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Experimental verification of the effects
of friction and residual stress on the analysis
of interfacial debonding and toughness

in single fiber composites
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Single-fiber fragmentation tests were done on AS4 carbon fiber/epoxy and E-glass/epoxy
specimens. Using a new interpretation of the photoelasticity fringes around fiber breaks we
measured debonds that occurred instantaneously after each fiber break. The new
techniques led to measured debond lengths that were longer than in prior studies. An
energy balance analysis of the debond size when the breaks are far apart was used to
investigate the interfacial fracture toughness. The best analysis was one that accounted for
both residual stress effects and interfacial friction. It was not possible to determine all
effects by debonding experiments alone and thus the most accurate results for interfacial
toughness require supplemental experiments such as Raman spectroscopy or additional
fragmentation observations. The best estimate for interfacial toughness was 220 J/m? for
carbon-fiber/epoxy and 120 J/m? for glass-fiber/epoxy.
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1. Introduction

In the single-fiber fragmentation test [1-13], a single
fiber is embedded in a matrix and loaded in tension.
As the load increases, the fiber experiences multi-
ple fractures. Initially, the fiber breaks are isolated
and random. As loading continues, the breaks begin
to interact and eventually reach a saturation state in
which the fiber breaks stop. The average fragment
length at saturation is known as the critical fragment
length. Various models of the fragmentation test have
used critical fragment length results to deduce in-
formation on interfacial properties such as interfacial
shear strength [1]. But, fiber fracture is not the only
fracture process that occurs during single-fiber frag-
mentation tests. In glass-fiber composites, optical ob-
servations show that interfacial debonds occur. In fact
every fiber break is accompanied by a finite amount of
fiber/matrix debonding that occurs simultaneously with
each fiber break [6-10]. In carbon-fiber composites,
Raman spectroscopy similarly confirms that all new
fiber breaks are associated with fiber/matrix debond-
ing [11, 12]. With careful photoelasticity methods,
debonds in carbon-fiber specimens can also be observed
optically [13].
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Clearly the amount of interfacial debonding must
be related to the interfacial fracture toughness. It was
therefore proposed that observations of instantaneous
debonding associated with each fiber break can be used
to measure interfacial toughness [6]. Two advantages
of this approach are that experimental results can be
derived from each fiber break, rather than just relying
on saturation critical fragment length, and that interfa-
cial fracture toughness is probably a more fundamental
failure property than interfacial shear strength [14]. The
basic approach to interpreting instantaneous debonds is
to consider the fiber breaks and instantaneous debond
growth as the fundamental fracture event in a fragmen-
tation test. Using energy balance, it is then assumed the
total energy released by the fiber fracture and debond
growth (total energy released) is equal to the energy re-
quired to break the fiber and form the debonds (energy
absorbed). The experiments measure debond size as a
function of applied load and current fragment length.
The modeling calculates the total energy released dur-
ing each fracture event and thus it is possible to deduce
the total energy absorbed. The total energy absorbed
is a combination of fiber fracture toughness (I' y) and
interfacial or debonding fracture toughness (I"y). For
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glass-fiber and carbon-fiber composites, it can be ex-
pected that the fiber fracture toughness is very low
(I's «T'y) and thus the analysis mostly gives infor-
mation on debonding toughness.

There are two regimes in the single-fiber fragmen-
tation test. Initially, the fiber breaks are isolated and
the fiber fragments are long—the long-fiber limit. In
this limit, the mechanics analysis is greatly simplified
because the modeling can be simplified to an isolated
fiber break for a fiber embedded in an infinite amount of
matrix. Furthermore, the experiments are simplified be-
cause it has been observed that all debonding is confined
to the instantaneous debonding that occurs immediately
after the initial fiber break. In other words, continued
loading causes new fiber breaks with debonds, but no
propagation of prior debonds [13]. As fiber fracture
continues, the fiber breaks begin to interact. Although
it is possible to continue analysis in this regime [15],
the mechanics analysis is complicated by fiber break in-
teractions. It is also more complicated experimentally
because it has been observed that prior debonds begin
to propagate [13].

