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ABSTRACT

Fiber-matrix interface strength is known to be a critical factor in controlling the long-term
performance of structural composites. This parameter is often obtained by using the average fragment
length data generated from the single-fiber fragmentation test (SFFT). Theinterfacid shear drength is
then obtained by using this data in a micro-mechanics modd that describes the shear-stress transfer
process between the matrix and the fiber. Recently, a non-linear viscoe astic micro-mechanics model
was developed to more accurately account for the matrix material properties. This new modd indicates
that the interface strength is dependent on the testing rate. Experimentaly, it has been shown that the
fina fragment length didtribution in some systems is dependent on the testing rate. However, data
andyds usng the new mode indicates that the digtribution change with testing rate is promoted by the
presence of high stress concentrations at the end of the fiber fragments. From the modd, these stress
concentrations were found to exidt a very low strain vaues. Experimentdly, the fragment distributions
obtained from specimens tested by different testing rates were found to be sgnificantly different at strain
vaues well below the strain vaues required to complete the test. These results are consstent with the
research of Jahankhani and Gdliotis and finite eement calculations performed by Carraraand McGarry.
These authors concluded that stress concentrations can promote failure of the fiber-matrix interface on
the molecular level. Our results support this conclusion. In addition, our research results suggest that
dtering the SFFT tegting rate can lower the magnitude of these stress concentrations and minimize
failure of the fiber-matrix interface.

INTRODUCTION

It iswell documented that the interface Srength isacritical parameter for determining the strength
and fallure characteristics of compodite structures. Although the single fiber fragmentation test (SFFT) is
widely used to determine this parameter, interpreting the results from this test has been the subject of
controversy. 1n 1993, results from around robin testing program conducted under the auspices of the
Versalles Project on Advanced Materids & Standards (VAMAYS) reveded that the determined
interface strength could vary by as much as 50 % between |aboratories.[1] Intra-laboratory variation
ranged from (9 to 36) %. Some of the inter-laboratory variation was attributed to differencesin data
reduction schemes. However, evaluation of the mean fragment lengths at the end of the test revedled
that the inter-laboratory variation of the fragment lengths could be as much as 40 %. Since the mean
fragment |lengths are the experimental data that is used in the micro-mechanics moddls to determine the
interface strength, these vaues should be independent of the data reduction methods. The variation in
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the mean fragment lengths suggests that some of the differences in interface shear strength values
obtained between laboratories may be due to differencesin testing protocols.

Micro-mechanics models of the SFFT generdly assume that the matrix materid islinear eagtic
(Cox-type models) or dastic-perfectly plastic (Kely-Tyson model). Since the embedded fiber (e.g.,
carbon or glass) islinear dadtic, these modds preclude the existence of test rate effects in their
formulation. However, experimental data has shown that polymer matrices typicaly used in composite
materias exhibit non-linear viscoelastic behavior during the SFFT. 1t was dso found that these
matrices, upon relieving the gpplied deformation at the end of the test (» 5.0 %), exhibited amost
complete strain recovery (» 0.2 % permanent strain). Hence, the virtua absence of permanent set
deformation after the test in the unstressed specimen precludes the existence of sgnificant amounts of
plastic deformation in the matrix. In addition, the delayed fragmentation of fiber fragments a times much
longer than the gpplication time of a step-strain suggests rate dependent effects may be involved. In
response to these observations, the Cox micro-mechanics modd was extended to the nonlinear
viscodadtic regime by the use of the Elastic-Viscoelastic Correspondence Principle and Schapery’s
Correspondence Principle. The derived non-linear viscodagtic (n-LV E) micro-mechanics model has
the following form for predicting the stress profile for an embedded fiber fragment:[2]
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s{z e, t} isthe dress profile in the fiber

e isthe gpplied srain

E isthe fiber modulus

Ef{e, t} is the non-linear viscod adtic relaxation modulus of the matrix
Nm isthe matrix Poisson’sratio

ok isthe fiber diameter

Im isthe radius of matrix parameter

I isthe length of the fiber fragment

z is the digtance from the end of the fiber fragment

This equation is based on severd additiond assumptions that are typicaly used to derive Cox-type
micro-mechanics models. These are: (1) deformation in the matrix materid occurs dong sraight lines,
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(2) perfect bonding exigts a the fiber-matrix interface, and (3) interface failure behavior can be ignored.
For a viscodastic materia subjected to a congtant strain deformation, the stressin the matrix, and hence
the matrix modulus, decreases with time. Therefore, equation 1 indicates that as the stressin the matrix
relaxesin agiven strain step with time, the stress at the center of the fiber increases with time. Although
thisincrease in stressis consstent with the occurrence of delayed fracture events during the tet,
theoretica caculations suggest that the increase is only about 5 % of the initid maximum fiber dress.
Thus, the increase in stress at the center of the fiber due to viscoe adtic relaxation may not account for al
of the delayed fracture events.

