JOURNAL OF MATERIALS SCIENCE 32 (1997) 701-711

Stress transfer in the fibre fragmentation test
Part |l Effects of interface debonding and matrix yielding

JANG-KYO KIM
Centre for Advanced Engineering Materials, and Department of Mechanical Engineering,
Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong

The micromechanics of stress transfer is presented for the fibre fragmentation test of
microcomposites containing debonded fibre-matrix interface and yielded matrix at the
interface region. Results from the parametric study are discussed for carbon fibre
composites containing epoxy and polyetheretherketone (PEEK) matrices, representing
respectively typical brittle debonding and matrix yielding behaviour at the interface region.
The stress transfer phenomena are characterized for the two interface failure processes. The
sequence of interface failure and fibre fracture as a function of applied stress are also
identified. Maximum debonded and yielded interface lengths are obtained above which

a fibre will fracture into smaller lengths. There are also threshold fibre fragment lengths
above which fibre will fracture without interface debonding or matrix yielding. The applied
stresses for these conditions are governed by three strength properties of the composite
constituents, namely interface shear bond strength, matrix shear yield strength and fibre
tensile strength for given elastic constants of the fibre and matrix, and the geometric factors
of the microcomposite. The ineffective length, a measure of the efficiency of stress transfer
across the fibre—-matrix interface, is shown to strongly depend on the extent to which these

failure mechanisms take place at the interface region.

1. Introduction

Characterization of the stress transfer across the
fibre—matrix interface has received significant atten-
tion, especially using the fibre fragmentation test ge-
ometry which has become one of the most popular
means of measuring fibre-matrix properties [1,2].
The fibre fragmentation test gives information on the
basic damage modes taking place in multiple fibre
composites subjected to uniaxial tension. The primary
functions of the interface are to allow efficient stress
transfer between the fibre and matrix, and to protect
the reinforcing fibres in adverse environments encoun-
tered during the manufacturing processes and in
service. Optimal mechanical properties of a fibre com-
posite are strongly related to the efficiency of stress
transfer across the interface. Feillard et al. [3] have
recently presented a comprehensive review on the
current status of theoretical understanding of the fibre
fragmentation test.

Following our previous theoretical study on inter-
face debonding processes in fibre pull-out of single
and multiple fibre composites [4,5], the micro-
mechanics of stress transfer is analysed in the fibre
fragmentation test gecometry [6, 7]. Depending on the
interface properties and fibre tensile strength for given
elastic properties of the fibre and matrix, three distinct
interface conditions are identified, namely full bond-
ing, partial debonding and complete debonding. The
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effects of interactions between neighbouring fibres on
fibre fracture and interface debonding are also evalu-
ated in multiple fibre composites using the three cylin-
der composite model [8].

Apart from the clear-cut interface debonding be-
haviour which has been considered previously, the
matrix material surrounding the fibre may yield and
plastically deform if the interface bond strength is
greater than the matrix shear strength as in many
polymer and metal matrix composites [9—-13]. Laser
Raman spectroscopy studies [ 14, 15] have shown that
the maximum interface shear stresses correlate closely
with the shear yield strength of the matrix materials of
different chemical structures, and suggested that shear
yielding is an important failure mechanism at the
interface region. The thin layers and particles of resin
adhering to the fibre surface which are often observed
in scanning electron microscopy of fracture surfaces
[16,17] further testify to the above failure mecha-
nisms.

The concepts of ineffective length and critical trans-
fer length of a broken fibre under tensile load were
developed [18, 19] in order to describe the effect of
stress decay towards the fibre ends. The ineffective
length was originally defined as the portion of the fibre
in which the average axial stress is greater than some
fraction of the stress at the far-field of infinitely long
fibres. If the fibres are shorter than the ineffective
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length then they are considered to be ineffective in
reinforcing the composites. In a similar concept, the
critical transfer length is defined as the shortest fibre
length along which the axial stresses build up suffi-
ciently to fracture the fibre. From experiments, a criti-
cal transfer length is taken from the mean value of
fibre fragment lengths determined after further sub-
stantial increment in the applied stress leads to no
additional fibre fragmentation.

