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ABSTRACT

Recent work examining the nature of the failure process of glass/epoxy specimens in the
single fiber fragmentation test showed that the matrix exhibited pronounced non-linear
viscoelastic behavior during the test, and that the interfacial shear strength value obtained was
dependent on the rate of testing. Furthermore, it was demonstrated that the load in the sample at
the end of the test was much lower than the value predicted by assuming linear-elastic behavior,
and that the first fragment break occurred when the actual load in the matrix deviated from the
linear-elastic prediction. To study these issues further, the testing protocol was repeated using a
polyisocyanurate resin to see if a similar nonlinear viscoelastic response was observed. One
result from this recent study was that the polyisocyanurate matrix did show nonlinear
viscoelastic behavior similar to the epoxy matrix. Interestingly, from preliminary results, the
fiber fragmentation distribution of the glass/polyisocyanurate specimens was found to be
independent of the strain rate used during the test, so that the calculated interfacial shear strength
appears rate independent. This result contrasted with that of the glass/epoxy specimens where
the fiber fragmentation distribution, and thus, the measured interfacial shear strength, was
dependent on the rate of strain.

INTRODUCTION

Urethane based composites made by the structural reaction injection molding (SRIM)
process have been used by the Automotive Composites Consortium (ACC) in automotive
applications. As with most composites, adhesion between the fiber and matrix is critical for the
performance and long term durability of a composite part. Interface adhesion and durability
studies often utilize the single fiber fragmentation test (SFFT) to assess these parameters (1).
Central to the generation of reliable and useful data from this test is the preparation of network
structures in the test samples comparable to those made in the composite part. Hence, several
approaches have been used to make SRIM SFFT specimens. The SRIM process involves
impingement mixing of the polyol, isocyanate, and catalyst, and injecting the mixture into a
heated mold cavity previously packed with reinforcement. The cycle time is usually a few
minutes. The problem with trying to make single fiber composites from the isocyanurate system
used in the SRIM process described above is that SRIM entails very fast processing at high
injection pressures. This process is impractical for single fiber composites because the fibers
would not survive the injection pressures. Making specimens using SRIM has proven to be
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difficult and no reliable procedure has been developed. The problem with polyisocyanurates, as
well as polyurethanes, is that they foam very rapidly at room temperature and atmospheric
pressure. Further, the catalyst plays an important role in setting the speed of the foaming
process, and if one were to reduce the level of the catalyst, one should be able to extend the gel
time, thus resulting in longer times to process the samples. However, even solving the problem
of processing time would still leave the problem of the bubbles caused by the reaction with
water. Previous research has shown that, with the addition of pressure using an inert gas, Ny, it is
possible to suppress the formation of bubbles in making fragmentation specimens (2).
Reproducible specimens using a reduced catalyst level have been prepared by an autoclave
procedure. Since the catalyst, 1,4-diazabicyclo(2,2,2) octane, acts as a “true” catalyst in the
crosslinking reaction, it is possible that comparable networks can be prepared using the autoclave
procedure by applying appropriate postcuring procedures

In the single fiber fragmentation test, a dogbone is made with a resin having a high
extension to failure and a single fiber embedded down the axis of the dogbone. The sample is
pulled in tension and stress is transmitted into the fiber through the fiber-matrix interface (3).
Since the fiber has a lower strain to failure than the resin, the fiber breaks as the strain is
increased. This process continues until the remaining fiber fragments are all less than a critical
transfer length. The critical transfer length is the length below which the fragments are too short
for sufficient load to be transmitted into them to cause failure, and this point is termed saturation.
The fragment lengths at saturation are measured and a micro-mechanics model is used to convert
the average fragment length into a measure of the interface strength or stress transfer efficiency.
The equation used is as follows:
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Ts denotes the interfacial shear strength

o¢ denotes the strength of the fiber at the critical length
Etdenotes the secant modulus of the fiber

En denotes the matrix modulus

Vo, denotes the Poisson’s ratio of the matrix

I'm denotes the radius of the matrix

D denotes the diameter of the fiber

I, denotes the critical length of the fiber at saturation

During the SFFT, the specimens are strained incrementally and, after each strain
increment, there is usually a pause before the next step-strain. Obscrvations and experiments
conducted in this laboratory have shown that the fiber fragmentation process is time-dependent
to some degree (4). A 10 min pause between step-strains has been found to give reproducible
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results. To investigate the rate dependency of the fiber fragmentation process further, three
different pause times were used in this experiment.