This paper is confined to experiments and analysis
in the long-fiber limit. This regime was originally ana-
lyzed by a simplified energy balance that ignored resid-
ual stresses and friction on the debond surfaces [7]. It
is clear, however, that residual stresses are present in
glass-fiber and carbon-fiber composites due to differ-
ential thermal shrinkage that occurs from processing
temperature down to room temperature [ 16, 17]. Raman
spectroscopy has also confirmed that debond surfaces
are not stress free but probably have frictional effects
[11, 12]. In an energy analysis of the microbond tests, it
was shown that inclusion of residual stresses and fric-
tion is vitally important for a correct evaluation of inter-
facial fracture toughness [18]. When these effects are
ignored, the analysis leads to the wrong toughness, even
if that analysis agrees well with experiments. Only by
correct inclusion of residual stress and friction effects
is it possible to determine the true debonding tough-
ness. We describe new experiments for instantaneous
debonds in glass-fiber and carbon-fiber composites in
the long fiber limit. These results were analyzed by a
recent energy balance analysis that includes both fric-
tion and residual stresses [19]. The experiments were
also analyzed by models that ignore friction [15] or
ignore both friction and residual stresses [7]. The inter-
pretation of the experiments was profoundly affected
by analysis method. We claim that an analysis that in-
cludes friction and residual stresses is needed to get the
true debonding toughness. Unfortunately, due to exper-
imental scatter and to the form of the models, it was not
possible to distinguish the analyses by how well they fit
the data. In other words, observations of debond size in
the long-fiber limit alone are insufficient for unambigu-
ous determination of debonding toughness. These ob-
servations have to be supplemented by separate exper-
iments that can measure the magnitude of the residual
stress and friction effects. Two possible supplementary
experiments are Raman spectroscopy [11, 12] or con-
tinued debond observation into the saturation regime
[13, 15].
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2. Experimental

All debonding experiments were done using the single-
fiber fragmentation test specimens. All specimens used
a transparent matrix which enabled observation of
the fragmentation process with an optical microscope.
When photoelasticity is added to the optical microscopy
by using crossed polarizers, the distribution of stresses
can be observed around the fiber breaks. Such pho-
toelastic analyses are a good way to study the stress
fields around a single fiber embedded in a birefringent
matrix. The fragmentation tests here investigated initial
debonds and debonding growth at each fiber break with
increasing strain. The experimental work has been done
using E-glass and AS4-carbon fiber composites. Those
fibers were embedded as single fibers in each specimen.
More details on the experimental procedure of the sin-
gle fiber fragmentation test are given in Ref. [13]. The
test apparatus is shown in Fig. 1.

2.1. Specimen materials

Epoxy resins are commonly used in composites because
they adhere well to many fillers, reinforcing agents, or
substrates, and do not release any volatiles or water dur-
ing curing. Thus, the shrinkage after curing is usually
lower than with other resins. They also have resistance
to chemicals and provide good electrical insulation. The
epoxy resin used in these experiments was Shell Epon
Resin 828 that includes Diglycidyl Ether of Bisphenol
A (DGEBA). The epoxy group can bond chemically
with other materials such as curing agents. The curing
agent used here was m-Phenylenediamine (m-PDA).
The fibers used were AS4 carbon fibers and E-glass
fibers. Details on single-fiber specimen molding and
preparation are given in Ref. [13].

2.2. Debond growth observation

To measure debond lengths, the specimens were ob-
served using photoelasticity while under load. Some
typical results for a single fiber break are shown in
Fig. 2. The size of the measured debond zones are
also shown. As explained Ref. [13], the location of the
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Figure I A schematic diagram of the fragmentation test apparatus.



