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Fiber Debonding in

Residually Stressed Brittle Matrix Composites

Panos G. Charalambides*-*

Materials Department, College of Engineering, University of Californiq,

The competition between initial fiber debonding versus fiber
failure marks a crucial event of the microstructural failure
process in fiber-reinforced brittle matrix composites. In this
study, the role of a thermal residual stress field on the
debonding conditions is examined theoretically and analyti-
cally. The analysis is based on two critical observations, the
first being that the mechanics at the tip of a kink crack are
driven only by the singularity at the main crack tip. Follow-
ing from the first is the second observation that any thermal
stress effects on the debonding criteria should enter only
through the phase angle ¥ of the total stress intensity fac-
tor at the main crack tip. In general, this stress intensity
factor has a thermal as well as a mechanical load contribu-
tion. It is shown that when the thermal and mechanical
stress intensities, K* and K, respectively, are in phase, i.e.,
¢* = ¢/, the existing debonding conditions are universal
and can be used even in the presence of thermal loads. On
the contrary, when K* and K’ are out of phase, i.e., T A
events such as the delamination of thick films or debond-
ing of inclined aligned fibers in brittle matrix composites
become sensitive to the presence of the thermal stresses.
[Key words: composites, brittle materials, fibers, stress,
debonding.]

I. Introduction

THE “ductility” and toughness of brittle matrix fiber-
reinforced composite systems crucially depend on the
competing effect of initial fiber debonding versus fiber fail-
ure.!2 The choice of the favored event is made at the micro-
structural level by the matrix crack early on in the failure
process of the composite. Initiation of matrix cracking marks
the first step of failure of the composite. The mechanics for
this phenomenon have been extensively analyzed in recent
years.>”> Subsequent to matrix cracking initiation, the matrix
crack driven by the mode I° stress intensity factor, K, propa-
gates through the matrix and intercepts the fiber reinforce-
ments (Fig. 1(A)), an event that signifies the beginning of the
second step of microstructural failure. At this configuration
(Fig. 1(A)), the matrix crack, still dominated by the opening
mode (mode 1), eventually favors one of two virtual crack
paths: the mode I straightforward path (Fig. 1(B)) or the
mixed-mode’™" interface path (Fig. 1(C)). In the first case, if
the available energy release rate at the 0° fiber kink crack
(Fig. 1(B)) exceeds the fracture toughness of the fiber 4, the
matrix crack encounters no further resistance and thus propa-
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gates catastrophically through the fiber reinforcements trig-
gering a brittle type failure of the composite, resulting in
minimum or no macroscopic “ductility” and composite tough-
ness. On the other hand, if the crack kinks at a 90° angle
relative to the initial matrix crack plane, i.e., fiber debonding
along the fiber matrix interface (Fig. 1(C)), substantial tough-
ening can occur because of fiber bridging and/or subsequent
frictional fiber pullout, as discussed elsewhere.”'*"** Thus, in
optimally designed high-toughness fiber-reinforced systems,
initial fiber debonding is a salient feature of the composite
microstructural failure and marks the activation of various
toughening processes in the composite. Despite its impor-
tance, rigorous solutions pertinent to initial fiber debonding
conditions were unavailable until recently.
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Fig. 1. Schematic of composite micro-