It has been proposed both experimentally [20-25]
and theoretically [6, 7, 26, 27] that in contrast to the
conventional opinion of either full bonding or com-
plete debonding/matrix yielding there is an intermedi-
ate case in which both bonded and debonded/yielded
interfaces are present simultaneously during the fibre
fragmentation process of some polymer matrix com-
posites. This in turn determines the critical transfer
length. A large volume of evidence is available, for
example see references [28-35], to show that these
characteristic lengths provide information about vary-
ing efficiencies of stress transfer as a result of fibre
surface treatment/interlayer coating and environ-
mental degradation. The temperature dependence of
the shear yield strength of a matrix material at the
interface region also greatly affects the critical transfer
length [36-38]. The functional dependence of critical
transfer length or ineffective length on the Young’s
modulus ratio of the fibre to the matrix, E¢/E,,, has
also been studied [39—41]. The critical transfer length
is also found to be dependent on the reversible work of
adhesion between the composite constituents [42, 437,
matrix viscosity [44] and cohesive energy ratio of the
fibre to the matrix [45]. Nevertheless, whether an
explicit treatment of the ineffective length or the
critical transfer length is necessary to calculate the
absolute values of useful interface properties is still
questionable.

In the present paper, a theoretical analysis of matrix
yielding at the interface region is developed, and the
criteria for partial matrix yielding and fibre fracture
are evaluated for the fibre fragmentation test ge-
ometry. Incorporating the analysis [6] previously de-
veloped for composites with interfacial debonding,
comparisons are made of the criteria and the asso-
ciated stress fields for the three opposing failure mech-
anisms, namely, fibre fracture, interface debonding
and matrix yielding. A special emphasis is placed on
the evaluation of the ineffective lengths, as a measure
of the efficiency of stress transfer, which are predicted
from the models developed in the current analyses.

2. Micromechanics analysis

2.1. Solutions for the stress fields

The geometry and the governing conditions of the
shear-lag model are essentially the same as those
adopted in our previous analyses [6, 7]. Fig. 1 shows
a cylindrical model which is symmetric about the fibre
axis r = 0 and the mid-plane at z = 0. A single fibre of
total length 2L with a debonded or yielded interface
length [ at both its ends is located at the centre of
a cylindrical matrix material. When a tensile stress, o,
is applied to the ends of a matrix cylinder, the stress
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Figure 1 A schematic drawing of the fibre fragmentation model
with partially debonded or yielded interfaces at its ends.

is transferred to the fibre across the fibre—matrix
interface. For the cylindrical coordinate (r,0,z),
the solutions for the fibre axial stress (FAS) and
interface shear stress (ISS) in the bonded region
(—(L —1)<z<(L-—1)are derived [6]:

ot = 1—|—y|[1 cosh(B,z) ]

a+y|  cosh[B,(L -1
cosh(B,z)
m (O] (1)
_ aBsf1+y sinh(p,2)
w0 = e el T @
where

- [ oo
RO

The Young’s modulus ratio of the matrix to the fibre,
o = E,/E;¢, and the volume ratio of the fibre to the
matrix, ¥ = a?/(b* — a?). o, is the FAS at the bound-
ary between the bonded and debonded (or yielded)
interface regions. For the fully bonded interface, the
above equations are still valid except for o; = 0 and
[=0.

Based on the maximum shear stress criterion, it is
assumed here that either interfacial debonding or
matrix yielding occurs when the maximum shear
stress at the fibre-matrix interface reaches the lower
strength value of the two composite constituents. If
the interface shear strength, 1y, is significantly greater
than the apparent matrix shear yield strength, t,,,
yielding takes place in the matrix material near the
interface in preference to interface debonding, and vice
versa. Work-hardening is neglected for the elastic—per-
fectly plastic matrix material in the case of matrix
yielding. For simplicity, the thickness of the material
involved in these failure mechanisms are regarded as
being infinitely thin. It is also assumed that the above
failure mechanisms are mutually exclusive, and that
only one failure mechanism can occur for a given set of
properties of the composite constituents.

The solutions for the major stress fields are
obtained [6] for the debonded regions,
(-L<z<—(L—Dlhand(L—-))<z<L):

B
of(2) = L [Diexp(my2) + Dyexp(m;z)]
2

+ oi[Dsexp(m, z) + Dyexp(m, 2)] (4)
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Ti(z) = — 5 |[Bz[m2D1 exp(m,z) + mD,exp(m; z)]

+ o1lm,Dsexp(m;,z) + myDyexp(m, Z)]] ®)
where the debond crack tip stress, G, at the boundary

between the bonded and debonded regions is given by:

. 1 + 'Y 2Tb
o = ot YG - aT))ZCOth[BZ(L =] (6)

The non-dimensional coefficients Dy, D,, D3, D,, my,
m,, By and B, are presented in Appendix A. The
corresponding solutions for the stress components in
the yielded regions, are obtained as;

oF(2) = 2ty(L —2) )

T (Z) = Tmy (8)

where the FAS at the boundary between the bonded
and yielded region, Gy, is given by:

== 9
(& atmy ( )