Conggent with viscodagtic materials behavior, the mode aso suggests thet the Size of the
fragments at saturation should increase if the time between grain incrementsisincreased. The
magnitude of the increase, however, depends on the nebulous r, parameter. The modd suggeststhat a
amdl vaue of the rp,, parameter will result in only modest changes in the average fragment’ slength at the
end of thetest. Research in thislaboratory has shown for a bare E-glass fiber embedded in a diglycidyl
ether of bisphenol-A (DGEBA) resin cured with meta-phenylenediamine (m-PDA) that the average
fragment lengths at the end of the test decreases when the time between strain increments during the
SFFT isincreased (see Figure 1).[ 3]

B | ntermediate Test Protocol

Slow Test Protocol

|
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Fragment Lengths, 75 micrometer bins

Figure 1. Histograms of I ntermediate Test Protocol Specimens and Slow Test Protocol
Specimens.

In Figure 1, the intermediate test protocol specimens were tested at an average effective Strain rate of
0.000050 min™ while the slow test protocol specimens were tested a an average effective strain rate of
0.000025 min™.

Since changes in the matrix behavior with sirain are captured in the new micro-mechanics
modd, these results suggests additional mechanisms occurring a the fiber-matrix interface that change
the Sze of the fragment lengths when the time between strain incrementsisincreased. In this paper, the
unexpected change in the Sze of the fragment lengths a saturation with increasing timeis andyzed for
the E-glassDGEBA/m-PDA system using the new micro-mechanics mode!.
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EXPERIMENTAL

The detalls of the experimenta procedure and measurement uncertainties can be found
esawhere[2,3]

RESULTSAND DISCUSSION
Using the n-LVE equation as abasis, one gpproach to understanding the change in fragment

digtribution with testing rate is to monitor the variation in the r,, parameter with increasing strain. For a
linear elagtic fiber, the drain profile in the embedded fiber isreadily written from equation 1 as
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Experimentdly, the average strain in afiber fragment can be determined at each strain increment by
measuring the length of the fragment at a given strain increment and comparing it to the length of the fiber
fragment in the unstressed state. The average measured strain can be equated to the strain predicted by
equation 2 usng the following expression:
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N denotes the number of theoretica strain caculations made along the fragment length
(Ef B Em{e’t})

=

E =

Since the fiber diameter can be measured, there are four parameters that must be determined in the
above equation. The Poisson’sratio of the matrix istaken to be 0.35. In lieu of anonlinear conditutive
law for the matrix, the strain dependent secant modulus, (E.,{e, t}>Secant , has been used [2]

Theoreticdly, the average measured strain in an embedded fiber fragment should scde with the
gpplied gtrain, e. For this case an estimate of the r, parameter is obtained by adjusting this parameter
until the right Sde of equation 2 matches the average measured strain. The dynamics of the
fragmentation process and the reditribution of stress dong the fiber in a viscodastic matrix indicate that
the gpplied strain will not immediately produce average measured srainsin the fiber fragmentsthat scde
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a agiven drain increment. Thus, if one assumesthat at each strain increment the average measured
grainin afiber fragment scales with the gpplied strain, deviations from this assumption will result in an
gpparent increase in the r, parameter for agiven srain increment. Thisincrease should be followed by
adecreasein ry, asthe stressin the viscodlastic matrix is redisributed. Since rr,, determined in the
manner will fluctuate about a given mean, aggnificant changein rp,, can only be detected by a consistent
increase of ry, over severd drain increments.