structural failure. (A) The fiber is inter-
cepted by the matrix crack. (B) Fiber
failure. For a homogeneous system, fiber
failure will be favored over initial fiber
debonding (Fig. 1(C)) if $../%; > 1/4,
as discussed in Refs. 8—-10. (C{ Onset
of initial fiber debonding. For a homo-
eneous system, if 9, /%y < 1/4
Refs. 8-10) initial fiber debonding is
favored over fiber failure (Fig. 1(B)).
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In characterizing the debonding process, He and Hutchin-
son,” Evans et al. and Thouless et al.!! derived conditions
for fiber failure versus initial fiber debonding pertinent to the
competing fracture processes depicted in Figs. 1(B) and (C),
respectively. Such debonding conditions were obtained® for
a wide range of bimaterial systems, interface characteristics,
and fiber orientation. In their studies, He and Hutchinson’
were concerned with two competing incipient kink cracks
(cracks of infinitesimal length), i.e., the fiber and the debond
kink cracks shown schematically in Figs. 1(B) and (C), respec-
tively. To assure generality of their solutions, the energy re-
lease rates and the phase angles at the tip of each of these
incipient cracks were obtained from an existing singular stress
field at the tip of the main matrix crack and the correspond-
ing kink angle relative to the matrix crack plane. Subse-
quently, fiber debonding conditions were derived from the
ratio 4*/6”, where ¢* and 47 are the computed energy re-
lease rates at the tip of the interface (Fig. 1(C)) and fiber
(Fig. 1(B)) kink cracks, respectively. In summary, for a homo-
geneous composite system and for a network of reinforce-
ments aligned in the direction of the applied loads at 90° from
the matrix crack plane (Fig. 1(A)), fiber debonding was found
to be favored over fiber failure when §,./%; < 1/4 is satis-
fied, where %, and %, are the fracture toughnesses of the
interface and the fiber, respectively. In this particular ex-
ample, the matrix crack is dominated by a mode I stress inten-
sity factor even in the presence of thermal loads. To the extent
of the above assumptions, the existing criteria®" for cracks
kinking out of interfaces or cracks deflecting along weak inter-
facial paths are general and can be used to study fiber
debonding in brittle matrix composite systems. However,
recent discussions yielded an additional need to assess and
clarify the role, if any, of a thermal residual stress field on
fiber debonding.

Composite systems develop thermal residual stresses dur-
ing processing because of thermal expansion mismatches be-
tween the fiber and the matrix. These stresses are known to
substantially influence the mechanical properties and tough-
ness in these composites. For example, Charalambides and
Evans,’ from a finite element analysis in composites with
interfacial residual tension, found that the mechanics at the
tip of a debond crack (kink crack of finite length) sensitively
depend on the thermal stresses. In light of this, a funda-
mental question is put forward. The findings of He and
Hutchinson are for a kink crack of infinitesimal length: Can
these results be used to predict fiber debonding conditions in
the presence of appreciable thermal residual stresses?

In this work, a theoretical argument and analytical consid-
erations in the case of a homogeneous system are employed to
clarify the stated question. The analysis employed in this
study is general and applies to systems with main cracks under
out-of-phase complex stress intensities caused separately by
the thermal and mechanical loads. Special cases of practical
interest are presented as examples, such as fiber debonding in
unidirectionally fiber-reinforced composite systems and de-
lamination of thick films subjected to both mechanical and
thermal stresses. Furthermore, some of the issues presented
in this analysis are similar to those encountered in the analy-
sis for continuing fiber debonding versus fiber failure at the
tip of a finite debond crack, an equally important step in
completing our understanding of the microstructural failure
process in brittle matrix composites. This phenomenon is
taken on in the discussion section of the present study.

II. Debonding Mechanics

For the sake of the analysis, let us consider the cylindrical
unit cell shown in Fig. 2. This configuration corresponds to a
fully cracked matrix while the crack is bridged by the intact
fiber reinforcements. The stresses and strains in the crack tip
region (homogeneous system) are dominated by the singular-
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Fig. 2. Axisymmetric cylindrical unit cell
wherein the matrix crack is bridged by an aligned
network of fiber reinforcements.