Debond Zone
—-&

Fiber Break

Debond Zone

Fiber Break

Figure 2 Typical photoelastic fringe patterns at fiber breaks in fragmentation tests. (a) AS4-carbon fiber in an epoxy matrix. (b) E-glass fiber in an

epoxy matrix.

debond tip was determined by careful observation of
the photoelasticity fringes. The debond tip could be
observed as a clear photoelasticity effect very close
to the fiber surface. This effect does not show up well
in the figure, but was easy to detect by visual inspec-
tion. The length of the debonds in the typical results in
Fig. 2 is indicated. Another way to estimate the debond
tip is to note that the photoelasticity effect arises from
differences in principal stress which also imply magni-
tude of the maximum shear stress. Stress analysis of a
perfectly bonded fiber always shows that the maximum
shear stress is very close to the fiber end [20]. Thus, if
there was no debonding the maximum width of the pho-
toelasticity patterns should be very near the fiber break.
In all experiments, however, the photoelasticity effect
was a minimum at the fiber break, gradually increased
to a maximum, and then decreased again far from the
fiber break. A similar behavior for shear stresses fol-
lows from stress analysis that includes debonding [12].
These analyses further show that the maximum shear
stress is always close to the debond tip [12]. In other
words, another method to locate the debond tip is to find
the location for the maximum width of the photoelas-
ticity effect. The debond tip should be slightly closer to
the fiber break than the the maximum photoelasticity
effect. The similarity between this approach and our
direct observations supports our claim that the effect
actually observed does identify the debond tip.

Note that there is a large black zone around the fiber
break in E-glass specimens. We previously assumed
this effect is due to fiber slippage [13]. This assumption
has been confirmed by recent Raman experiments [21].
Some researchers have identified this “opaque” zone
as an observation of fiber/matrix debonding. We claim
actual debonding extends much farther along the fibers
than this zone. A similar opaque zone does not appear
in carbon fiber specimens because the fibers themselves
are opaque. We expect that carbon-fiber slippage does
occur, but that it can not be observed optical.

3. Energy balance for interfacial debonding

An energy balance analysis to predict debonding fol-
lowing a fiber break treats fiber fracture and instanta-
neous debonding as a fracture event. It is then assumed

that the energy released by the fiber fracture and debond
growth is balanced by the effective surface energy re-
quired to create the new fiber break and the observed
amount of debonding [6]. In the long-fiber limit, it suf-
fices to consider an isolated fiber break in a fiber em-
bedded in a large amount of matrix. The energy balance
then becomes [19]

Ly/2
m’j%AGfoo +2/ 277 Goo(x) dx
0
= 7Ty +2mrpLaTy (1)

where AG y is the energy release rate for formation of
anisolated fiber break, G ;o0(x) is the energy release rate
for growth of a debond of length x at anisolated debond,
L, is the final debond length (growth of L;/2 on either
side of the fiber break), and r is the fiber radius. The
terms I'; and I'y or the fiber fracture toughness and
the interfacial fracture toughness. The subscript co on
the energy release rates emphasizes that this analysis is
in the long-fragment limit or for an isolated fiber break.

By applying this energy balance to a finite fracture
mechanics analysis of debonding with very few as-
sumptions, Nairn [19] was able to derive a good starting
point for energy balance analysis from Equation 1 to be:

2 L 2L2
r, - rivs (1 _ YyLa L vily

4E 4 ry 3r.)2c
+ I"fAGfoo | — Wde 1 — I/Ide . Ffrf
2Ld 2I‘f ry 2Ld
2

where ¥/, is the far-field stress on the fibers (both ap-
plied stress and residual stress), E 4 is the axial modulus
of the fibers, and v/ is an effective friction coefficient.
Friction is introduced by assuming there is a constant
shear stress on the debond fracture surfaces. A rigorous
analysis of friction would relate this shear stress to the
interfacial normal stresses. Experimental results, how-
ever, only give axial stress. In a linear elastic analysis,
the radial stress must be linearly related to the applied
loads. If friction is linearly related to normal stresses
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through a true friction coefficient, then it can also be lin-
early related to axial load through an effective friction
coefficient:

