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ABSTRACT: The fiber-matrix interface can play an important role in the performance of a
composite, and consequently, it has been the subject of considerable study. One of the experiments
often used to characterize the strength or quality of the interface is the single-fiber fragmentation
test. The models used to analyze the data from this test involve a number of assumptions, one of
which is the constitutive behavior of the matrix resin. To evaluate this assumption, a fragmentation
apparatus was modified to include a load cell so both stress and strain could be measured during the
experiment. Surprisingly, the results show that not only is the behavior viscoelastic, but virtually
all of the fragmentation takes place in a range where the response is non-linear. To characterize this
behavior, single-step, stress-relaxation experiments were conducted on a resin system often used in
such tests. The results indicate that a simple power law model with strain-dependent parameters
could describe the behavior over a very wide range of conditions. By using this characterization and
the strain history, a crude fit to the actual loading curve in a fragmentation tests could be obtained.
In order to achieve quantitative agreement, however, a modified power law model was required.
Such a relationship was shown to describe the loading curve for two quite different loading
procedures.

INTRODUCTION

rescarchers have become increasingly aware of the important role it can play in composite
performance (1-4). One of the parameters often determined is 7. Usually termed the
interfacial shear strength, but it is probably more accurately described as a parameter related to the
ability of the interface region to transfer stress between the fiber and the matrix. Numerous test
methods have been used to measure 7 or a similar parameter, but probably the most common is the
single fiber fragmentation (SFF) test (5, 6). The work in this paper focuses on this test but is

Thcrc has been growing interest over the last 15 years in the fiber-matrix interface because
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relevant to other interface measurement methods as well.

In the SFF test, a dogbone of resin is fabricated with a single fiber along the long axis of the
sample. The resin should be transparent® and have a higher extension to failure than the fiber. The
dogbone is loaded in tension, and some of this load is transferred into the fiber through the interface.
As the strain increases, the load in the fiber eventually causes the fiber to break. Further loading
produces additional breaks in the fiber until the fragments become so small that it is no longer
possible to transfer sufficient load into the fiber fragments to cause them to reach their failurc
strains. This point is called saturation. The lengths of the fragments at saturation are measured, and
these data are used to calculate 7based on an appropriate model.

A variety of such models have been developed, and each has a slightly different set of
assumpfions. An important example is the constitutive behavior used for the resin. The earliest
model assumed the resin to be perfectly plastic, and this produced a final equation which does not
contain the matrix modulus (8). This led many researchers to conclude that the matrix properties
were not important in the calculation of 7. Although this is now known to be a poor assumption,
most experiments hold the matrix constant and alter the fiber surface treatment so there are no
changes in the matrix behavior to affect the comparative results. Consequently, the relative values
are directly usecable.

The second generation of models, often based on old stress analyses (9), assumed linear
elastic behavior for the resin, and under these conditions, the matrix modulus usually does appear
in the final equations. Conscquently, changes in modulus have a direct effect on the evaluation of
7 and need to be considered. Although this represents an important advance, there is still
considerable concern in the community that linear elastic behavior may be a significant over
simplification. Numerous experimental studies and model development efforts have explored this
area in recent years (10-18). They generally conclude that a more sophisticatcd constitutive
cquation is needed. The purpose of this paper is to test this idea by examining the stress-strain
behavior of a sample during a fragmentation experiment. Based on this result, tests were performed
to characterize the basic non-linear viscoelastic behavior of the resin. Thesc results were then
compared with fragmentation data, and a modified model was developed to describe the material’s
behavior in this experiment.

EXPERIMENTAL STUDIES"

MATERIALS

The resin system studied in this work, diglycidyl ether of bisphenol A (Epon 828 from Shell
Chemical Co.) cured with meta-phenylene diamine (Fluka Chemical Company), is one of the most
commonly used polymers for the SFF test. Most samples did not contain a fiber so the resin
behavior itself was obtained. When fibers were used, they were E-glass (Owens Corning) with an
commercial, epoxy-compatible sizing. Details of the sample preparation procedure are given

*Techniques for non-transparent samples have been developed but are not widely used (5, 7).