2.2. Conditions for interface debonding,

matrix yielding and fibre fragmentation
Based on the solutions for the major stress compo-
nents, the relevant criteria for interface debonding and
matrix yielding at the interface and fibre fragmenta-
tion are obtained. The conditions required to satisfy
the interface states with full bonding and partial inter-
face debonding and partial matrix yielding are also
identified in terms of the relationship between the
applied stress and the properties of the constituents.
The stress applied to the matrix at the remote ends,
O = 0,4, for debond crack propagation is given:

%Tb COth[Bz(L — l)] — wa(nl =+ )\/)6
o = P2 (10)

ns
1+ + Um
( Y)|:O€+Y [% n1:|

where n; and n; are given in Appendix A.
6(= —q/ok) is the asymptotic debond stress for
a long fibre length, and A( = 2uk/a) is the reciprocal

aB, [n3 + vmnq (o + y)]ors + wp(ng + A)G

cause the maximum FAS to reach the local tensile
strength, the fibre fractures at the centre [6, 7]. The
average fibre tensile strength of a fibre segment of
length, 2L, is given, based on the Weibull probability

of failure as;
L 1/m
o1s(2L) <f>

Gu(2Lg)—1/mF<1 + %) <%>1/m (12)

where m and o, are the Weibull modulus and the scale
factor, and I" is the gamma function. Thus, the ex-
ternal stress required for fibre fragmentation, c = o,
is derived:

ors(2L)

.. o + v orscosh[B,(L — )] — oy (13)
7 1445 cosh[B,(L—1)]—1

for the partially debonded interface, and

21
4y orscosh[B,(L — )] — —Tmy

a
Oor = 7 +v cosh[B(L — )] —1 (14)

for the yielded matrix at the interface region. The
solution of the corresponding external stress for the
fully bonded interface can be obtained from Equation
13 or Equation 14 for I =0 and o, = 0:

o + v opscosh(B, L)

= 15
ot 1+ ycosh(B,L) — 1 (13

The fibre-matrix interface remains fully bonded as far
as the interface shear stress governed by Equation 2 is
smaller than either 1, or 1,,,. Therefore, the governing
condition for the full interface bonding is obtained:

aP, orssinh(B,L)

2 cosh(B, L) — 1 (16)

Ty Ty
It should be noted here that whether interfacial de-
bonding or matrix yielding continues, or fibre fracture
occurs depends on the relative magnitudes of the stres-
ses required for these failure processes, o, G,y and
G.s. Further, the relationship between the interface
bond strength, 1,, and the instantancous debond
length obtained at the moment of fibre fragmentation
is also derived by combining Equations 6, 10 and 13:

Ty =

length giving the effective frictional stress transfer [4].
The interfacial properties at the debonded interface
are, ¢o which is the residual fibre clamping stress and
p the coefficient of friction. The corresponding ex-
ternal stress applied to the matrix, 6 = G,y, for matrix
yielding at the interface region is obtained:

o+ Y 2Ty

1
Goy = 1+’Y a |]:I+_200th[B2(L_l)]:|] (11)

The fibre fragmentation criterion chosen here is such
that when the applied stress is sufficiently high to

2 nacoth[Bo(L — )] — [n3 + vmny (o + y)]cosech[Ba(L — I)]

(17)

for the partially debonded interface model. Similarly,
Equations 9, 11 and 14 give the corresponding rela-
tionship between the matrix shear strength, t,,,, and
the yield length:

acrs
= (18)
204+ 2 cosh[B,(L — )] —1

B2 sinh[P,(L — )]

for the partially yielded interface model.
Based on the interface debond, matrix yield and
fibre fragmentation criteria given by Equations 10—15,

Tmy
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the solutions for the mean fibre fragment length, 2L, is
derived as a function of the applied stress, G;.

2 c
2L = —cosh™!| ——% (19)
B2 o 2 +v o
of 1 + Y TS
for the fully bonded interface,
21y,
2
2L = Zsinh~! ap: +20 (20)
i) l+vy 6e—o
o+ Y of TS

for the partially debonded interface, and

2L = 2 cosh™!
B

1+vy 21 1+7y
—— — 21 (21
X |:<Ot + 'Y Gt a Tmy)/((x + ’Y Oof GTS>:| + ( )

for the partially yielded matrix at the interface region.