Tfriction = MOy = U (klﬁoo) = ‘/fflﬁoo (3)

All calculations here are done in terms of this effec-
tive friction coefficient, ¥ . The far-field stress can be
related to applied axial stress and temperature differ-
ential by analysis of an unbroken fiber in an infinite
matrix [20]:

Equation 6 reduces to

r,— vl L2 Ly
4E BLi| 2Ly

This result matches a previous frictionless result in
Ref. [15] (note that Ref. [15] had Q instead of 1 for the
first term in the parentheses, but Q =~ 1 for most condi-
tions). A result that ignores both friction and stresses
can be obtained simply by calculating 1/, needed for
Equation 7 using AT =0. Another result in the litera-

(7)

204V, 1—vr 14v,\ Eso00 2v4 1—vr 14y,
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where E4, E7, va, V7, aa, and a7 are the axial and
transverse moduli, Poisson’s ratios, and thermal expan-
sion coefficients of the fiber, and E,,, v,,, and «,,, are the
modulus, Poisson’s ratio, and thermal expansion coef-
ficient of the matrix. oy is the total applied load applied
to the specimen and AT =T — Ty is the temperature
differential between the specimen temperature (7;) and
the stress-free temperature (7p).

Equation 2 is nearly exact, within the assumption
of constant friction stress, but it is incomplete. It is
written in terms of the energy release rate for an iso-
lated fiber break, AG y. This term needs to be de-
rived to complete the analysis. Here we choose to write
AG ¢ in terms or a new dimensionless parameter,

B, as:

riv
AG oo = —— 5
foo ﬁEA ( )
Equation 2 can then be rewritten as
2 L L
ry= Vel (= Yika)(p - Yuka
12EA Vf }"f
3 r
x(1+ L) - Y ©)
BLa 2Lq

This equation gives the full analysis which allows
one to calculate interfacial toughness for any obser-
vations of debond length. The analysis requires input
information for applied load, oy, and thermal effect,
AT, which are needed to find v, prior knowledge
of the friction effect, ¥, and the fracture toughness
of the fibers, I' ¢, and an evaluation for the parameter
B. If the fiber fracture toughness is small, the second
terms will be insignificant compared to the first and
debonding toughness can be found without knowledge
of I f-

Two special cases for Equation 6 are when one
ignores friction or ignores both friction and resid-
ual stresses. When friction is ignored, ¥y =0 and
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ture, however, that ignores friction and residual
stresses is

rio; [ 2r; ( 1 ﬂmEA):| Trry

Ly = 1+ — - -
4E Li \Beox  16G4 2L,
(8)

which identical to Equation 7 except total fiber stress
Yoo is replaced by fiber stress o that ignores residual
stresses and S is replaced by

ﬂcﬂx
p=—"—"7—"" )
1— ﬂczoxEA
16G 4

In this prior analysis B, was the shear-lag parameter
derived by Cox [22:]

> 4G,
Beox = (10)

EA IIIVL/

where G,, is the shear modulus of the matrix and
V is the effective volume fraction of the fiber in the
matrix.

For the calculations in this paper, we analyzed exper-
iment results for L, as a function of ¥, where ¥, was
calculated from fiber and matrix properties, the applied
stress, and a AT term estimated from material thermal
properties. We assumed I'y = 10 J/m?, although, be-
cause it is small, any small number, even zero, would
give similar results. We tried various values for effec-
tive friction coefficient. The remaining unknown is B
or equivalently, the energy release rate for fiber frac-
ture alone. The form for AG ¢+, in Equation 5, was
chosen because it is also the form used in recent shear
lag models for calculation of energy release rate due
to an fiber fracture [14, 15]. In shear-lag analysis, B
is the shear-lag parameter, although it was found that
the shear-lag parameter proposed by Cox [22] is very
inaccurate. The optimal shear lag parameter [14] is the



one derived instead by Nayfeh [23] and given by

2
"~ EAE,

ﬁZ

EsVi+ En(l — Vi)
1=Vy 1 1 13-V
G, t 16, (1—Vflnv—f‘ 2

(In

where G 4 is the axial shear modulus of the fibers.