®Certain commercial materials and equipment are identified in this paper in order to specify adequately the experimental
procedure. In no case does such identification imply recommendation or endorsement by the National Institutc of

Standards and Technology, nor does it imply necessarily that the items are the best available for the purpose.
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elsewhere (5).

Video
FRAGMENTATION TEST o
In the SFF tests performed at the Loading Jig
National Institutc of Standard and Movable

Technology (NIST), the sample is
loaded in a jig mounted on a
microscope, Figure 1. One of the grips
in the jig is moveable and attached to a
threaded rod. A knob at the other end of
the rod is turned to load the sample.
The loading is done in a series of small
steps. Each step is a nominal strain
increase of 0.001, but the nature of the
apparatus means that this is only
approximate. After each loading
increment, there is a pause before
looking for fiber breaks since Figure 1: Diagram of fragmentation apparatus.
experiments have shown that new

breaks can occur for a short time after the strain step. Although this behavior is not fully
understood, tests have indicated that a pause of 10 min. allows the cxperiment to produce
reproducible results (17,19). In the standard test procedure used at NIST, the sample is loaded and
just before the end of each 10 min pause scanned for breaks in the gage section (length between
1.0 cm and 1.5 cm). The scan is done by translating the loading jig beneath the microscope. The
microscope image is picked up by a video camera and displayed on a monitor so the breaks can
casily be counted. In addition to counting breaks, the strain in the sample is measured before and
after each step. To measure the strain, two marks are placed on the sample surface at the ends of
the gage length. The jig is moved beneath the microscope until onc mark is lined up with a cross-
hair on the monitor. The movement of the jig is measured by a displacement transducer (LVDT),
and when a button is pushed, the current location of the jig is recorded into a computer. By doing
this for both marks, the strain can be measured. The fragmentation test repeats this procedure which
causes the sample to be loaded in a series of strain steps at 10 min. time intervals. For the carly
steps, few if any fiber breaks are observed. At intermediate strains, each step produces new breaks.
Finally, a point is reached where no new breaks are found for three consecutive loading steps. This
is taken as the saturation point. Once saturation is achieved, the break locations are determined
through out the gauge length using the same procedure employed to locate the strain marks. These
data are stored in a computer file for later analysis.

In addition to this standard test procedure, many specimens at NIST have been measured
using a more detailed process. In this case, the fiber break locations are monitored for each step
after the 10 min. pause. Since this process takes some time, the delay between each strain step
increases as the number of breaks gets larger.

In order to visualize the fiber break pattern, particularly with the more detailed measurement
process, a program was written to display the data stored in the computer. Figure 2 (top) shows
typical output from the program. The fiber is represented by two closely spaced horizontal lines.
Twelve different strain steps are included in the figure, one above the other. The breaks are
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indicated by the wvertical lines
through the fiber. When there is a
region of debonding near a fiber
break, each end of debonded area is
marked with a separate vertical
line, these lines are connected at
the bottom, and a short line extends
down from the connecting lines to
mark the approximate position of
the break. To better visualize the
break pattern that develops, each
new fiber is translated and scaled
and so that the corresponding
breaks align vertically. The scaling
factors provide an alternate way to
determine the relative strain once a
number of breaks are present. The
strain and number of breaks are
indicated along the right side of
Figure 2. To better view the details
of the fragmentation pattern, the
program can provide an expanded
view of any portion of the fiber.
This is illustrated in Figure 2
(bottom) which shows a magnified
section from the top figure. The
program also outputs a file
containing the number of breaks as
a function of strain. This
information can be plotted as
shown in Figure 3. Such a plot
provides a good way to verify that
saturation has been achieved since
saturation should produce a plateau
such as that seen in Figure 3.

