The figure
shown was used to determine the frictional work performed during
the partial slip portions of the fatigue cycle. Partial frictional slip
occurs during the initial stages of loading or unloading; for this
stage of loading, only those regions where z = 0 contribute to the
frictional work. When full frictional slip is reached during loading
or unloading, the origin of z(o) moves to [/2, i.e., slip occurs
throughout a slip zone.

then be integrated to determine an expression for the fric-
tional work performed during loading.

7lezC z(Z‘Tslip)J
(B) (6HviE Ty

load — (15)

(b) Full Slip: 0 + 204, < 00 < Ouma In this interval,
the forward slip length, /rg, ¢quals one-half of the mean
crack spacing, I. As noted above, once full frictional slip oc-
curs, the additional load is supported entirely by the fibers;
no further change in matrix stress occurs. The incremental
changes in axial stress in the fiber and matrix which occur
during loading are

don(z) =0 (16)

Tmax — ((Tmin + 2o's]ip) _ Ao — 2Uslip

day(z) =

17)
Vi Vi

Since only the fibers undergo additional loading, the strain
increment (8o(z)/E;) is constant within a slip zonc. When
this condition is reached, the relative incremental displace-
ment between the fiber and matrix at a distance z from the
edge of the slip zone, 8lyiw(z), cquals the increment in fiber
displacement, 8/((z):

A -2 sli
Sln(z) = li(z) = BT = 2Tue) (18)
viEy

Within the range omin + 20qp < 0 < Omax, the frictional
work performed during loading to oy, can be obtained by
integrating Eq. (18) over the active slip length (i.e., from
z=0toz = 1/2):
)
I/Vluud = 2[ 615]1(1\:(2) [Wdl"rd]dz

0

e
B 4V(‘ df El ( )
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Adding Egs. (15) and (19), the total frictional work performed
during loading from oy, t0 om.x €an be expressed as

Trdﬁ d‘C2(2‘75?iP)3 (de) (AU - 20’snp)
Wua = —_— —_ ZF  SMshp
T g [(3) (16 Edm T \4, 5 20)

As noted earlier, the frictional work performed during load-
ing_and unloading is equal; thus, W, = 2W,.q. Substituting
4 l/Cd; for 20, in Eq. (20), dividing by the unit cell volume,
and multiplying by the loading frequency f, gives the total
frictional work ratc when both partial and full frictional slip
occur within a fatigue cycle:

dWﬁ-iC _ Zfl_’Td Ao _ 16fT§l_2

dr ~ dE, 3ECd}

(2) Calculation of Heat Loss During Fatigue

Assuming that a steady-state microstructural damage state
and temperature rise have been attained in a composite dur-
ing cyclic loading, and neglecting other modes of encrgy dissi-
pation, the heat loss from the composite to isothermal
surroundings must equal the work performed in the frictional
slip of fibers. For a fatigue specimen, such as that shown in
Fig. 5, convective and radiative heat losses ([dg/df]..,, and
{dg/dt]..q, respectively) will occur from the specimen surface
(the surface area is denoted by A.). Additional heat loss by
conduction ([dg/dt]...¢) will occur through a cross section
which is perpendicular to the fibers (denoted by Aca). The
total rate of heat loss per unit volume, dg/d¢, is given in terms
of the surface temperature of the specimen T, air tempera-
ture T,, convective heat transfer coefficient A, cmissivity &,
and the thermal conductivity of the composite parallel to the
fibers k:"

d
dg _[dg]  [da] | [ea] _
dt d[ conv dr rad dt cond

@n

A\’ur'
(T = T.) + eB(TY = T
2kAcons | AT
+ = d[E]‘ ) (22)