Fragmentation of E-glass fibers during interfacial adhesion tests of an epoxy SFFT
specimen have been shown by Holmes et al. to occur when the matrix is exhibiting nonlinear
viscoelastic behavior (5). Previous work showed that the autoclaved polyisocyanurate SFFT
specimens cxhibited a higher extensibility than the diglycidyl ether of Bisphenol A/m-phenylene
diamine (DGEBA/m-PDA)/E-glass test specimens, therefore, it is plausible that this matrix also
cxhibits nonlinear viscoelastic behavior during fiber fragmentation. Hence, a nonlinear analysis
procedure is required to assess the interfacial shear strength at the fiber matrix interface. One
conclusion of the research by Holmes was that lincar-elastic and linear-viscoelastic predictions
do not provide reasonable estimates of the actual load-time curve. Work has been progressing on
modeling the fragmentation process in light of this nonlinear viscoelastic behavior. This
research was presented at a recent workshop held at NIST on Micro-Mechanics Measurement
Technologies for Fiber-Polymer Interfaces (6) and is addressing one of the three major needs
identified at the workshop, namely, to improve the failure analysis with realistic materials and
failure models.

EXPERIMENTAL STUDIES (7)
MATERIALS

Single filaments (unsized E-glass made by Owens-Corning) were separated from a fiber
bundle with care being taken to touch only the ends of the fiber. The two-part resin system
consisted of isocyanate (Spectrim ® MM 364-A from the Dow Chemical Company) and polyol
(Spectrim ® MM 364-B from the Dow Chemical Company. The catalyst used was (1,4-
diazabicyclo(2,2,2) octane (Dabco 33-LV from Air Products and Chemicals, Inc. Both the
polyol and isocyanate were kept over phosphorus pentoxide in a desiccator for at least four
weeks before processing to minimize moisture that may affect the processing.

PROCESSING
Sample preparation

The first step in making single fiber fragmentation samples was to make an eight-cavity
mold out of RTV-664 from General Electric following the procedure described by Drzal et al.
(3). All molds were post-cured at 150 "C and rinsed with acetone prior to use. Single filaments
were separated from a fiber bundle with care being taken to touch only the ends of the fiber.
Each cavity in the mold has sprue slots in the center of each end to aid in aligning the fiber in the
center of the cavity. Once the fibers were in the cavities, they were fixed in place by putting a
small drop of five-minute epoxy (Hardman Adhesives) at the far end of each sprue slot. Once
the epoxy had hardened, the resin was ready to be prepared.

Although many attempts were made to make single fiber test samples, the simplest
procedure was to keep the mass ratio of isocyanate to polyol at the same level as in the SRIM
process: 2.4/1. However, the catalyst level was reduced from 0.015 mass fraction of polyol to
0.004 mass fraction of polyol. First, the catalyst was added to the polyol and stirred the liquid
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behavior of the polyisocyanurate networks at small strains are similar. For strains after the onset
of yield, the 10 min and 1 h between step-strain specimens exhibit parallel curves, with the 1 h
between step-strain specimen having a lower stress than the 10 min specimen at comparable
strain values. This behavior is consistent with additional relaxation of the matrix stress with the
increased time between step-strains. Since the specimen strained at variable times between strain
increments was initially strained before the occurrence of any breaks at an interval of 10 min
between step-strains, the stress strain behavior of this curve initially approximates that of the 10
min between strain increment stress-strain curve. As the number of breaks increased and the
time between strain increments increased with the time required to measure the breaks, the stress
strain behavior of the variable time between step-strain curve parallels that of the 1 h between
step-strain curve at higher strains. For the three SFFT specimens shown in Figure 4, the first
fiber break failure strains are consistent with data obtained from DGEBA/m-PDA SFFT test
specimens (9).

The fragment distributions at saturation of the three SFFT specimens shown in Figure 4
are shown in Figure 5. The distributions and number of breaks at comparable sampling lengths
are similar, even though the total time of the test was extended from 6 h to 36 h (see Figure 6).
The means and standard deviations of the fragment distributions are given in Table I. The single
factor analysis of variance was run and showed that the results from the three samples were
equivalent (P = 0.35). These initial results indicate that strain rate does not affect the fragment
distribution at saturation. This conclusion contrasts with the conclusion obtained on DGEBA/m-
PDA SFFT specimens. In the DGEBA/m-PDA network, a significant change in the fragment
distribution was observed when the strain rate was increased from 16 h to 30 h (P = 0.0003).

To calculate the interfacial shear strength from this experimental data, the strength of the
fiber at the critical transfer length must be determined. This value was estimated by plotting the
log of the number of breaks with increasing strain for each polyisocyanurate SFFT specimen (see
Figure 7). For specimens 1 and 2, there is a clear break in the rate of fragment production at
approximately 0.03 strain. Taking the modulus of the E-glass fiber to be 67.5 GPa, the strength
of the fiber at critical length for thesc two specimens was estimated to be 2.0 GPa. The rate of
fragment production in the third specimen changes at approximately 0.024 strain. However, this
initial change does not coincide with the final rate of fragment production at strain values greater
than 0.03 strain. The three measurements (delineated by the solid triangle in the figure) between
0.024 and 0.030 strain were averaged and a value of 1.8 GPa was taken as an alternative to using
the 2.0 GPa value. Calculations for specimen 3 using both values, with the corresponding secant
modulus, are shown in Table I. The interfacial shear strength obtained by using the secant
modulus is approximately 13 % lower than the value obtained using an elastic modulus value of
3.06 GPa. An estimate of the interfacial shear strength using the Kelly-Tyson approach is also
shown. The Kelly-Tyson values are considerably lower than the values obtained using the Cox
model with the elastic and secant modulus values. This 1s to be expected since the Kelly-Tyson
values represent the average shear stress, while the Cox model refers to peak values.
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CONCLUSIONS