A problem with all shear-lag models, including both
the inaccurate Cox analysis [22] and an optimal shear-
lag analysis [14] based on the Nayfeh parameter [23], is
that they depend on an effective fiber volume fraction,
V. A typical approach in shear-lag models for the frag-
mentation test is simply to make an ad hoc assumption
about V¢, but it is possible to do better. There are two
alternatives to arbitrary assumptions. First, shear-lag
analysis can be calibrated by comparison to more ad-
vanced methods that do not need assumptions about ef-
fective fiber volume fraction. Two examples are Bessel-
Fourier series methods [20], or finite element analysis
[14]. If AG o can be found by some other means, the
shear lag parameter can be found from

2
P= 5 e @
foolbA

Once 8 is found, Equation (11) can be used to deter-
mine the effective fiber volume fraction. Second, be-
cause f in a shear-lag analysis relates to the rate of
stress transfer from the fiber to the matrix, 8 can be
measured by comparison of Raman results for stress
transfer [12] to a shear-lag analysis for stress transfer
[15]. For the analyses in this paper, we used the first
approach. By comparison to Bessel-Fourier series anal-
ysis for carbon-epoxy and glass-epoxy specimens we
determined V¢~ 0.16%. In prior shear-lag models, it
is common to quote a ratio R/r ¢ which is a ratio of the
zone of matrix influenced by the fiber, R, to the fiber ra-
dius, r . The effective volume fraction of V; ~0.16%
corresponds to a ratio R/ry =25.

4. Results and discussion

The carbon-epoxy and glass-epoxy single-fiber spec-
imens were loaded in tension until the fiber started
to fracture. Soon after the first break, the loading was
stopped and each fiber break was examined under the
microscope using photoelasticity. Typical photoelastic
fringes around a break are shown in Fig. 2. The length of
the debond was measured using the methods described
in the Experimental section. In brief, the debond tip
showed up as a distinct photoelastic effect close to the
fiber surface. This effect does not show up well in Fig. 2,
but it was clear by direct observation. Although most
previous optical methods have been on glass-epoxy
specimens, it was possible here to locate debond tips
in both carbon-epoxy and glass-epoxy specimens. The
fact that we located the correct debond tip was con-

firmed both by theoretical arguments (see Experimental
section) and by additional experiments on some spec-
imens (see Ref. [13]). In addition to debond lengths,
we also mapped the entire damage pattern. Finally the
average debond length was recorded corresponding to
the axial load currently on the specimen.

After the first observation, the loading was continued
to higher loads. The loading was periodically stopped.
Each time it was stopped, we mapped the new dam-
age state and measured th lengths of all debond zones.
By comparing the damage map at any particular load
to the previous damage map, it was possible to deter-
mine which fiber breaks had formed during the most
recent loading interval. We averaged the debond length
of only the new fiber breaks. All results in this pa-
per plot the average of the new debonds as a function
of applied axial load. For each fiber type we ran sev-
eral experiments. For a single specimen, the debond
lengths increased monotonically with load. The scatter
in the plots was a result of sample-to-sample variations.
All debond lengths were normalized to fiber diameter
(Lq/7y) and thus give the debond aspect ratio.