2.3. Ineffective length
The concept of ineffective transfer length is adopted
here to evaluate the efficiency of stress transfer across
the interface. The ineffective length, 29, is defined as
the fibre length necessary to build up a maximum
stress equivalent to a fraction, ¢, of that for an infinite-
ly long fibre [46]. Since the fibre axial stress (FAS) is
symmetric about the fibre centre, the stress ratio, ¢,
can be written as:
or(L — 9)

* T SO 22
By combining Equation 22 with the relevant solutions
for the FAS given by Equations 1, 6 and 9, the solu-
tions for the stress ratio are derived in Appendix B.
Thus, half the ineffective length, 0, is expressed as:

I e B (Y
6 = Ecosh [2(1_(1))} (23)

for the fully bonded interface,

5 = z—i1n[“—521”(1—¢)o+$]

B, 2T, o0+ sinh[B,(L — )]
(24)

for the partially debonded interface, and

5 = 1— Blln [{(1 — )P, + 1)} (25)

for the partially yielded interface. As for the mean fibre
fragment lengths given by Equations 20 and 21, the
ineffective lengths for the partially debonded and yield-
ed interfaces consist of both the bonded and failed
interface lengths. It is noted that Equation 23 is essen-
tially the same as that proposed originally by Rosen
[18] and its modified version [47] for elastic stress
transfer in a fully bonded interface, except for the
coefficient B, which is different in the respective mod-
els depending on the effective fibre volume fraction.
Furthermore, it is worth mentioning that neither the
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fibre tensile strength nor the interface properties come
into play in determining the effective lengths in the
models for elastic stress transfer.

3. Results

Specific results are calculated in order to highlight the
trends exposed by the equations presented in the pre-
ceding sections. Model carbon fibre composites are
employed in the present study which contain two
different matrix materials: epoxy and polyetherether-
ketone (PEEK). These matrix materials are considered
to show typical brittle debonding and matrix yielding
behaviour which take place, respectively, at the inter-
face regions with the carbon fibres. The mechanical
properties used for the calculations are E; = 230 GPa
and vy = 0.2 for the carbon fibre; E,, = 3.0 GPa,
Vm = 0.4 and 1, = 72.7 MPa for the epoxy matrix; and
E,=38GPa, v, =04 and 1,, =46 MPa for the
PEEK matrix, unless otherwise varied. The interfacial
properties at the debonded region are: g, = — 10 MPa
and p = 1.5. The Weibull statistics for the fibre tensile
strength are presented elsewhere [6].

3.1. Stress transfer in the composite
constituents

The FAS and ISS distributions normalized with ap-
plied stress for the partially debonded and yielded
interfaces are presented along the fibre length in
Figs 2 and 3. Since a constant stress is applied to the
model composites with an identical total fibre length,
different debond and yield lengths are shown for
different interface properties, 1, and t,,. It is noted
that the maximum FAS values obtained in the central
region of the fibre are insensitive to the 1, and 1,
values studied (Figs 2a and 3a). The FAS strongly
decreases towards zero near the failed interface region.
The sensitivity of the decaying FAS values on the
interface properties, 1, and t,,, greatly affects the
ineffective length, a measure of the efficiency of
stress transfer across the interface. Higher t, and
Tmy Values resulted in higher FAS values at a given
distance from the fibre end, giving rise to short ineffec-
tive lengths, that will be detailed later. A shorter inef-
fective length corresponds to a more efficient stress
transfer.

The interface shear stress (ISS) fields for the debond-
ed interface are discontinuous with varying stress
drops at the boundary between the bonded and de-
bonded regions. In the debonded region, the interface
stress increases towards the fibre ends due to the
differential Poisson contraction between the fibre and
matrix (Fig. 2b). In general, a high frictional shear
stress which is a result of the high coefficient friction,
1, and/or high residual fibre clamping stress, q,, pro-
motes efficient stress transfer at the debonded region,
effectively reducing the ineffective length [21]. Con-
trary to the rising ISS at the debonded interface, the
constant values at the yielded interface region are
identical to the t,,, values used for the calculations,
directly reflecting the boundary conditions (Fig. 3b).
However, a higher T, or 1,,, value commonly resulted
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Figure 2 (a) Fibre axial stress and (b) interface shear stress distri-
butions normalized with external stress along the fibre axis for
partially debonded interface. Interface shear bond strength, t, = 50,
72.7 and 100 MPa.

in shorter debonded and yielded lengths at a given
external stress and a fibre length.

3.2. Interface debonding, matrix yielding
and fibre fragmentation
The criteria for initial interface debonding or matrix
yielding based on Equation 16 are summarized in
Fig. 4 which displays the critical values of 1, or 1, for
these failure mechanisms to take place at given fibre
lengths. It is noted that the curve increases paraboli-
cally towards an infinite 1, or 1, value as the mean
fibre fragment length decreases. This suggests that in-
terface debonding or matrix yielding is relatively easy
when the fibre is sufficiently long, and becomes increas-
ingly more difficult as fibre fragmentation proceeds.
The slight difference between the two 1, and 1,,, curves
results from the difference in the matrix Young’s
moduli values used for the calculations which affects
the magnitudes of the coefficients 3, in Equation 3.
Furthermore, the dependence of the maximum de-
bond and yield lengths on the interface properties and
fibre length before fibre fragmentation initiates is
presented in Fig. 5. It is shown that for given interface
properties, a longer fibre length results in shorter
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Figure 3 (a) Fibre axial stress and (b) interface shear stress distri-
butions normalized with external stress along the fibre axis for
partially yielded interface. Matrix shear yield strength,
Tmy = 30 MPa, 46 and 60 MPa.