ity of the main matrix crack. Because of the symmetry of the
unit cell and for both the applied and thermal load cases, the
matrix crack is constrained to a symmetrical relative crack
surface opening such that only K, the mode I stress intensity
factor is nonzero. These observations essentially determine
the mechanics of fiber debonding. In particular, the compet-
ing effects of initial fiber debonding versus fiber failure can
be examined by comparing the energy release rate %" at the
tip of the kink crack (kink angle 90°), to that of the main
crack 4" due to the combined effects of applied and thermal
loadings. However, as discussed by Cotterell and Rice,' the
stress intensity factors at the tip of an infinitesimal kink crack
depend only on the original singular stresses at the main
crack tip. Any nonsingular stress terms, including thermal
stresses and contacting asperity tractions, cancel out or, if in-
troduced on the kink crack surfaces, will give zero contribu-
tion to the kink crack stress intensities and energy release
rate. Moreover, as indicated above, both the applied and ther-
mal loads give rise only to a mode I stress intensity factor.
Thus, the stress intensities at both kinds of kink cracks are
proportional to the main crack Ki, and the ratio 6*/%4” is that
which would be produced by mechanical loading alone. It fol-
lows that under these assumptions, the conditions derived by
He and Hutchinson,*® Evans et al.,"® and Thouless ef al."* can
be used to predict which of the critical events would occur
first even in the presence of thermal loads. However, there is
an additional interest in cases wherein the assumption is vio-
lated that the mechanical and thermal loads produce only
mode I matrix crack stress intensities. Such conditions for in-
stance prevail during delamination of thermally bonded rhick
films and possibly during debonding of inclined aligned fiber
reinforcements. For these systems, a more rigorous analysis is
needed to clarify the thermal effects on initial debonding/
delamination conditions. Such analysis, based on near-tip me-
chanics, is presented below.

(1) Cracks Kinking out of a Mixed-Mode Crack Tip

In this section the analysis is extended to include the ther-
mal effects on debonding or crack kinking at the tip of a
mixed-mode crack. To be more specific, consider a situation
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in which an applied load t and a thermal load o®, with
o® = EAaAT being a residual stress measure, are imposd on
the composite. There are then two contributions to the com-
plex stress intensity factor K™ at the main matrix crack tip
(Fig. 3): (i) K’ due to the applied loads ¢ and (ii) K* being the
contribution of the thermal loads o®. From existing solu-
tions®” and dimensional analysis, the above stress intensities
can be written in a complex form as

K'= K + iK4 = ta*F'(cos ¢' + i sin ¢') (la)
KR = K} + iKf = oRa'F®(cos ¢® + i sin ¢®) (1b)

where F' and F* are, in the general case of a bimaterial sys-
tem, nondimensional functions of geometry and bimaterial
elastic properties.®’ Then, the combined total complex stress
intensity factor K at the tip of the main crack is obtained via
linear superposition as follows:

T T s T Kr 1 . Kﬁ "
K=K|+1Ku= 1+‘—’K1+ll+—,_Ku (2)
Ki Kn
The total energy release rate at the matrix crack tip is ob-
tained in terms of |K7], the modulus of K7, via Irwin’s rela-
tionship for cracks in homogeneous bodies, i.e.
r_ =¥, T2
4 = B [(K1)* + (Kn)’]
1-?

=z (KTY( + tan® y7) (3)

with E being the Young’s modulus and v the Poisson’s ratio of
the material. Following Cotterell and Rice,”® the combined
stress intensity factor at the tip of the kink crack has two
components, Kt and K%, and can be obtained from K7, the
total stress intensity factor at the tip of the main crack, as
follows: :

Kt = cuK{ + cKf (4a)
K% = cuKT + ekl (4b)

where c; (i, j = 1,2) are geometric factors which for a homo-
geneous system are given in terms of the kink angle 8 (Fig. 3)
and coincide with Cotterell and Rice values™ for low values
of 6. From Irwin’s relationship and in light of the above equa-
tions, the total energy release rate at the kink crack 6* becomes

E

1-42 ™2 T
="F (K1)Y'Cleg(04") (5)

£ _ v k2 k2
¢ = (K1) + (K3)]

where
C(c,,(O),le) = 0121 + 0221 + 2(C]1€12 + C21C22) tan (IIT
+ (ch + c}) tan’ ¢ ©)
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Fig. 3. Schematic of a main crack kinking under mixed-mode
conditions.
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and tan 7 = K{|/K7 is the phase angle for the total stress
intensity factor at the tip of the matrix crack and is obtained
from Eq. (2) as follows:
. FR sin y* o
KT F' sin ¢’ t
tan ./,T:.K_IT=—-—F_R o5 (,’Ro__ktan v 7
F' cos ¢’ ¢