Figs 3—5 show the results for carbon-epoxy speci-
mens analyzed by ignoring residual stresses and friction
(Equation 8), by including residual stress, but ignoring
friction (Equation 7) and by including both residual
stresses and various levels of friction (Equation 6). The
fitting was done by solving each equation for 1/, and
then fitting results for 1/, as a function of L, at con-
stant I'y. For all calculations, we used I' y =10 J/m2.
This fiber toughness was derived from literature results
[24], but as long as the correct value is small, it has little
effect on the data analysis. The shear-lag parameters
(B and B.,x) were derived from the fiber and ma-
trix properties in Table I using an effective fiber vol-
ume fraction of V; =0.16% (R /r s = 25). For residual
stress calculations, we assumed AT = —100°C, which
is equal to the temperature difference between the fi-
nal cure temperature (125°C) and room temperature
(25°C).

Within scatter of the experimental data, all equa-
tions can fit the data equally well, but the end result for

AS4-Carbon/Epoxy

Debond Growth (fib. dia.)

2.5 3.0

Applied Strain (%)

Figure 3 Aspect ratio of the average debond length at new fiber breaks
as a function of the applied strain for AS4-carbon fibers in an epoxy
matrix. The experiments were analyzed using Equation 8 which ignores
both residual stresses and friction.
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TABLE I Mechanical and thermal properties use the in the analyses
for the AS4-Carbon and E-Glass fibers and the epoxy matrix

Property AS4-Carbon E-Glass Epoxy
Diameter (r 7 in pm) 7 14
Axial modulus 231 72.5 2.6
(E4 or E,; in MPa)
Transverse modulus 40 72.5 2.6
(Et or E,; in MPa)
Axial shear modulus 20 27.9 0.97
(G4 or G, in MPa)
Transverse shear modulus 16 27.9 0.97
(Gt or G, in MPa)
Axial poisson’s 0.2 0.3 0.34
ratio (v or vy,)
Transverse poisson’s 0.25 0.3 0.34
ratio (V7 or vy,)
Axial thermal expansion —-0.7 54 40
(otp or oy in ppm/K)
Transverse thermal expansion 10 54 40
(o or oy, in ppm/K)
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Figure 4 Aspect ratio of the average debond length at new fiber breaks
as a function of the applied strain for AS4-carbon fibers in an epoxy
matrix. The experiments were analyzed using Equation 7 which includes
residual stresses (using AT = —100°C), but ignore friction.

AS4-Carbon/Epoxy

s f=0.0
f=0.006

f=0.01

Debond Growth (fib. dia.)

00 0.5 1.0 1.5 2.0 2.5 3.0 35
Applied Strain (%)

Figure 5 Aspect ratio of the average debond length at new fiber breaks
as a function of the applied strain for AS4-carbon fibers in an epoxy
matrix. The experiments were analyzed using Equation 6 which includes
residual stresses (using AT = —100°C) and various levels of friction
Wy =0,¥r=0.006and ¢y = 0.01).

debonding toughness is strongly influenced by analysis
method. The best fit when ignoring residual stresses and
friction was 'y = 283 J/m?. When the analysis includes
residual stresses, the best-fit toughness increased to
[y = 367 J/m?. There are two reasons for the difference.
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First, the residual stresses put the fiber in compression
and thus for a given applied stress of oy, the value of
Yoo 18 lower when residual stresses are included then
when they are ignored. By this reason, the toughness
would have to be decreased to fit the same experimental
results because the applied load is actually supplying
less energy to the fiber break [18]. The second reason is
that Equation 8 uses the Cox shear-lag parameter while
Equation 7 uses the optimal shear lag parameter. The
Cox parameter gives a result that significantly under-
estimates the toughness. Combining these two reasons,
the end result is that the analysis that included resid-
ual stresses using Equation 7 gave a higher toughness
than the analysis using Equation 8. If Equation 7 was
used in an analysis that ignored residual stresses, thus
having the residual stress effect without the shear-lag
parameter effect, the calculated I'; would be higher
than 367 J/m?.

