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Analyses of debonding along interfaces and of the kinking of
interface cracks into a fiber have been used to define the role
of debonding in fiber-reinforced, brittle matrix composites.
The results reveal that, for fibers aligned with the tensile
stress axis, debonding requires an interface fracture energy,
I, less than about one-fourth that for the fiber, I';. Further-
more, once this condition is satisfied, it is shown that fiber
failure does not normally occur by deflection of the debond
through the fiber. Instead, fiber failure is governed by
weakest-link statistics. The debonding of fibers inclined to
the stress axis occurs more readily, such that debonds at
acutely inclined fibers can deflect into the fiber, whereupon
the failure of fibers is dominated by their toughness. [Key
words: composites, mechanical properties, cracks, inter-
faces, fibers.]

I. Introduction

RITTLE matrices reinforced with brittle fibers may exhibit
high “toughness” when fiber failure is suppressed at the ma-
trix crack front."” This process involves interface debonding at
the crack front and probably further debonding in the crack wake,
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Fig. 1. Schematic indicating the debonding and sliding
behaviors that accompany matrix crack propagation in a
brittle matrix composite: ¢ is the axial stress on the fibers
between the crack surfaces and 7 is the sliding stress along the
debonded interfaces.
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accompanied by frictional sliding along the debonded interfaces
(Fig. 1). Fiber failure in the crack wake results in a pullout con-
tribution to toughness, which becomes large when the distance
between the fiber failure site and the matrix crack plane (i.e., the
pullout length) is also large. Consequently, it is important to
understand the mode of fiber failure and the relationships which
govern the fiber failure site. Existing analyses of pullout toughening
have assumed that fiber failure involves weakest-link statistics,®
whereupon the failure site depends on fiber strength parameters.
Such solutions have dictated present approaches for fiber devel-
opment which emphasize strength. However, implicit in these
analyses is the premise that fiber failure does not occur by kink-
ing from the debond crack tip into the fiber. Clearly, should fiber
failure instead proceed by kinking, the relevant fiber property
would be its toughness rather than its strength, resulting in very
different emphasis for fiber development. The existence of a
kinking mechanism of fiber failure has been illustrated in SiC-
whisker-reinforced ALO,"® (Fig. 2), at whiskers acutely inclined
to the matrix crack plane.

The intent of the present article is to utilize some basic me-
chanics™'"” to address both initial debonding and fiber failure
by kinking. For this purpose, two important parameters used
throughout the paper are now introduced. The first is the Dundurs
parameter «, which is a measure of the elastic mismatch between

the fiber and matrix:"
« = (Ef - Em)/(Ef + Em) (l)

with E being the plane strain tensile modulus and the subscripts f
and m referring to the fiber and matrix, respectively. The second
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Fig. 2. Debonding of an inclined SiC whisker in an ALO; matrix. A
thin (~5 nm) amorphous silicate layer at the interface ailows debond-

ing.”" Also note that a whisker crack has formed from the end of one of
the debonds.
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parameter is the phase angle of loading, {;, associated with
debonds given by®’

¢ = tan”' (ko/ky) 2)

where k, and &, are the imaginary and real components of the
stress intensity factor at the debond. In essence, y; is a measure
of the mode mixity of the debond crack, such that y; = 0O refers
to pure opening and {;, = /2 represents pure shear.

II. Basic Mechanics

The incidence of initial debonding atr the matrix crack front
can be assessed from a comparison of two values of the strain en-
ergy release rate, G: the plane strain value %; for a small interface
kink which emanates from the matrix crack, compared with the
value %, for a small coplanar kink into the fiber® (Fig. 3). Specifi-
cally, debonding is expected to occur when %;/%; is larger than
the ratio of fracture energies, I';/I, at the relevant phase angle
of loading for the interface crack, ;. The solution of this prob-
lem depends somewhat on the mode of loading experienced by
the matrix crack. For maximum relevance, all solutions presented
in this paper refer to a matrix crack subject to mode I loading.

For brittle matrix composites containing fibers aligned with the
tensile stress axis, the debonding diagram for a matrix crack nor-

*Delamination by matrix crack propagation parallel to the tibers can also occur;*
this problem is not addressed by the present study.