where B is the Stefan-Boltzman constant (5.67 X
107* W/m*- K%, [AT/Az].ia is the axial temperature gradient
at the end of the gage scction, and V is the gage-section vol-
ume. It is important to note that as an alternative to cstimat-
ing dg/ds from Eq. (22) (which requires measurement of the
temperature rise, (T, — T,), the cnergy dissipation during
cyclic loading can be cstimated by calculating the area en-
closed by a cyclic stress—strain (hysteresis) curve and multi-
plying by the loading frequency f (this also provides a means
by which the accuracy of the heat loss analysis can be deter-
mincd). Under stecady-state conditions, the mechanical work
performed in the frictional slip of fibers dwy;./dt (Eq. (12) or
(21)) must cqual the rate of heat loss to the surroundings dg/dt
(Eq. (22)). Thus, equating dwy,./d¢ to dg/dt (or alternatively
equating dwy, /df to the energy dissipation calculated from
cyclic stress—strain curves) provides an equation where the
only unknown is the frictional shear, 7.

HI. Application of Model

To illustrate the application of thc analysis discussed
above, the frictional shecar stress present in a unidirectional
Nicalon/CAS-11** composite (Nippon Carbon, Tokyo, Japan,
and Corning Inc., Corning, NY, respectively) will be csti-
mated. The technique involves conducting tension—tension

“Folri a general discussion of heat transfer the reader is relerred to Hol-

an.
**CAS-1I is the Corning designation for a calcium aluminosilicate matrix.

14.0

| 3.7 {(nominal)
}
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18.1
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R152.4

— i |=— 63 1117

L I
1.3:0.1J_ — l——7.o 0.1

Fig. 5. Edge-loaded specimen used in the fatigue experiments.
The specimen had a gage length of 33 mm. Other specimen ge-
ometries and gripping arrangements can be utilized so long as a
large volume of uniformly stressed material is present (e.g., face-
loaded rectangular specimens). Dimensions are in millimeters.

fatigue experiments and determining the rate of heat loss
from the specimen. Prior to conducting the fatigue experi-
ments, it is important that a stable matrix crack spacing has
been achicved; this is most casily accomplished by pre-
fatiguing a specimen at a maximum stress which is equal to or
greater than the peak stress used in the subsequent frictional
heating experiments.

The 16-ply composite was processed with 35 vol% fibers.
Edge-loaded tensile specimens, with a 33-mm gage length,
were used in the fatigue experiments (Fig. 5). The experi-
ments were performed in air using an isothermal test chamber
which completely surrounded the specimen and grips.” The
chamber was held at a tempcrature of 293 K = 0.1 K; the
relative humidity within the chamber was 65%. All fatigue
experiments werc conducted at a sinusoidal loading frequency
of 25 Hz. The temperature rise at the specimen surface was
measured using a high-resolution infrared pyrometer (Modcl
No. 5402, Everest Interscience, Fullerton, CA) which was fo-
cused at the center of the specimen gage section. The cyclic
stress~strain curves were also recorded to allow comparing
the frictional energy dissipation with dg/dz (Eq. (22)). Further
details concerning the experimental procedure can be found
in Refs. 6 and 7.

To achicve a constant matrix crack spacing prior to meas-
urement of the temperature rise, a specimen was first prefa-
tigued for 100000 cycles between fixed stress limits of 180 and
10 MPa (Fig. 6(A))."" After approximately 20000 cycles, the
mean crack spacing approached a platcau at approximatcly
198 um (the crack spacing was determined by periodically un-
loading the specimen and using surface replication with ac-
ctate film). Next, as illustrated in Fig. 6(A), the specimen was
subjected to cyclic loading at stress ranges of 90, 110, and
130 MPa. Several stress ranges were included to determine
the sensitivity of the technique to peak stress and stress range

N peak stress below the proportional limit strength (225 MPa (Ref. 6))
was chosen to minimize fiber fracture.
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Fig. 6. (A) Loading history used to determine the influence of
stress range on temperature rise. To achieve a stable crack density,
the specimen was initially fatigued between stress limits of 180 and
10 MPa. Subsequent fatigue experiments were conducted for 25 000
cycles each. All experiments were conducted at a loading fre-
quency of 25 Hz. The stress range (in MPa) is given above each
group of stress-cycle curves. (B) Temperature rise versus stress
range for unidirectional Nicalon/CAS-II. The initial temperature
of the composite was 293 K.

and to provide confidence in the data trends. Since the
amount of energy dissipation is influenced by matrix crack
spacing, it is important that thc maximum stress used in the
prefatigue experiment is not cxcceded. The stcady-state tem-
perature rise measured for each stress range is shown in
Fig. 6(B). Measurements of the average crack spacing, which
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were made after each constant stress-range experiment,
showed that the crack spacing remained essentially constant
at 198 um.