(2) Debonding Conditions

The competing effects of crack kinking (fiber debonding,
Fig. 1(C)) versus fiber failure (Fig. 1(B)) can be established
using Eqgs. (3) and (5) to obtain a condition for the toughness
ratio %;./ %, which is the fracture toughness of the interface
to the fracture toughness of the fiber. Such an analysis is
based on the implicit assumption that the system is ideally
brittle and that fracture at the tip of the competing kink
cracks is driven by the energy release rate alone. Also implicit
in the analysis is the assumption that any possible increases in
%;. due to the increased mode mixity ¢* at the kink crack tip
(¥* = 42°, Ref. 9) are neglected. However, as discussed by
Evans and Hutchinson,” nonunique values for %, are ob-
tained at nonzero phase angles ¢ # 0. The increase in %,
with ¢ is primarily due to contacting asperities on the crack
surfaces behind the crack tip, as discussed elsewhere." In the
case of an incipient kink crack, i.e., a kink crack of infinitesi-
mal length, such effects are minimal and therefore an energy
release rate criterion can be used to predict kink crack initia-
tion, as implemented by He and Hutchinson,*® Evans et al.,"
and Thouless et al." Thus, in the absence of any shielding
effects at the kink crack tip due to contacting asperities and
in an ideally brittle environment, fracture occurs when %* >
%..(* = 0°) with G, (¢* = 0°) being the mode I fracture
toughness of the interface. In particular when the competi-
tion is between a kink crack at 90° from the plane of the main
crack (Fig. 1(C)) and fiber failure (Fig. 1(B)), fiber debonding
is favored when

Q.
(sTw < [ch + ¢k + 2(cucn + cucy) tan 7
ife

+ (ch + ck) tan® ¥ o—rp/(1 + tan® ¢y7) 8)

On the other hand, if kinking occurs at an angle other than
90° with respect to the plane of the main crack such as the
case of debonding along the interface of inclined fibers
(Fig. 4), the favored event is obtained by comparing the solu-
tions for the energy release rate at the tip of two competing
inclined kink cracks, as shown in Figs. 4(B) and (C). In this
instance, fiber debonding is favored over a fiber failure if

(gic
e = [eh + ¢k + 2(cuci + cucyp) tan Y™
ife

+ (ch + c}) tan? ¥ Jo=0,/
[ch + ¢ + 2(cucn + cucy) tan ¢
+ (ch + k) tan® $T o, )]

where 8; and 8, are the kink angles for the debond and fiber
kink cracks, and are shown schematically in Figs. 4(B) and
(C), respectively. It becomes clear from Egs. (8) and (9) that
the thermal loads influence the debonding condition via the
phase angle ¢ only, which is given by Eq. (7). To be more
specific, when ¢® = ¢, i.e., in-phase thermal-mechanical
stress intensities, Eq. (7) yields that ¢” = ' and the thermal
effects do not enter the conditions given by Eqs. (8) and (9). On
the contrary, when ¢® = ¢’ the above conditions become
sensitive to the thermal loads via Eq. (7), in which case addi-
tional analysis is needed in order to clarify the thermal effects.

To further explore and quantify each of the above possi-
bilities, studies pertinent to debonding in homogeneous sys-
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tems with interfaces are presented below for two special cases.
Initially, we consider the case in which the thermal and
mechanical loads when applied independently give rise to
in;phase stress intensities at the tip of the main crack so that
¢7 = ¢' = ¢® and the thermal effects drop out of the
debonding conditions. Subsequently, we consider the case in
which the thermal and mechanical stress intensities are out of
phase, i.e., y® = ', and debonding does depend on the ther-
mal loads.