For the experiments
conducted in the present work three
different stain histories were
measured. The first simulates the
standard fragmentation test and has
equally spaced loading steps
scparated by 10 min. The second
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Figure 2: Fragmentation pattern displayed by computer
program. Top plot is for full gauge length while bottom
plot is expanded portion of top figure. Along the right
side of each plot are numbers indicating the strain (%)

and the total breaks in the section shown.

history examined here uses this same procedure but with a 1 h pause between each loading step. In
the third history, the pauses between loading steps increase with total strain in a way that simulates
the detailed measurement process for conducting the fragmentation test.
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LOAD MEASUREMENT

To examine the constitutive behavior of the resin, the fragmentation apparatus was modified
to add a load cell. The stationary grip was attached to the load jig through either a 2.2 KN or a
1.1 KN load cell (Cooper Instruments, LPM 530). The load cell is connected through a transducer
conditioner/digitizer (Cooper Instruments, DA101/AED9001A) to the serial port of the computer.
The data acquisition software was modified so that the load was continuously recorded during the
experiment except for the period when the fragments are being measured. Although the system is
capable of much higher data acquisition rates, the monitoring was usually set for two load
measurements per second since the experiments were slow. To minimize the amount of data stored,
a sensitivity level was set in the program, and only changes outside this level were saved. The
results were continuously plotted on the computer screen so the behavior could be monitored in real
time.

BASIC RESIN BEHAVIOR
To compliment the measurements made during the fragmentation experiment, the resin’s
basic viscoelastic behavior was determined. Since the SFF test involves step-strain loading, single-
step stress relaxation measurements were used. For large strains, the SFF apparatus was employed
on dogbone samples without fibers. This worked well at strains above 0.8 %. Strains below that
level were difficult to apply because they required small rotations of the knob attached to the
threaded rod. As a result, a second apparatus was used to add small strain data. Grips identical to
those for the SFF apparatus were constructed for a Dynastat® testing machine. This apparatus is
designed to measure linear viscoclastic behavior and is therefore well suited to small strain tests.
Unfortunately, the measurement of grip displacement was found to be inadequate for calculation of
the strain so an extensometer was used to
this parameter. The time required for
manual loading of the sample in the SFF Gage Length 1.47 cm
apparatus was approximately 1 s which 60
means that stress relaxation data were 50 JL—{ SATURATIONf— - T
obtained between 10 s and 10° s (about 40 - G
27 h). The Dynastat allowed loading in
10 ms or less so data from 0.1 s to 10°s
could be measured.

To assure compatibility of data
from the two measurements, a cross-
calibration was conducted. The
extensometer used to measure strain on
the Dynastat was attached to the SFF
apparatus, and the agreement between
strain values determined from the
extensometer and from displacement
measurements of the marks on the 0.03 0.04 0.05 0.06
specimen was well within the Strain
experimental error for the latter (standard
uncertainty was 0.0008 mm for the
cxtensometer and 0.0016 mm for the

w
o

Number of Breaks
N
(]

-
G NW™Wo
Rt T |

Figure 3: Fiber breaks as a function of strain from
data in Figure 2.
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displacement technique). The load cell from the SFF apparatus was mounted in the Dynastat, and
the readings were compared over a range of loads. The SFF cell gave values that were 1.03 times
those from the Dynastat. Since the SFF load cell had been directly calibrated against standard
weights, a corresponding correction was introduced into the Dynastat data on the assumption that
the difference was due to a drift in the Dynastat calibration. Finally, a number of stress relaxation
experiments were run for comparison. The Dynastat’s load cell limits the experiments to strains
below 0.8 %, but in the range from 0.5 % to 0.8 %, tests were conducted with both methods. The
agreement was well within the experimental uncertainty for the modulus determination (standard
uncertainty was 0.13 GPa).