"The maximum %, taken with respect to the kink angle, is presumed to govern the
incidence of fiber cracking. The result is independent of debond length and kink
length because the kink can be infinitesimally small compared with the debond.
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Fig. 3. (A) Crack front debond diagram indicating the
range of relative interface fracture energy, I';/T}, in which
debonding occurs in preference to fiber failure: « is a mea-
sure of the elastic mismatch" (a = (E; — E,,)/E; + E,,),
where E = E/(1 — v%) is the plane strain tensile mod-
ulus: positive a refers to a fiber having higher modulus
than the matrix). (B) Trends in phase angle at the debond
crack with a: k, and &, are defined in Eq. (2).
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mal to the interface (Fig. 3)* indicates that the condition
I, /T, < 1/4 always permits debonding, albeit that debonding
occurs more readily for higher-modulus fibers. Furthermore, be-
cause only small kinks need be considered, the result is appli-
cable to both fibers and laminates, in plane strain, as well as
being unaffected by the residual strain. In a composite containing
inclined fibers, %G, /4, increases as the interface angle ¢ decreases
and, consequently, debonding occurs subject to less stringent re-
quirements on I'; /T (Fig. 4).

When the condition for initial debonding represented by
Figs. 3 and 4 is satisfied, it is immediately evident that the crack
can deviate from the interface into the fiber only if the phase
angle of loading at the debond changes and/or I';/T increases.
Appreciable changes in the phase angle at the debond become
possible as an intact fiber enters the crack wake, because of
changes in loading on the fiber, 2 coupled with residual strain
effects. Good insight into these effects can be gained by examin-
ing the behavior of a fiber in the immediate crack wake (Fig. 5).
Specifically, the phase angle changes rapidly as axial loads are
exerted on the fiber between the crack surfaces, even without fur-
ther debonding (Fig. 5(A)), especially when residual strain
exists,”? as characterized by a misfit strain, £. Furthermore, the
phase angle for the debond may increase as the debond extends
(Fig. 5(B)). This change in phase angle between the crack front
and the crack wake could, in principle, cause fiber failure from
the debond.

The problem of fiber failure involves a comparison of the
maximum value of the strain energy release rate for a small kink
into the fiber, with the strain energy release rate for a similarly
small kink continuing along the interface”® (Fig. 6)." Calculations
of these energy release rates in plane strain compared with criti-
cal values for the fiber I'; and interface I'; provide the fiber failure
diagram indicated in Fig. 6. In this diagram, the loci of initial
debonding, plotted for fibers inclined at ¢ = 7/2 and ¢ = 7/3
(Fig. 4), refer to debond requirements ascertained from Fig. 3,
but now with I, /I'; plotted against ¢; such that each point refers
to a specifica. Three such « values are indicated in the figure.
It is vividly apparent that, for ¢ = /2, fiber failure typically
requires larger values of I, /I’ than that needed for initial debond-
ing. Consequently, if the ratio I, /I’ is fixed and thus independent
of the phase angle, {;, a debond, once initiated, would always
remain at the interface. A similar conclusion has been reached
for the delamination problem." Possible changes in this conclu-
sion, based on phase angle effects, are discussed below. Equiva-
lent analysis for inclined fibers indicates that the energy release
rate for kinking into the fiber can become smaller than that for
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Fig. 4. Effect of interface orientation on the debonding
requirements.
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Trends in phase angle at the debond, y;, for a fiber loaded in the crack wake: (A) effect of positive mismatch strain £

(interface tension) in the steady-state region (§ independent of d). (B) effect of debond length d when mismatch strain ¢ is zero;
note that , for large ¢/E;¢ in Fig. 5(A) coincides with the steady-state values, as required.

initial debonding when ¢ = /3. Consequently, fibers having
inclinations in this range can fail by kinking, even when I is in-
dependent of ;. A change in fiber failure mode thus becomes
possible at fiber inclination ¢ = 7/3.

The interface fracture energy, T, is often influenced by the

*Consistent with the condition that crack propagation in homogeneous brittle
solids seeks the trajectory having zero phase angle.!s

y Kink in Fiber

/.

YVvy

Fiber Cracking

Y
N

a=05

pry
(@)

o
[

0.5
>(r\\

Relative Fracture Energy, 1“|/1“f

08 p=m/3 \ .
20.5
0.4 ¢p=m/2 \)\5 05
02 ——
: =0 Loci of Initial
A Debonding |
0
0 /4 /2

Phase Angle of Loading, v,

Fig. 6. Fiber cracking diagram for a fiber loaded in the crack
wake. In this diagram, the solid lines demark the boundaries
between fiber cracking (above the line) and debond growth (below
the line). Each line refers to a specific value of . Also shown is
the locus for crack front debonding, over the same range of a.
This locus is the debond boundary in I;/T;, ; space, with each
point on the boundary referring to a specific a: for reference pur-
poses, three typical values of « are shown. This figure indicates
the extent to which T;/T, must increase between the crack front
and the wake in order to {1ave debond deflection into the fiber.

phase angle, ;. ** The role of the phase angle is not fully under-
stood. One hypothesis is that crack surface contact at asperities
on the interface crack surface becomes increasingly important as
Y, increases, causing a corresponding increase in I'; (Fig. 7). Al-
ternative mechanisms that could cause T to increase with i, have
yet to be explored. The fracture resistance of a homogeneous
fiber T, does not involve similar considerations, because the
maximum energy release rate essentially coincides with the orien-
tation at which the phase angle in the fiber ¥ = 0.' However,
fracture energy anisotropy in the fibers would introduce a variant
that requires further investigation.