The results for an analysis that includes both friction
and residual stresses depends on the amount of friction.
Fig. 5 shows three analyses for =0, ¥y =0.006,
and ¥y =0.01. It was not possible to determine the
amount of friction by judging the quality of fit. If the
friction coefficient got too high, however, the fit curve
start to curve downward and eventually gave poor fits.
We selected 1/ =0.006 and a representative analysis
with friction. Compared to the analysis that included
only residual stress, the toughness from an analysis
that includes both friction and residual stresses was
significantly lower—I"y =220 J/m?. When friction is
included, some of the energy released is used in fric-
tional work and thus less is available for debonding. As
a result, the calculated toughness is lower [18].

The experimental results and analysis for glass-
epoxy specimens are given in Figs 6-8. The results
of fitting to all three equations follow the same pattern
as the carbon-epoxy analysis. Using an equation that
ignores friction and residual stresses and has an inac-
curate shear-lag parameter (Equation 8), the debond-
ing toughness was found to be I'; =201 J/m?. Using
an improved shear-lag parameter and including resid-
ual stresses changes 'y =213 J/m?. In other words,

E-Glass/Epoxy

Debond Growth (fib. dia.)

60 05 O oo 13 20 25 3.0 3.5 4.0
Applied Strain (%)

Figure 6 Aspect ratio of the average debond length at new fiber breaks
as a function of the applied strain for E-glass fibers in an epoxy matrix.
The experiments were analyzed using Equation 8 which ignores both
residual stresses and friction.



E-Glass/Epoxy
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Figure 7 Aspect ratio of the average debond length at new fiber breaks
as a function of the applied strain for E-glass fibers in an epoxy matrix.
The experiments were analyzed using Equation 7 which includes residual
stresses (using AT = — 100°C), but ignore friction.

E-Glass/Epoxy
24

Debond Growth (fib. dia.)

Applied Strain (%)

Figure 8 Aspect ratio of the average debond length at new fiber breaks
as a function of the applied strain for AS4-carbon fibers in an epoxy
matrix. The experiments were analyzed using Equation 6 which includes
residual stresses (using A7 = —100°C) and various levels of friction
(Wr=0,%y=0.01and ¥y = 0.02).

the residual stress effect and the shear-lag parameter
effect nearly cancel each other. The analyses that in-
cludes friction and various levels of friction are given
in Fig. 8. The effect of friction was larger in glass-epoxy
than in carbon epoxy laminates and values too low or
too high gave poorer fits. We selected ¥ =0.01 as a
represented friction analysis. With this level of friction,
the debonding toughness changed to 'y = 120 J/m?.
The results of all analyses for both carbon-epoxy and
glass-epoxy are summarized in Table II. We claim that
only an analysis that includes the correct level of resid-
ual stresses and friction gives the correct results for
debonding toughness. Thus, the experiments should be
analyzed by Eq. (6). By this equation, our results for
the carbon-epoxy interface was 'y =220 J/m?, while
the glass-epoxy interface had a lower toughness of
I'; =120 J/m?. Although the proper analysis includes
all real effects present in the system. we could not be
certain of the actual level of friction. If subsequent ex-
periments show that the friction stress was different,
our result for interfacial toughness would change. If
there is no information about friction, an analysis that

TABLE II Calculated interfacial debonding toughness using a variety
of analysis methods. All shear-lag parameters were calculated with Vy =
0.16%

Specimen AT (K) Yy Equation rqd/ m?2)
AS4-carbon/epoxy 0 0 8 283
AS4-carbon/epoxy —100 0 7 367
AS4-carbon/epoxy —100 0.006 6 220
E-glass/epoxy 0 0 8 201
E-glass/epoxy —100 0 7 213
E-glass/epoxy —100 0.01 6 120

ignores friction can be used, but that analysis gives an
upper bound to the true toughness.