LOAD FRAME STIFFNESS

With a stress relaxation experiment, the machine stiffness can be important. As the stress
decreases during the test, the load frame can expand slightly. This produces an increase in the strain
in the sample. Thus the experiment is not a constant strain test. The load frame on test machines
like the Dynastat are designed to be very stiff so this cffect is negligible. Measurements with the
extensometer confirm this since no change in strain can be detected. Since the SFF test is not
designed for such experiments, stiffness is a concern. In the usual fragmentation experiment, there
is no problem because the strain is changed and measured at each step while the amount of
relaxation that occurs between ecach step is small. When the SFF apparatus is used in
characterization experiments, however, a single step is applied and held for up to 1 day. Significant
relaxation can occur in that time. To examine this question, the strain was measured just after the
strain was applied and at the end of the experiments. At the lower strains where the amount of
relaxation (decrease in load) was only moderate, little or no change in strain was detected. At the
highest loads, however, a small increase in strain was found. This could be used to estimate the
stiffness of the apparatus, and the results indicate that the grips extend by about 0.0004 mm for each
1 N drop in load. This means that a sample strained by 5 % initially will have a strain of 5.2 % at
the complction of the test. This represents a deviation for pure stress relaxation. Since this
difference is small, it was felt that simply correcting the data for this slight change in strain during
the experiment would be sufficient to provide meaningful results.

RESULTS

Figure 4 shows an example of a load vs time curve for a sample without a fiber. Each strain-
step was followed by a 1 hour pause. It is difficult to judge the behavior when the data are plotted
in this way so several comparison curves were added for model material behavior. The first assumes
linear elastic behavior and utilizes the early steps to estimate the modulus. Although the fit at low
strains is good, the curves diverge significantly at higher strains. This is not really surprising since
significant relaxation of the load can be seen in the measured curve during the constant strain
regions between steps. Consequently, a second comparison is made using a linear viscoelastic
model. Again, the low strain data were used to estimate the viscoelastic parameters. A simple
power law model was chosen to describe the behavior based on data that will be presented later. As
with the elastic model, agrecement at low strains is good, but at high strains the introduction of
viscoelasticity improves the prediction only slightly. Although this sample did not contain a fiber,
it is possible to estimate where the breaks would occur based on measurements with other samples.
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The approximate position where the
first break would occur and where
the saturation point would be

reached are indicated in the figure. 500 Linear
] Viscoelastic

These results suggest 400 -
scveral things. First, the linear —~ | Linear
clastic and lincar viscoelastic =~ = 300 - Elastic
models arc inadequate to describe  Q
the behavior. Second, all of the S 209 ]

_—

breaks occur in the region where ] Saturation
the model predictions fail. 100 Experimental
Conscquently, a non-linear | First Fiber Data
viscoelastic rclationship is clearly 0 Berrectmey Break E——
required. This result helped 0 5 10 15 20
motivate the subsequent work to Time (h)

characterize the resin’s behavior.

Figure 5 shows typical
curves from the stress relaxation Figure 4: Fragmentation experiment loading curves and

experiments. Below a strain of predictions for linear elastic and viscoelastic models.
about 0.6 % the behavior is linear Standard uncertainty in the load measurement is 2 N.

viscoelastic. At higher strains, the

modulus is lower and the time dependence is stronger. Over the entire range, however, the curves
are approximately linear on a log-log plot. As a result, a simplc power law model with a strain
dependent coefficient and exponent can provide a very good description of the behavior. The tensile
modulus, E(&1), is related to the time, ¢, by

~ ¢ 6(e)
E(S:I) o El()()(ﬁ) E‘d‘ (1)

The 100 second modulus, E,,,(€), could be described as

_ 1327 (e£0.005)
Erul®) = { 3.52 e719%=  (£>0.005) )
while the power law exponent, 8(g), is given by
_ ] 0.008 (£<0.005)
o) = { 0.1159 (¢ - 0.00427)°370  (£>0.005) )

Equation (2) combines a region of linear behavior (£ < 0.005) with a region where there is an
exponential dependence on strain. An exponential dependence on strain has been used by a number
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of authors; for example, Matsuoka ct al. (20) employed a similar model to describe the behavior of
polycarbonate. Equation (3), on the other hand, is simply a convenient equation designed to fit the
data.