Interfacial adhesion studies performed on E-glass fibers in a model polyisocyanurate
resin showed that the polyisocyanurate network exhibited pronounced viscoelastic behavior
during the test. This behavior was consistent with results obtained on previous work on an
epoxy matrix. Although excellent agreement is obtained for the initial strain increments, the
actual load in the end of the test is approximately 45 % lower than the value predicted by the
linear elastic load time curve. In addition, the first fragment break appears when the actual load
in the matrix has deviated from the linear elastic prediction. Previous calculations on
DGEBA/m-PDA SFFT specimens have shown that the linear viscoelastic prediction (not shown)
does not provide a reasonable estimate of the actual load-time curve. As with the DGEBA/m-
PDA SFFT specimens, the relaxation behavior of the matrix, within each step, becomes more
pronounced as the strain is increased. This behavior is consistent with nonlinear viscoelastic
behavior. Samples were strained at three different rates and, even though the total time of the
test ranged from 6 h to 36 h for the different rates, the distributions and number of breaks were
similar, thus indicating that the strain rate does not affect the fragment distribution at saturation.
This conclusion contrasts with the conclusion obtained in previous work on epoxy specimens.
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TABLE 1
Calculations of interfacial shear strength
!_Specimcn Specimen 1 | Specimen 2 | Specimen 3 | Specimen 3
" Fiber Modulus, GPa 67.5 67.5 67.5 67.5
| Poisson’s Ratio for the matrix 0.35 0.35 0.35 0.35
Fiber Strength at the Critical Length, GPa 2.025 2.025 2.025 1.849
Specimen Thickness, mm 2.08 2.28 1.80 1.80
Radius of the Matrix, mm 1.04 1.14 0.90 0.90
Fiber Diameter, mm 0.0156 0.0146 0.0164 0.0164
Critical Fragment Length at Saturation, mm 0.4168 0.4213 0.3959 0.3959
Mcan and std dev of fragments, mm 312.6 £77.6 | 316.0£69.6 | 297.0 £ 68.8 | 297.0+ 68.8
Elastic Matrix Modulus, GPa (10) 3.06 3.06 3.06 3.06
B, mm” 10.87 10.70 11.09 11.09
1, MPa 105.7 97.4 125.8 105.5
Pseudo Elastic Modulus GPa (9) 2,12 2.72 2,72 2.72
, mm’ 10.22 10.06 10.43 10.43
1, MPa 102.5 94.4 122.1 102.4
Secant Modulus at Saturation, GPa (9) 1.89 1.78 1.79 1.88
B, mm’ 8.46 8.06 8.40 8.62
1, MPa 94.5 86.1 111.8 94.6
Kelly-Tyson, Elastic Perfectly Plastic (1) 1, MPa 37.9 35.0 45.8 38.4
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Figure 1. Load time profile of a polyisocyanurate/glass single fiber fragmentation
specimen. Curve A is the expected response for a linear elastic material. Curve B is
the actual test data for the specimen step-strained at 10 min time intervals.
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Figure 2. Load vs. time data for a DGEBA/mPDA single fiber fragmentation specimen.
Curve A is the theoretical linear elastic load-time curve, curve B is the theoretical linear
viscoelastic load time curve, and curve C is the actual load-time curve. D is where
saturation occurred, and E is where the first break occurred.
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Figure 3. Pscudo-isochronal stress vs. strain plot. From the data shown in Figure 1,
curve A represents the stress 10 s after the peak stress at each strain increment and
curve B represents the stress at 10 min. Curve C is the regression fit for the 10 s
data before the first break and curve D is the regression fit for the 10 s data after
the first break.
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Figure 4. Stress vs. strain 10 s after each strain increment for the three specimens tested.
Curve A is data for the 10 min pause with the first break occurring at F. Curve B is for the
variable pause with the first break occurring at H. Curve C is data for the 1 h pause with the
first break occurring at G. Curve D is for the small strain tangent modulus and Curve E is
for the large strain tangent modulus.
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Figure 7. Log (number of breaks in the fiber) vs. strain for the three specimens
tested. The curve with diamonds represents the 10 min pause data, the curve with
the squares represents the variable time data, and the curve with the triangles
represents the 1 h pause data.
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