Using the data given in Table I and the temperature risc
data given in Fig. 6(B), the dynamic shear stress was deter-
mined for the two frictional work cases discussed above—i.e.,
partial slip and partial/full frictional slip. Assuming partial
frictional slip, and using Eqs. (12) and (22) for the energy
balance, 74 would be between 3.5 and 5.0 MPa for the three
stress ranges examined (sce Fig. 7). Assuming that partial/full
frictional slip occurs during fatigue, and using Eqs. (21) and
(22), 74 would be approximately 0.4 MPa for all stress ranges.
Experiments conducted on two additional specimens gave es-
sentially the same values for frictional shear stress (the values
diffcred by less than 5%). As mentioned above, as an alterna-
tive to calculating the rate of heat loss from Eq. (22), the
energy dissipation can be determined from the cyclic stress—
strain curves and equated directly to Eqs. (12) or (21). Using
this approach provided results which were similar to those
obtained by using the heat loss equation (the comparison for
the case of partial frictional slip is shown in Fig. 7).

To determine which analysis (i.e., partial slip or partial/full
slip) was applicable for the temperature and loading condi-
tions which were examined, the experimentally measured
cyclic stress—strain curves (Fig. 8(A)) were compared with
thase predicted using the valucs of frictional shear stress cal-
culated above. To calculate the cyclic stress—strain curves,
the stress and strain distribution in the fiber was estimated
for the cases of partial slip and partial/full slip (a graphical
approach similar to that shown in Figs. 3 and 4 was used to
determine the stress—strain curves).* Figure 8(B) shows the
calculated cyclic stress—strain curves for the partial slip as-
sumption. Although the predicted modulus was much higher
than the experimentally measured modulus, the dependence
of average modulus on stress range showed a similar trend
(i.e., in both instances, the average modulus decreased as the
maximum fatigue stress was increased).” This trend is consis-
tent with partial slip behavior. Assuming partial/full slip oc-
curs during the fatigue cycle (ry = 0.4), the average modulus
would remain constant as the maximum fatigue stress is in-
creased; this result is not consistent with the experimentally
observed trend shown in Fig. 8(A). For the case of partial
slip, the discrepancy between the calculated modulus and the
experimentally measured modulus is thought to arise from
fiber fracture which occurred during the initial fatigue experi-
ments which were conducted between stress limits of 10 and
180 MPa (note that fiber fracture was not included when de-

¥From the axial stress distribution in the fiber, the axial strain in the slip
zones is found directly through integration of the displacement. Within the
regions bridged by fibers, the additional strain resulting from fiber loading is
given by o/vEy.
®The decrease in modulus is caused by the increase in the slip-zone length
which occurs as the applied stress is increased.

Table I. Data Used to Estimate 7; for a Unidirectional 16-Ply Nicalon/CAS-II Composite

Parameter Comments
At (surface area of specimen gage section) = 662.6 mm’ Fig. 5
A cona (cross-sectional area of specimen gage section) = 23.3 mm’ Fig. 5
E (tensile modulus of fiber) = 200 GPa Ref. 14
E ., (tensile modulus of matrix) = 88 GPa Ref. 14
f (loading frequency used in fatigue experiments) = 25 Hz
h (free convection heat transfer coefficient) Ref. 15*
k (thermal conductivity of composite parallel to the fibers) = 5.16 W/m -k Ref. 16

{ {mean crack spacing) = 198 um
v; (fiber volume fraction) = 0.35
AT (steady-statc temperature rise)

From microscopy
From microscopy
Fig. 6(B)

[AT/Az].in (average axial temperature gradient from end of gage section to grips)