Bascd on these results and the measured strain history, an effort was made to predict the
fragmentation loading curve, which is a multiple step experiment. A modified Boltzmann
Superposition Principle was used with the non-linear viscoelastic modulus, egs. (1-3) to calculate
the load as a function of time, L(z)

L(r) = 4, o(e,p) = 4, ;. [ ole, t-t) - ole_,,1-1)] @)

i=1

where 4, is the cross-scctional area of the sample, and o7& ) is the stress. As noted by Christensen,
there is no theoretical basis for this expression (21), but it has been shown to be useful for a number
of cases (22, 23).

Figure 6 shows the results of this prediction for the experiment in Figure 4 (curve marked
Prediction from Single Step Data). This model is clearly an improvement over the linear models
(see Figurc 4). At the saturation point (about 18 h), the new prediction is relatively lower than the

N

Modulus (GPa)
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L Strain (%)
1

09 r
08 sl Pl
1e1 1e+0 1e+1 1e+2 1e+3 1e+4 1e+5

Time (s)

Figure 5: Results from stress relaxation experiments.
Data for two lowest strains were obtained with Dynatsat
while the remaining results came from experiments using
the fragmentation apparatus. Standard uncertainty in the
modulus data is 0.13 GPa.
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experimental value by only 15 %. This compares to the linear viscoclastic and elastic predictions
which exceed the experimental value by factors of 1.4 and 1.5, respectively. This new model
accounts for the non-linearity which is very important but seems to underestimate the time
dependence relaxation between steps and overestimate the non-linearity at high strains.

In order to account for the differences that still exist between the experiment and model, a
variety of empirical modifications of the power law relationships were investigated. Details of this
are published elsewhere (13), but the best result was obtained with a bi-exponential damping
function. A similar expression was used by Osaki and Laun to describe polyethylene (24, 25). This

relationship is given by
[ -6,(e)
fie (1+1) T

1 T

‘K(éaw)
E(eg,0) = E( 1+_J (5)
v -Ce t 5
L(1 e T 141

This relation has 7 parameters: £, C;, C,, and E, are constants, &, and , are functions of strain, while
k is independent of strain but docs vary with loading history. This dependence on loading history
is characterized by the average strain rate, £, , which is the total strain at the end of the experiment
divided by the total loading time.

400 -
1 Experimental
350 Results \
1 Modified Power
300 7 Law Model
E 250 —] '
5 200 - /
M ]
(o] 150 1 Prediction from
4 ; Single Step Data
100 A
50 -
o +-+—r—m——7——r——7—
0 5 10 15 20
Time (h)

Figure 6: Fragmentation experiment loading curve and model
predictions. Standard uncertainty in the load measurement is 2
N.
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The fit of eq. (5) to the data is shown in Figure 6 (curve marked Modified Power Law
Model). Although the model is empirical, it accurately reproduces the all of the features in the
experimental curve. In this particular experiment, each step was held for 1 h before the next step
is initiated. A similar curve with 10 minute holds between steps has also been generated, and the
model provides an equally good fit to those data.

CONCLUSIONS

Aload cell was added to a single fiber fragmentation apparatus to investigate the constitutive
behavior of the matrix resin.  The results show that the polymer exhibits strong non-lineai
viscoelasticity in the range where fragmentation occurs. Basic characterization of the resin using
singlc-step stress-relaxation experiments gave results that could be described over wide ranges of
time and strain by a power law model. Prediction of the loading curve in the fragmentation
experiment from the basic characterization results gave a curve that was within 15% of the
experimental result through the saturation point. A modified model with a bi-exponential damping
function, however, gave excellent agreement with the measured data.
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