In Figures 2 and 3, the variation of rn, with increasing strain are plotted for severd fragments
formed in specimens tested by the dow and intermediate test protocols, respectively. In Figure 2 none
of the fragments plotted are longer than 500 nm. Pots of two of the three fragments (# 21 and 42) end
before 4.3 % drain. Thisindicates that these fragments fractured into smaller fragments. In addition, ry,
isrelaively congtant with increasing strain throughout the test. The fragments generated from the
intermediate test protocol specimens are shown in Figure 3. Two of the three fragments are grester
than 500 mm in length. None of these fragments fractured into smaller fragments. In contrast to ther,
vaues plotted in Figure 2, these r,,, values steadily increase in value after 2.6 % drain. Although it is not
reedily gpparent from the two figures, the average vaue of r, a strain values below 2.6 % drain is
congstently lower in the intermediate test protocol specimen.
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Figure2. Variation of rp,, with increasing strain in fragments obtained from specimens tested
by the Slow Test Protocol.
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Figure 3. Variation of rp, with increasing strain in fragments obtained from specimenstested
by the Intermediate Test Protocol.
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From the rp, fits obtained above, the maximum shear stress in the fiber-matrix interface at the end of
afiber fragment can be obtained using the fiber-matrix interface shear equation (not shown - see
reference 2). Carraraand McGarry [4] defined the stress concentration factor (SCF) astheratio of the
maximum shear sressin the fiber-matrix interface over the applied composite stress. From their finite
element cdculations, Carrara and McGarry noted that Cox-type models under-predict the maximum
shear dressin the fiber-matrix interface at the end of afiber fragment by afactor of 3to 4. These
authors reasoned that in the development of Cox-type micro-mechanics models the straight line
deformation assumption that is used to effect a closed form solution to the problem precludes the
existence of stress concentrations at the fiber-matrix interface. Jahankhani and Gdiotis[5] found thet if
rmisused as afitting parameter in the Cox-type micro-mechanics modd the Cox type model can be
made to fit the stress profile in afiber fragment. These authors reasoned that very low vaues of ther,
parameter were indicative of high stress concentrations at the fiber-matrix interface. For the data
presented here, thisfactor is plotted in Figure 4 relaive to the gpplied strain for typica fragments
obtained from the dow test protocol specimens (fragment 42) and the intermediate test protocol
specimens (fragment 11). At low drains, the stress concentration factor in fragment 11 is high and
drops below the stress concentration factor obtained for Fragment 42 above 2.8 % strain.  Thisdrop
isthe SCF is consgstent with areduction in the interface strength in fragment 11 by bresking some of the
highly stressed bonds at the fiber matrix interface. This reduction in interface strength will dso reduce
the efficiency in which the stressis transferred from the matrix to the fiber fragment. Thisin turn will
result in the larger fragments at saturation when tested by the intermediate test protocol. The lower
stress concentration in the dow test protocol specimensis associated with the increase time between
drain increments. Since the matrix is viscodadtic, the increase time between each grain increment
results in a decrease in the maximum shear siressin the fiber-matrix interface at the end of the fiber
fragments.

—— Slow Test Protocol - Fragment 42

—— |ntermediate Test Protocol - Fragment 11
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Figure4. Theoretical Prediction of Stress Concentrationsat the Fiber Ends of Specimens
Tested by Intermediate and Slow Test Protocols.

Andyss of the fragmentation data indicates that the fragment distributions obtained by the
intermediate test protocal are distinguishable from the dow test protocol fragment didtributions at strain
vaues lower that 2.5 %. Thisexperimenta datais congstent with the existence of high stress
concentrations at the fiber-matrix interface of specimens tested by the intermediate test protocol.
Research results by Jahankhani and Gdliotis [5] on carbon fiber epoxy specimens indicates that stress
concentrations can cause interface failure a the molecular leve.
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CONCLUSIONS

Data andysis usng the n-LVE micro-mechanics modd indicates that the change in the average
fragment length of E-glassDGEBA/m-PDA SFFT specimens when the testing rate is changed, results
from the presence of stress concentrations in the fiber-matrix interface region at the end of the broken
fiber fragments. When tested dowly, the magnitude of these stress concentrations are minimized due to
increased viscodadtic relaxation of the matrix. Asaresult, additiond failure in the fiber-matrix interface
region is minimized and the average fragment length become shorter a dower testing rates. This
interpretation was found to be consistent with the research results of Carraraand McGarry [4] and
Jahankhani and Gdiotis[5].
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