maximum debond and yield lengths before fibre frac-
tures due to the strong dependence of the average fibre
tensile strength on the fibre length as suggested in
Equation 12. If the interface shear strength is greater
than a critical value then the interface does not fail at
all. These critical values are obtained: t, = 98.6, 82.1
and 68.4 MPa, and 1,,, = 106.6, 88.7 and 73.9 MPa for
2L =1, 2 and 4 mm, respectively, which can also be
determined from Fig. 4. As expected, both the max-
imum debond and yield lengths increase with reducing
the interface shear properties towards finite values. It
is worth noting that only a portion of the fibre length
can be debonded even for a negligible shear bond
strength, 1, (Fig. 5a). This observation is considered to
be a direct consequence of the larger Poisson contrac-
tion of the matrix than the fibre in uniaxial tension.
The ISS thereby increases towards the fibre ends from
the debond interface boundary, effectively discourag-
ing further debond propagation. In other words,
the elastic properties of the composite constituents,
together with the interface properties, play an impor-
tant role in controlling the debond propagation. In
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Figure 4 Plots of interface shear bond strength, t,,, or matrix shear

yield strength, 1,,,, as a function of fibre length showing the regions of
full bonding and partial interface debonding or partial matrix yielding.

contrast to the partially debonded interface, interface
yielding can be extended virtually over the whole fibre
length if 1, is sufficiently low (Fig. 5b). A longer fibre
length requires a lower 1, value for full interface
yielding.

The relationships between the applied stresses re-
quired for interfacial debonding, matrix yielding and
fibre fragmentation, G4, O,,, and G, are obtained
from Equations 10, 11, 13 and 15, which are plotted as
a function of normalized debond or yield length, [/a, in
Figs 6 and 7. A careful examination of these figures
allows the sequential failure processes to be identified
during the fibre fragmentation test. Fig. 6 suggests
that when the fibre is sufficiently long at the initial
stage of the test, fibre fragmentation can only occur
until the fibre lengths become short enough not to
allow further fibre fracture. At this stage, transition of
failure process occurs from fibre fragmentation to
interface failure because the external stress required
for the latter process, G,q Or Gy, is smaller than that
for the former process, .. The applied stresses re-
quired for interface failure, c,4 and o,,, are indepen-
dent of fibre length for a given set of interface proper-
ties, T, and T,,. It can be seen that the applied stresses
and the corresponding threshold debond and yield
lengths before fibre fragmentation resumes increase
with decreasing fibre length.

Once the fibre segment lengths become sufficiently
short after substantial fibre fragmentation (e.g.
2L =2 mm as in Fig. 7), the interface fails. The de-
bond and yield lengths grow until they become thresh-
old values when transition of failure process occurs
again from interface failure to fibre fragmentation.
The applied stresses, 6,4 and oy, required for initial
interface failure as well as the threshold debond and
yield lengths before fibre fragmentation resumes are
strongly dependent on the interface properties, 1, or
Tmy, fOr a given fibre length. The points where the
Curves, Goq and o,,, originate at the abscissa represent
the applied stresses required to initiate the respective
failure processes, while the intersecting points between
the external stresses, G, and o, (and G,, and G,
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Figure 5 (a) Plots of interfacial shear bond strength, t,, and
(b) interface matrix yield strength, t,,y, as a function of normalized
debond or yield length, [/a for varying embedded fibre length 2L.

represent the transition of failure process from inter-
facial debonding (or matrix yielding) to fibre frag-
mentation, or vice versa. For example, the applied
stresses required for interface failure initiation are
obtained: o,q = 30.4, 44.2 and 60.8 MPa for 1, = 50,
72.7 and 100 MPa (Fig. 7a); o, =21.0, 32.2 and
42.0 MPa for 1, = 30, 46 and 60 MPa (Fig. 7b), re-
spectively. The threshold yield length, (2),, = 0.125,
0.059 and 0.031 mm are also determined for t,,,, = 30,
46 and 60 MPa and 2L = 2 mm (Fig. 7b). Once there
is substantial debonding or yielding along the inter-
face, fibre fragmentation resumes because the latter
process requires a lower applied stress than the former
processes at a given fibre length. In contrast to the
interface failure processes, the fibre fragmentation
process is totally independent of the interface proper-
ties as envisaged by one curve for 6, representing the
three different interface properties (Fig. 7). An almost
constant applied stress, o, is shown for fracture of
a fibre regardless of its debond or yield length. (The
rising or decaying o, values for long debond or yield
length in Figs 6 and 7 only show the trend obtained
from the model without practical implications.)
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Figure 6 Comparisons of applied stresses required (a) for interface
debonding, 6,4, and fibre fragmentation, ¢, and (b) for matrix
yielding, o,,, and fibre fragmentation, c,, as a function of
normalized debond (or yield) length, l/a. 1, =72.7 MPa and
Ty = 46 MPa.