III. Debonding Independent of Thermal Loads

In the case where the mechanical and thermal loads inde-
pendently give rise to in-phase stress intensities at the main
crack tip, i.e., ¢' = ¢¥, Eq. (7) yields ¢ = ¢' = ¢*. As a
result, the debonding conditions expressed via Egs. (8) and (9)
become independent of the thermal loads and can be de-
termined from the mechanical loads alone. Some of the
conditions derived by He and Hutchinson and Evans et al.
implicitly assumed in-phase mode I thermal and mechanical
stress intensities and are universal to the extent of the above
assumption. To demonstrate the validity of those results, we
shall now consider the fiber debonding processes for the com-
posite unit cell shown in Fig. 2. As discussed earlier in this
work, the matrix crack (Fig. 2) is dominated by a mode I
stress intensity factor due to either mechanical or thermal
loading and thus ¢” = y® = ' = 0. These conditions pre-
vail at the tip of matrix cracks in systems such as fiber-rein-
forced composites with the network of fiber reinforcements
aligned in the direction of the applied stress at 90° relative to
the matrix crack plane (Fig. 1) or composite systems rein-
forced by a randomly oriented network of chopped fibers
(Fig. 4), where on the average the thermal shear stress goes to
zero. Also similar mode I conditions due to thermal and ap-
plied loads exist at the tip of the notch in the plane strain
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mode I prenotched bimaterial beam shown in Fig. 5. There-
fore, in these systems and in light of Eq. (8), fiber debonding
or onset of delamination of the top layer (Fig. 5) will be fa-
vored if

2 S feh + e (10)
e
which is a universal constant independent of thermal stresses.
Furthermore, by using the approximate values for ¢y and ¢y
obtained by Cotterell and Rice'® in the case of a homogeneous
system and for a kink angle 8 = 90°, the condition for fiber
debonding given by Eq. (10) takes the form, 4,./%; < 1/4,
which is an approximate result first reported by Thouless et al."
More exact results on fiber debonding conditions were re-
cently obtained by He and Hutchinson’ and Evans, He, and
Hutchinson.! According to their findings, in a homogeneous
system, fiber debonding is favored over fiber failure if
%,./%. < 1/5. By comparison, it is clear that the debonding
conditions given by Egs. (8), (9), and (10} are quantitatively in
slight error when the Cotterell and Rice' geometric factors
c;;(6) are used, especially at large kink angles 8. However, the
objective of this work is not to quantify the conditions for
fiber debonding, but rather to qualitatively examine the ef-
fects of thermal loads on the fiber debonding condition. In
that respect, the formulation presented in this work is gen-
eral, provided that the decomposition of the stress intensity
factor at the tip of the kink crack given via Egs. (4) is valid.
On the other hand, it can easily be shown that Egs. (4) are
derived via the principle of linear superposition, which is a
characteristic property of any linear system. Therefore, the
representation of the stress intensity factor at the tip of the
kink crack via Egs. (4) is general and is always valid in linear
systems. Thus, it follows that the analysis presented in this
article is general and can be extended to include bimaterial
cases. For the latter case, the coefficients c; should properly
be adjusted to account for elastic mismatches between the
fiber and the matrix.

IV. Debonding Dependent on Thermal Loads

In the general case when the stress intensity factor at the
main crack tip due to the thermal loads is out of phase with
that due to the mechanical loads, i.e., ¢® # ¢, the debond-
ing conditions (Eqs. (8) and (9)) are indeed sensitive to the
presence of the thermal stresses via Eq. (7). To demonstrate
the thermal effects on the above conditions we shall consider
the example of the plane strain prenotched delamination
four-point flexure specimen shown in Fig. 5. Without loss of
generality, let us assume that the system is elastically homo-
geneous, i.e., E, = E; and v, = 12, with E and v being the
Young’s modulus and the Poisson’s ratio, respectively, and the
subscripts 1 and 2 denoting quantities for the top and bottom
layers, respectively (Fig. 5). For the sake of the analysis let us

Fig. 5. Four-point delamination flexure specimen. The
delamination process is co_mpetmi against incipient
kink cracks at the delamination crack tip.
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also assume that the two thermally bonded layers have differ-
ent thermal expansion coefficients, i.e., a; and a,. Under
these conditions and for the special case of a specimen with
layers of equal thickness, h, = h,, analytical solutions exist
for the steady-state delamination mechanics®? due to the
applied and thermal loads. In particular, Charalambides et al.®®
and Suo and Hutchinson" found that the mechanical complex
stress intensity factor due to the applied loads P is given by