Our findings, therefore, are that observations of in-
stantaneous debonding alone are insufficient for deter-
mination of the correct value for interfacial debonding
toughness. To get the correct result, debonding exper-
iments need to be combined with other experiments
that can measure residual stresses and friction. Two
options are to do Raman experiments or to continue
debonding experiments to higher loads where the fiber
breaks begin to interact. Raman spectroscopy can di-
rectly measure residual stresses and frictional shear
stress. Preliminary analysis of experiments at higher
crack density show that the new debond length reaches
a peak and then decreases at very high strain [13, 15].
The decrease at high strain is caused by the fact the
fiber breaks release less energy when they begin to in-
teract [20]. Preliminary results further indicate that the
magnitude and shape of the peak is strongly influenced
by friction [13]. With more debonding data, it is possi-
ble that fits alone can uniquely determine both friction
coefficient and debonding toughness.

Zhou et al. [10] did similar experiments on similar
materials and analyzed them by Equation 6 or an alter-
nate equation that includes friction. The alternate equa-
tion was based on the methods used to derive Equation 8
but used the optimal shear-lag parameter instead of
the Cox shear lag parameter. Their results, however,
were very different. The interfacial toughnesses here
are about an order of magnitude lower than the results
of Zhou et al. [10]. There are two differences. First, the
two papers used different values for effective fiber vol-
ume fraction. Here V was estimated to be 0.16% by
comparison of shear-lag results to more advanced stress
analysis methods. In contrast, Zhou et al. [10] estimated
Vy to be 0.58%, which was estimated from Raman ex-
periments for stress transfer. Both methods for finding
Vy are valid and the V; values are close enough that
they can not account for the differences in toughess.
The source of the discrepancy can thus be attributed
to the other difference which is the raw experimental
results for instantaneous debond length. The debond
lengths in Zhou et al. [10] were 1-3 fiber diameters
for carbon-epoxy specimens and 1-2 for glass-epoxy
specimens. In contrast, our debond lengths were 3—12
fiber diameters for carbon-epoxy specimens and 3—15
fiber diameters for glass-epoxy specimens. We claim
our new observation of debond lengths is the correct
one; this claim is supported by two results. First, the new
debond observations places the debond tip close the
maximum photoelasticity effect which stress analysis
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shows should be close to the debond tip. Second, the
magnitude of our toughness results appear more real-
istic for carbon-epoxy and glass-epoxy interfaces. The
results in Zhou et al. [10] have toughness that exceed
that of the matrix. If the interfacial toughness was truly
that high, a crack at the interface would instead divert
into the matrix and the observed toughness should not
exceed the matrix toughness.

5. Conclusion

With careful observations, it was possible to use the
photoelasticity effect to locate debond tips in both
carbon-epoxy and glass-epoxy specimens. As long
as the fiber breaks were isolated, the size of the
new debonds increased approximately quadratically
with applied axial load. Because all theories follow a
quadratic trend, the experimental results could be fit to
all analyses that were considered. On physical grounds,
however, we argue that theories that ignore real effects,
such as residual stresses and friction, will get the wrong
result for interfacial debonding toughness. We thus ar-
gue that Equation 6 is the proper equation for analysis
of instantaneous debonding. It is possible to estimate
the residual stresses for single-fiber specimens by ther-
moelastic analysis of the specimen. It is much more
difficult to estimate the magnitude of the friction ef-
fect. If Equation 6 is used with residual stresses alone,
it will give an upper bound to the true interfacial tough-
ness. As the friction effect is introduced, the calculated
toughness will decrease as the input amount of fric-
tion is increased. The analysis will give the true tough-
ness only when the correct amount of friction stress in
known. This term can not be calculated from debond-
ing experiments at isolated fiber breaks, but it might be
possible to deduce friction from Raman experiments or
for additional debonding experiments at higher break
density.

Another critical aspect of debond observations is to
correctly identify the debond tip. It appears that some
prior debonding experiments have underestimated the
true debond length. We were able to directly observe
longer debond lengths. The actual tip of the debond
was always close to the maximum photoelasticity ef-
fect. This observation agrees with stress analysis and
experimental results for debond zones which shows the
maximum interfacial shear stress (and hence maximum
photoelasticity effect) is close to the debond tip.
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