The progress of interface failure processes is further
studied with reference to Fig. 8 where the debond and
yield lengths are plotted as a function of applied strain
for a given fibre length. Both the debond and yield
lengths are shown to increase towards maximum
values with applied strain, a higher external strain
being required to induce the same extent of interface
failure for a high value of 1, or t,,,, which is consistent
with the findings from Fig. 7. It is also identified that
there are threshold applied strains or stresses below
which debonding or yielding does not take place.
These values can be directly taken from the intersect-
ing points of the curves with the ordinate, and are
identical to those values discussed above with refer-
ence to Fig. 6. It is worth noting that the yield length
and applied strain have an approximately linear rela-
tionship, whose gradient becomes smaller with in-
creasing matrix shear yield strength, 1, (Fig. 8b).

3.3. Ineffective lengths
Based on the discussion presented above, the efficien-
cy of stress transfer across the fibre—matrix interface is
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Figure 7 Comparison of applied stresses required (a) for interface
debonding, 6,4, and fibre fragmentation, ¢, and (b) for matrix
yielding, o,,, and fibre fragmentation, G, as a function of nor-
malized debond or yield length, //a. Fibre length, 2L = 2 mm.

summarized in Fig. 9 where the ineffective lengths
calculated using Equations 23-25 for a stress ratio
¢ = 0.9 are compared between the composites with
fully bonded, partially debonded and partially yielded
interfaces. It is shown that at the initial stage of a fibre
fragmentation test in which the whole fibre length is
fully bonded with the matrix, the ineffective length is
constant. The marginally higher constant ineffective
length obtained for the carbon—epoxy system (Fig. 9a)
compared to that for the carbon—-PEEK system
(Fig. 9b) appears to be a direct reflection of the slightly
lower matrix Young’s modulus value for the former
composite than the latter composite. This observation
is basically consistent with the previous findings
[40,41] in that the ineffective length or the critical
transfer length varies almost linearly with the Young’s
modulus ratio of the fibre to the matrix, E;/E,,, in
a In—In plot. It was also reported that a compliant
interlayer present on the fibre surface gives rise to the
critical transfer length [33], which in turn promotes
large interface debonding and subsequent fibre pull-
out in transverse fracture of epoxy matrix composites
containing such fibres [48].
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Figure 8 Variation of normalized debond or yield length, I/L, and
with applied strain for (a) the partially debonded interface and
(b) the partially yielded interface.

With a further increase in the applied strain, there
are transition points where the ineffective lengths devi-
ate from being constant. These threshold applied
strains are found to increase with increasing 1, and
Tmy» as shown in Figs 7 and 8. The ineffective lengths
for both the debonded and yielded interfaces increase
steadily with applied strain above the threshold values
as a result of increased debond and yield lengths. This
means that increases in debond and yield lengths with
applied strain impair the efficiency of stress transfer
across the interface, requiring longer distance from the
fibre ends to reach the same level of stress than the
fully bonded interface. Not only high values of 1, and
Tmy as shown in Fig. 9, but also a high frictional shear
stress which is a product of the coefficient of friction
and the residual fibre clamping stress improve the
efficiency of stress transfer across the interface, giving
rise to a shorter ineffective length [27].

4. Discussion and concluding remarks
In light of the parametric study made on carbon fibre
composites containing epoxy and PEEK matrices for
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fully bonded, partially debonded and partially yielded
interfaces, as presented in the preceding section, the
sequence of failure process and the stress transfer
phenomena can be highlighted which are most likely
to take place in the fibre fragmentation test of single
fibre model composites.

(1) At the initial stage of loading of microcom-
posites with an initial fibre length being sufficiently
long (say, typically 50 mm), the fibre remains fully
bonded with the matrix. The stress transfer across the
fully bonded interface is insensitive to the interface
properties, T, and T,,,, and is largely controlled by the
elastic properties of the fibre and matrix.