1{2 .
Kl = I (73_ + l) th%lz = thzlfz\/%e:(o.mnmn (ll)

where t = 3P¢/bh} is the maximum normal stress due to
bending of the bottom layer alone. Thus, in this example the
mechanical loads are characterized by a phase angle ' such
that tan ¢' = V3/2 or ¢' = 0.40897/1.8(rad) which is to a
good approximation equal to 40.89°. In addition, the corre-
sponding stress intensjty factor due to the thermal loading
of = E(a; — a;)AT was found by Charalambides et al.? to
be a pure mode II and is given below:

K? = ila"hé’2 = la"hz”ze"""” (12)
4 4

The thermal phase angle is ¢® = m/2 and thus the thermal

and mechanical loads give rise to out-of-phase, i.e., ¢* = ¢,

stress intensities at the delamination crack tip. In light of

Egs. (11) and (12), the expression for the phase angle of the

total stress intensity factor 7 obtained from Eq. (7) reduces to

tan ¢ = \/75(1 +7) (13)

with 7 = o®/t. Further progress is made in the analysis by
adopting for c¢;; (i,j = 1,2) the approximate expressions
derived by Cotterell and Rice.” Following Charalambides
and Evans’ and with the aid of Eq. (8), fracture at the tip of
an incipient kink crack inclined at an angle B from the de-
lamination crack plane (Fig. 3) is favored over further de-
lamination when'

% _ a:(B) + ax(B) tan ¢ + ay(B) tan’ gy
G 1+ tan® y7
with

(14)

6 1 1
a0) =ch +ch= cos? = + = cos 0 + = cos 20
2 4 8
. 1 .
a,0) = 2(cycyz + €nCxn) = —sin 8 — 3 sin 26

as0) =ch+ch=>+

[ -J ¥
HlW

(/] 3
sin? 3 + =cos @ — gcos 26

(15)

and B is the value for the kink angle 6 for which %46) given
by Egs. (5) and (15) becomes maximum. That is to say, from
all virtual kink cracks the one with the maximum energy re-
lease rate is activated. This is usually assumed in the case of
cracks kinking out of an interface® (Fig. 5). Thus, the situa-
tion considered here is somewhat different from those consid-
ered in the previous sections in this study. In those cases, e.g.,
fiber debonding, the angle B was fixed and taken to be equal
to the interface orientation angle relative to the matrix crack
plane (Fig. 1). On the contrary, the crack deflection angle in
this analysis is unknown and is obtained as a part of the solu-
tion through an energy maximizing process. The maximum in
% is obtained by first combining Egs. (5) and (15) and then

'Eq. (14) in this article is identical to Eq. (12) in Ref. 7, where tan was
erroneously replaced by arctan.
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differentiating with respect to 8 such that

d(gk dal daz T da; 2 ,T _

dB—O$dB+dBtanw +dBtan¢—0 (16)
where

da, 1 .

4B =-3 sin B(1 + cos B)

da2

4B 1 — cos B(1 + 2 cos B)

da; 1 .

— = - - 17

4B 2sm B(1 — 3 cos B) 17)