III. Debonding and Fiber Failure

The prerequisite for good composite performance is that crack
front debonding occurs, as governed by the fracture resistance ra-
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Fig. 7. Some trends in critical energy release rate for inter-
face cracking, T, with the phase angle of loading, i, pre-
dicted for a rough interface, with H being the amplitude, L
the wavelength of the roughness, and E Young’s modulus.
Al' = T; — T, is the increase in fracture energy over the value
I’y which obtains at , = 0.
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tio, T\ /T (Figs. 3 and 4). However, the tendency for further
debonding in the wake depends on additional variables. The basic
characteristics are summarized in composite diagrams (Fig. 8).
As already noted, such diagrams reveal that, when I'; is independ-
ent of the phase angle, y;, fiber failure can occur from the end of
the debond only if the fiber axis has an inclination with the ma-
trix crack plane in the range ¢ = /3. Even then, the phase
angle must increase to cause I';/I; to intersect the fiber failure
boundary (Fig. 8). However, such changes in phase angle be-
come possible as the fiber enters the crack wake, as illustrated by
comparing Figs. 3 and 5. The crack/fiber interactions depicted in
Fig. 2 exemplify such a case. For this material (Al,0,;/SiC),
debonding conditions at the crack front governed by I';/I, are
marginally satisfied for those fibers having inclination ¢ = 77 /3.
Consequently, such fibers subsequently fail by kinking from the
debond.

The interpretation of fiber failure using composite diagrams
and based on the notion that I'; be independent of ys; is conserva-
tive, because of possible changes in I'; with {; (Fig. 7). Some
relevant issues are illustrated in Fig. 8 for the case ¢ = /2 and
o = 0. For this case, at the crack front §; = 7/4 (Fig. 3(B)),
whereas as the fiber becomes stressed in the crack wake, a maxi-
mum in {; between 57/6 and /2 is reached, dependent upon
the residual strain (Fig. 5(B)). The change in I', within the range
of phase angles between 77/4 and 7r/2 is thus of relevance. It is
qualitatively apparent that ['; can increase sufficiently to cause
I, /T to enter the fiber failure zone within this range of phase
angles. However, it is also apparent that the change in I'; associ-
ated with roughness (Fig. 7) would generally be insufficient for
this purpose. Further understanding of changes in I'; with ; is
needed to provide additional insight.

IV. Concluding Remarks

The preceding discussion suggests that in composites with
fibers aligned along the stress axis, interface debonding should
occur, provided that the fracture resistance of the “weakest” inter-
face (matrix/coating or coating/fiber) satisfies the inequality,
I /Iy = 1/4. When this condition is satisfied, further debonding
occurs in the crack wake in preference to fiber failure from the
debond, unless an interface mechanism exists that causes I'; to in-
crease rapidly with increase in phase angle, ;. Consequently, the
influence of the mechanical properties of the fiber on composite
behavior is contained exclusively in the statistical parameters that
govern their tensile strength .

In composites with randomly oriented fibers, debonding occurs
more readily at the more acutely inclined reinforcements. Then,
in cases wherein debonding is marginal and occurs only at the in-
clined reinforcements, fiber failure by kink fracture from the
debond is feasible. For such materials, fiber toughness rather
than fiber strength is the fiber property that governs the compos-
ite toughness.”

Interface Debonding and Fiber Cracking in Brittle Matrix Composites 2303

a=0
Fiber Cracking

N
()
I

Wake
Debond

—_
(=]

o
©

Fiber

-
S
o=
>
oy
2 Initial Failure
w Debonding
2 os[ L /T <1/4
‘g - Fracture
L ooal l Debonding
e - | Without
B [ Fiper
& 02 | Failure
|
0 I I I
0 mi4 T 2
Phase Angle of Loading, v,
Phase Angle
Maximum,

Fig. 8. Composite diagram concerning fiber failure plotted for ma-
terials having @ = 0. Trajectories of I', with i, that cause either
debond deflection into the fiber or debonding without fiber failure are
shown. To obtain these results, the kink angle that gave the maximum
value of the energy release rate in the fiber was used, and this energy
release rate was equated to I
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