(2) Once the maximum fibre axial stress reaches the
local tensile strength, the fibre breaks. An increasingly
higher external stress is required to fracture the fibres
into smaller segments due to the dependence of the
average fibre tensile strength on fibre length.

(3) Once the fibre fragment lengths become suffi-
ciently short, interface failure (either debonding or
matrix yielding depending on the relative magnitudes
of interface bond strength, 1, and matrix shear yield
strength, t,,,) occurs at the fibre ends. An increasingly



higher stress is required for the debond crack or
matrix yielding to propagate towards the fibre centre.
The interface shear stress becomes discontinuous at
the boundary between the bonded and debonded in-
terface regions.

(4) There are limits for the characteristic failed in-
terface lengths before fibre fragmentation resumes.
Interface properties, 1, and t,,,, as well as the average
fibre tensile strength, o5, come to play a dominant
role in determining the maximum debond and yield
lengths for a given fibre length. A longer fibre length
and higher interface properties, 1, and t,,, result in
shorter maximum debond and yield lengths.

(5) A major difference between the composites with
interface debonding and matrix yielding is that only
a finite fibre length may be debonded from the brittle
matrix due to the Poisson effect, whilst the whole fibre
length may be yielded for ductile thermoplastic ma-
trices when t,,, values are low.

(6) The critical transfer length can be determined
based on the distribution of fibre fragment lengths
which are obtained after a further substantial in-
crement in the applied stress leads to no additional
fibre fragmentation (provided that the matrix ductility
is significantly greater than the fibre). The critical
transfer length determined here consists of both
bonded and failed interface lengths for a weak
interface.

(7) The ineffective length for a fully bonded inter-
face is constant, independent of external stress, given
the properties of the composite constituents. Interface
failure, whether brittle debonding or matrix yielding,
degrades the efficiency of stress transfer as it continu-
ously increases the ineffective length with increasing
the external stress towards a maximum value. High
interface properties both in the bonded and debonded
regions are essential in promoting the stress transfer
efficiency. A difference in the Poisson ratio between
the fibre and matrix as discussed in the previous sec-
tion and the geometric factors of the microcomposite,
including the effective fibre volume fraction [8], are
also an important factor determining the ineffective
length for both fully bonded and failed interfaces.

The above description is essentially identical to
what is normally observed in practical fibre frag-
mentation tests of single fibre composites with weak
interfaces [13, 15, 20, 21, 25, 49, 50]. The observation
of interface debond initiation at different stages of the
fibre fragmentation processes reflects both the vari-
ation of fibre tensile strength and interface bond
strength [21]. It has also been confirmed that the
influence of various parameters including the
strengths of the fibre, matrix and interface bond are
highly dependent on the stage of failure process.

In the present model, transverse cracks of various
shapes which propagate into the resin matrix depend-
ing on the nature of the interface bond and energy
absorption capability of the matrix material have not
been specifically taken into account. With a strong
interface bonding and high matrix tensile strength, the
transverse crack tends to be either penny-shaped or
inclined cone-shaped. If the interface is strongly
bonded and the matrix is weak in tension, a conical

crack may propagate on the plane of principal stress
[52,53]. These matrix cracks are normally initiated
from the broken fibre ends triggered by the energy
suddenly released upon fibre fracture, and greatly af-
fect the fracture of surrounding fibres in multiple fibre
composites [54-58]. Debonding and matrix yielding
at the interface region can relieve the stress concentra-
tion near the broken fibre ends which in turn discour-
ages, to a certain extent, the propagation of transverse
matrix cracks as shown in a study with specimens after
hydrothermal ageing [49].

In addition, it is assumed here that only one of the
two interface failure mechanisms, namely interface
debonding or matrix yielding, can occur for a given
combination of the fibre, matrix and interface proper-
ties. In other words, these failure mechanisms are
assumed to be mutually exclusive. However, in reality,
the interface failure may be a combination of debond-
ing and matrix yielding in some polymer matrix com-
posites. This is particularly true if the shear bond
strength at the interface is more or less equivalent to
the matrix shear yield strength. In matrix shear yield-
ing, the effective thickness of the matrix material may
be very small compared to the fibre diameter.