The trends for the total phase angle ¢™ and the kink angle 8
with the thermal-to-mechanical stress ratio o®/t for which a
maximum in 6 is observed are shown in Fig. 6 in dashed and
solid lines, respectively. The corresponding trend in the ratio
47/4" is plotted on Fig. 7. It is of interest to observe some
limiting cases. For example, as shown in Fig. 6 the phase
angle of the total stress intensity factor 7 becomes negative
for r < —1.0, which is consistent with Eq. (13). When the stress
ratio 7 = —1.0, the total phase angle takes the value YT =0,
in which case the delamination crack is dominated by only
the mode I component of the applied stress intensity factor
given by Eq. 10. In this instance, the maximum kink energy
release rate occurs straight ahead of the delamination crack,
i.e., B = 0 (Fig. 6), and the energy release rate ratio takes the
value 47/%* = 1.0. Thus under ideally brittle conditions and
when 7 = —1.0, the only favored fracture event is the failure
of the interface under the influence only of the mode I com-
ponent of the applied stress intensity factor. On the other
hand, as the ratio r = o/t increases, failure of the bottom
layer is favored over further delamination, as indicated by the
failure map in Fig. 7. As shown in this figure, the competi-
tion between further delamination and failure in one of the
two layers is most sensitive to the thermal stresses for small
values of 7, i.e., —2.0 < 7 < 2.0. Outside this interval, the
thermal effects become minimal.

V. Discussion

In this work, the effects of thermal stresses on the conditions
for fiber debonding in brittle matrix composites and on the
delamination criteria for thermally bonded plane strain layers
have been examined. The analysis assumed elastically homo-
geneous systems but can be extended to include bimaterial
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cases. Departing from the observation that the mechanics of
incipient kink cracks are driven only by the singular stresses
at the main crack tip, two distinct situations were examined
in regard to the thermal effects on the debonding criteria.
The first is the case when the thermal and mechanical loads
give rise to in-phase stress intensities, i.e., ¢* = ¢, in which
case the criteria for crack kinking are independent of the
thermal loads. On the contrary, when the stress intensities
are out of phase, i.e., ¢* # /', the criteria for delamination of
thermally bonded layers and in some special cases the condi-
tions for fiber debonding in brittle matrix composites, be-
come sensitive to the presence of the thermal stresses.

In general, in fiber-reinforced brittle matrix composites,
matrix cracking is a mode I process and remains as such even
in the presence of thermal stresses. Thus, the existing® "
debonding criteria derived from a mode I matrix crack singu-
larity can be used even in the presence of thermal loads. For
example, earlier in this work, it was demonstrated that sys-
tems reinforced with an aligned fiber network oriented at 90°
from the crack plane (Fig. 1) experience an in-phase mode I
stress intensity at the matrix crack tip due to independent
application of the applied and thermal loads. Thus, the condi-
tion for debonding reduces to Eq. (10) which is indeed inde-
pendent of the thermal loads.

By analogy, the same conclusion must apply to systems re-
inforced with randomly oriented chopped fibers. Again in
those systems, because of the randomness of the fiber orien-
tation, a mode I stress intensity is induced at the matrix crack
tip by both the thermal and applied loads. Thus, the debond-
ing condition remains unaffected by the presence of thermal
loads even if the fiber is intercepted at an angle by the matrix
crack. Results for such systems are reported in the article by
Evans, He, and Hutchinson.”

Unlike the previous two cases, a somewhat more complex
situation is encountered in systems where the fiber reinforce-
ments are both inclined and aligned relative to the matrix
crack. For example, consider the near-tip schematic shown in
Fig. 8. If the composite system is brittle, such that fiber fail-
ure (Fig. 8(A)) at the matrix crack surface is favored over
fiber debonding (Fig. 8(B)), the stress intensity at the me-
chanically mode I matrix crack tip must remain mode I even
in the presence of thermal loads. This is especially true for
long matrix cracks (cracks extending over a substantial num-
ber of fibers), where the average thermal shear traction acting
on the crack surfaces over the total crack length must be zero.
As a result, a fiber failure criterion independent of thermal
stresses must be obtained. On the other hand, when fiber
debonding occurs prior to fiber failure (Fig. 8(B)), the in-
clined fibers would bridge the crack over a certain distance
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Fig. 8. Schematics of the microstructural failure brittle matrix
composites reinforced with an aligned and inclined fiber network.
(A) Fibers failing without debonding. Low-toughness system.
(B) Fibers failing after debonding. High-toughness system.

from the matrix crack tip, as shown schematically in
Fig. 8(B). Furthermore, debonding of inclined fibers is most
likely geometrically asymmetric, and thus a mode II thermal
component at the otherwise mode I matrix crack tip may
exist. Under these conditions, fiber debonding would be
influenced by the presence of thermal stresses. However, fur-
ther studies are needed to clarify this case.