V7 (gage section volume) = 768.9 mm’
¢ (surface emissivity of composite) = 1.0

Fig. 5
Assumed value

*h = 1.42(T, — T./L)" [units: W/m*- K. L refers to the gage-section length.
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Fig. 7. Dynamic frictional shear stress, 7y, estimated from
Eq. (12). The shear stress was determined at a loading frequency of
25 Hz. For comparison, both temperature rise data and the cyclic
stress—strain (hysteresis) curves were used to determine the fric-
tional energy dissipation. Both approaches provide similar results.

termining the theoretical stress—strain curves). Although
fiber fracturc was not included in the analysis of frictional
energy dissipation, the total number of fractured fibers would
be small for the loading histories examined. Thus, since the
majority of interfacial slip zones would still be populated by

180 T T T T i
Nicalon™/CAS-II
L 25 Hz, ! = 198 pm 75 .
F120} 78 -
= 80
) i 122 1
[
[
o
o 60 —// -
0.05
0 I 1 ] . SOt
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1 80 ¥ i 1 4

T L]
Nicalon™/CAS-ll
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for 14 = 4.2 MPa)

10 1
120 | 107 i
110
L 128 '
60 / 4
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o ——

4

Stress, MPa

Strain, pct.
(B)

Fig. 8. Hysteresis curves formed during the cyclic loading of
unidirectional Nicalon/CAS-11: (A) experimentally measured; (B)
analytical prediction for the case of partial frictional slip. The av-
erage modulus for the fatigue cycle is shown above each curve
(units: GPa).

unfractured fibers, the error introduced in the calculation of
shecar stress by neglecting the slip of fractured fibers is ex-
pected to be small.

From the discussion presented above, the partial slip analy-
sis is appropriate for determining the interfacial shear stress
for the specific composite and loading conditions used in the
frictional heating experiments; from Fig. 7, the dynamic
shear stress is between approximately 3.5 and 5.0 MPa. Wang
and Parvizi-Majidi'” have measured the frictional shear stress
in Nicalon/CAS-II composites; the shear stress ranged from
13 to 18 MPa (determined by fiber pushout and pushin ex-
periments). These values correspond to the frictional shear
stress which would be present in virgin material immediately
after interfacial debonding. Under cyclic loading, however,
the repeated frictional sliding of fibers (either fractured or
unfractured) can produce wear damage along the fiber—
matrix interface. Thus the relatively low value of frictional
shear stress (3.5 to 5.0 MPa) which was found in the present
paper is most likely a consequence of interfacial wear damage
that occurred during the fatigue experiments. Evidence for a
reduction in frictional shear stress caused by the fatigue load-
ing of composite materials has been obtained from fiber
pushout experiments conducted by Mackin et al.® on Ti-V
composites. Singh and Sutcu’® have also observed a decrease
in frictional shear during repeated fiber pushout/pushback ex-
periments conducted with SiC/zircon composites.

IV. Summary

A ncw technique for estimating the interfacial shear stress
present during the cyclic loading of fiber-reinforced ceramics
has been developed. To generalize the model, it will be ncces-
sary to include the influence of fractured fibers on the fric-
tional energy dissipation which occurs during fatigue; this
will require knowledge of the statistical distribution of fiber
strength and the failure location of fibers. A potential advan-
tage of the frictional heating technique for determining inter-
facial shear stress is that an average value of frictional shear
stress is obtained, rather than a value based upon discrete
measurements made on individual fiber/matrix interfaces.
The technique can also be readily extended to allow deter-
mining the temperature dependence of interfacial shear
stress. Also, since the temperature rise can be determined on
a continuous basis, it is possible to continuously monitor the
change in frictional shear stress which occurs during cyclic
loading;’ this may be a useful approach for determining the
influence of fiber coatings on the rate of interfacial wear. A
limitation of the proposed frictional heating technique is that
it can only provide information concerning the frictional
shear stress which cxists during cyclic loading. Other well-
established approaches, such as fiber pushout'’ and fiber
pullout experiments,** arc required to determine the inter-
facial shear required to initiate debonding and the frictional
shear stress which is present immediately after debonding.
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