From the viewpoint of measuring the interface
properties, there has hitherto been no systematic rela-
tionship developed between the experimental data
obtained from the fibre fragmentation test and the
useful interface properties, apart from the simple
Kelly-Tyson [19] approach which has been widely
employed. This can perhaps be attributed to the fact
that there are too many unnecessary parameters in-
volved in this test which need to be properly isolated
in the data reduction scheme. The complications asso-
ciated with the statistical nature of tensile strength of
fibres due to the surface and internal flaws of random
distribution are one example, and the difficulty asso-
ciated with the characterization of the interface failure
mechanisms another. For the fully bonded interface,
none of the useful interface properties (e.g., interface
shear bond strength, t,, at the bonded interface, and
matrix shear yield strength, 1,,,, coefficient of friction,
1, and residual fibre clamping stress, g, at the failed
interface region) play a role in determining the critical
transfer length or the ineffective length. As pointed out
previously [51], the efficiency of stress transfer is sim-
ply controlled by the matrix mechanical properties
rather than the interface properties if the apparent
bond strength at the interface is sufficiently high (i.e.,
no debonding or matrix yielding). The linear depen-
dence of the critical transfer length on Young’s
modulus ratio, E;/E,,, in a In—In plot [39—-41] testifies
that there is little relevance of the parameters gener-
ated from the fibre fragmentation experiments with
the interface properties. Further, unlike the fibre pull-
out test [4, 5], the external load—strain curve does not
render any indication of fibre fragmentation or inter-
face failure. Simultancous monitoring of acoustic
events may only help to locate the fibre fragmentation.

The co-existence of bonded and failed interfaces in
a broken fibre length for many composite systems
does not render the direct extraction of meaningful
interface properties directly from experiments. An
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—myexp(—myl) + myexp( — myl) + (my — my)exp[ — (my + my)l]

Also,

n, =

accurate measurement of the debond and yield lengths
during the test may possibly provide information to
establish the relationship between the interface prop-
erties at both the bonded and failed interfaces and the
external stress. However such measurements have
been difficult until the recent application of the laser
Raman technique [14, 15] to the problem. However,
once the fibre—matrix interface has failed the crack is
unlikely to propagate in a stable way as is assumed in
the model. The mixed mode failure, i.c., interface deb-
onding versus matrix yielding, further complicates the
interpretation of test data and requires detailed sur-
face analyses.

The relationship between the number of broken
fibres and the applied stress, whether the interface has
failed or not, may only provide an indication of the
efficiency of stress transfer. The specimen geometry
and the loading conditions are not specifically de-
signed to generate the desired information. The mode
of failure process in this test may relate only indirectly
to the interface properties that are the subject of in-
vestigation. Nevertheless, the interface parameters ob-
tained in this test are shown to have intimate correla-
tions with those from other micromechanical tests,
and are used successfully to make valid comparisons
between the composites containing fibres with varying
prior surface treatments [59]. In summary, it may be
rationalized that the significance of this test is to
provide some measure of the relative stress transfer
efficiency of different combinations of fibre, matrix
and interface.

Appendix 1
1 — exp(—mql)
D, = Al
' axpmaL)foxp(— m) —exp(—mph] D)
1 — exp(— myl)
D, = — A2
2 explm L) fexp(—m; ) —exp(—myD)] 2
1
D, = — A3
: expm; L) fexp(—m ) —oxp(—moD)] )
1
D, = A4
* = explmD)lexp(—miD) —exp(—myDy] Y
and
B, + (B> + 4)\B,)*
wy - BB R %)
— By + (BY + 4AB;)"?
ml — 1 ( ; 1) (A6)
where
_ove + YV By
BT A7
B, = — AB, (A8)
By _ 04YVm s (A9)

710

exp( — myl) — exp( — m,l)

(A10)
_ myexp(—myl) — myexp(—myl)
S e mb —ep(—mh MY
ny = oA(Vm — Vg) + n2(0ve + YVi)  (A12)
Appendix 2

(a) For a fully bonded interface

The stress ratio is:

oi(L —98)  cosh(B,L)— cosh[B,(L —9)]
oOro0 cosh(B,L) — 1

~ 1 — cosh(B,0) + tanh(B, L) sinh(pB,d)
~ 1 — cosh(B,8) + [cosh?(B,8) — 1]"/2 (B1)
since cosh(B,L) > 1 and tanh(B,L) ~ 1 for L — 0.

(b) For a partially debonded interface
The stress ratio is:

¢_cf(L—8)_[<1+y
B AT

21, cosh[B,(L — 9)]
~ aB,sinh[B,(L — )]

1+vy 27, 1
a7 ° Py sinh[By(L — )]

(RO SR
a5 PRl 8] (B2

since sinh[B,(L — )] ~ oo for L — 0.
(c) For a partially yielded interface
The stress ratio is:

_ oL —9)

(I) B Gf(O)LHOO
hBa(L — 3
1
<le ot L =Dl = G, @ — 1 ﬂ

R exp[B.(I — 8)]

~1— W (B3)
since  cosh(B,L) = sinh(B,L) ~ cosh[B,(L — )] =

sinh[B,(L — )] ~ oo for L — co. Hence, half the inef-
fective lengths for the above three interface conditions
are given in Equations 23-25.
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