Finally, an example of thermally dependent kinking/
delamination conditions was presented, via the equal thick-
ness, elastically homogeneous four-point flexure beam speci-
men shown in Fig. 5. The delamination process is primarily
mixed mode'®? and, in cases other than the thin-film deco-
hesion process,” the thermal and mechanical stress intensi-
ties are not in phase. Thus, the delamination process in such
systems must indeed depend on the thermal stresses as
demonstrated earlier in this work, and fracture maps similar
to that shown in Fig. 7 are needed to study these phenomena.

In light of the above observations, we now proceed to ex-
amine the processes of initial fiber debonding and further
debond extension (delamination) in fiber-reinforced brittle
matrix composites. In doing so, we employ the aid of Fig. 9
where the phase angles at the debond tip due to the applied
load ¢ and thermal load o® are plotted as a function of the
debond crack length. The curve for ¢, the phase angle due to
the applied loads, was obtained numerically by Charalambides
and Evans’ using finite elements. The curve for ¢® (the
thermal phase angle) is representative of composite systems
stressed residually with their interfaces in tension and is
qualitatively correct in the sense that only the steady-state
result is reported in the literature.” Thus, knowing the steady-
state result’ together with the kink crack solution,’ i.c.,
(¥®)a=0 = 42.2°, the transient branch for R is plotted qualita-
tively as shown in Fig. 9. However, the shape of this part of
the curve is of no significance to the present analysis.
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Fig. 9. Trends in the debond tip phase angles in a homogeneous
system with normalized crack length. The curve for ¢' marked
by the solid line was derived numerically (Ref. 7) via the method
of finite elements for the case of an applied stress ¢ alone. The
dashed curve due to the thermal loads ¢® was interpolated be-
tween the steady-state numerical value reported in Ref. 7 and the
kink crack solution derived in Ref. 9.

As shown in Fig. 9, at the limit @ — 0, the phase angles at
the 90° debond kink crack due to the thermal and applied
loads are equal, i.e., ¢ = '. This is obtained because of the
dominance of the mode I singularity at the main matrix crack
tip. Thus, using this result and by the virtue of earlier obser-
vations, initial debonding is insensitive to the presence of
thermal stresses, and the criteria for this process to occur are
given by He and Hutchinson® and Evans et al.™ On the con-
trary, as the debond crack grows and enters the steady-state
regime, i.e., a = 5.0R,’ the thermal and applied debond-tip
stress intensities are out of phase (Fig. 9), and the delamina-
tion process (debond extension) becomes indeed sensitive to
the thermal stresses as discussed elsewhere.’

VI. Concluding Remarks

The effects of a thermal residual stress field on the condi-
tion for kink crack initiation relevant to fiber debonding in
brittle matrix composite systems and on the delamination of
layers in plane strain have been addressed. The analysis in
this work is based on two critical observations. The singular
stresses alone at the main crack tip drive the mechanics at
the tip of all virtual kink cracks associated with that main
crack tip. Given the above, any thermal effects on the kink-
ing (fiber debonding/delamination) conditions enter via the
phase angle 7 of the total stress intensity at the main crack
the tip of all virtual kink cracks associated with that main
crack tip. Given the above, any thermal effects on the kink-
ing (fiber debonding/delamination) conditions enter via the
phase angle 7 of the total stress intensity at the main crack
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tip. In particular, when ¢7 is independent of the thermal
loads, i.e., $® = ¢, the conditions for debonding are also in-
dependent and the existing criteria for fiber debonding can be
used even in the presence of thermal stresses. However, when
¢® = ¢, the coupled phase angle ¥ does depend on the
thermal stresses and the criteria for crack kinking versus fur-
ther delamination or debond extension are thermally sensi-
tive. Thus, such competing effects can be studied only using
fracture maps involving the thermal stresses as well as the
relative fracture toughnesses in the directions of the compet-
ing fracture events.
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