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Predicting fatigue S-N (stress-number of cycles
to fail) behavior of reinforced plastics using
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The present study describes a model to predict fatigue S-N behavior, and thus fatigue life,
of glass fiber reinforced thermoplastics by using a fracture mechanics approach. The model
assumes the presence of an inherent initial flaw in the molded plastic parts and thus
ignores crack initiation contributions. In this paper we describe how fatigue crack
propagation rate data were obtained for the same three glass fiber reinforced plastics
whose S-N behavior was previously described in detail. Using the measured constants
from the crack growth data, and corresponding S-N data for uncracked specimens, the
validity of the single initial flaw hypothesis was evaluated. From the analyzed results it is
concluded that accurate S-N predictions are possible using this simple fracture mechanics
model for some materials. The best results are obtained for glass filled polyamide, PA
(nylon 66) and polycarbonate, PC; however, with polybutylene terephthalate, PBT,
predictions were poor. It is also shown that S-N data for different glass fiber orientations
can be predicted by combining the single flaw model with predicted fatigue crack
propagation rate measurements. The latter are calculated from a generalized crack growth
rate expression utilizing the strain energy release rate fracture mechanics parameter, which
was previously described. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Both fracture mechanics approaches and stress or strain
versus lifetime curves have long been utilized to char-
acterize fatigue failure of metals [1, 2]. In their semi-
nal textbook Hertzberg and Manson described both ap-
proaches for fatigue of polymeric materials [3]. Strictly
speaking, linear elastic fracture mechanics theory was
not developed for inhomogeneous materials, however
it has proven very useful for such materials. Reifsnider
has summarized much of the work on composite ma-
terials, including short fiber reinforced thermoplastics
[4]. Earlier studies in our laboratories have similarly
demonstrated the value of using a fracture mechan-
ics approach to characterize the fatigue behavior of
glass fiber reinforced thermoplastics, both for reaction
molded and injection molded materials [5, 6]. In par-
ticular, fatigue crack propagation rate measurements
have been shown to provide an accelerated method of
establishing the relative fatigue resistance of this class
of materials, as well as their unreinforced counterparts
[7]. Furthermore, the present authors have extended the
application of this basic theory by showing that fatigue
data for different fiber orientations collapse onto a sin-
gle master curve if the crack propagation rate data are
expressed in terms of strain energy release rate [6].
This relationship can be used to make predictions of
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material and processing effects on fatigue resistance.
For example, the influence of fiber orientation, fiber
type, and fiber concentration can be predicted from the
crack propagation rate measurements on one compo-
sition given that moduli information are available or
can be calculated. Others have found this relationship
equally valuable for interpreting frequency effects for
glass reinforced materials [8].

Although the fracture mechanics approach has
proven very valuable for material comparisons and for
assessing fatigue resistance in a relatively short time,
plastic part designers are generally seeking the more
traditional stress-lifetime or S-N type of data for a ma-
terial. The latter lends itself to modern day stress anal-
yses by finite element analysis and is certainly more
easily understood and easier to implement into a plas-
tic component lifetime prediction.

Recently, our attention has therefore been focused on
the measurement of the fatigue resistance of uncracked
specimens with this more traditional approach by mea-
suring the number of cycles to fail, N, for injection
molded samples at various initial stress levels, S. Thus,
the generation of S-N data for three glass-reinforced
plastics under a variety of loading and fiber orienta-
tion conditions has already been reported [9, 10]. Fa-
tigue testing of uncracked specimens is unfortunately
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very time consuming. For example, to generate a single
S-N curve typically requires weeks to months of testing
time with multiple specimens on relatively expensive
servohydraulic testing equipment. On the other hand,
the generation of a basic fatigue crack propagation rate
curve can be obtained in a matter of hours with a single
specimen. Experience with S-N testing made it clear
that it would be highly desirable to be able to combine
the advantage of the fracture mechanics test, namely
high speed, with the advantage of the S-N test, namely
the data are more useful for part design.

In the present study, and a companion paper to fol-
low, we will demonstrate the extent to which this is
feasible by using the accelerated fatigue crack propa-
gation rate measurements and fracture mechanics the-
ory to predict the corresponding S-N data for glass
fiber reinforced thermoplastics. First, we will test the
simple hypothesis that there exists an inherent initial
flaw in the injection molded sample, which propagates
under fatigue loading to complete rupture or failure.
This assumes no contribution to fatigue lifetime from
crack initiation. We will also provide additional data
on the use of the strain energy release rate parameter,
G, for representing the fatigue crack propagation rate
data. The latter has been directly measured by moni-
toring compliance data and this will be compared with
our previous method for calculating G from modulus
and Poisson’s ratio. The strain energy approach will
be of critical value since in highly oriented samples it
has been found that obtaining crack growth rate data
in certain orientations is problematical as will be dis-
cussed in this paper. Furthermore we will describe a
more detailed method for precracking the fracture me-
chanics samples to improve the reproducibility of the
results.

2. Theory

Fracture mechanics theory and its application to plastics
have been well described in the literature including sev-
eral texts [11-14]. Stress is defined in the usual sense for
S-N testing however for the fracture mechanics spec-
imens the stress is replaced with the stress intensity
factor term, defined as:

K =Yoa (1)

where K = Stress Intensity Factor, Y = Geometry Fac-
tor, 0 = Stress, and a = Crack Length.

Y is a dimensionless factor, which can be found for
specific geometries in handbooks [15]. Thus K has
units of stress times a length to the half power. In a
typical single cycle test to failure, the conventional ten-
sile test would determine a value for breaking stress
whereas the fracture mechanics equivalent would be
to determine a value of K at which breaking or frac-
ture occurs. The latter is referred to as K., the frac-
ture toughness of the material. An ASTM Standard for
fracture toughness determinations for plastics has been
written [16] following earlier efforts by the European
Structural Integrity Society, ESIS [14]. For fatigue test-
ing, loads below that needed to initiate fracture are em-
ployed, while one still uses the above expression to
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define the crack tip stress intensity factor. As with
metals, the growth rate of a fatigue crack of length a
is generally well described by the stress intensity factor
using the Paris equation [3]:

d
YN )
dN

where a = Crack Length, N = Number of Fatigue
Loading Cycles, A = Intercept of a log-log plot of
da/dN vs. AK, and m = Slope of log-log plot of da/dN
vs. AK.

For the glass fiber reinforced materials we have pre-
viously shown that, although fiber orientation strongly
influences crack growth rates, the data collapse onto a
single curve when expressed in terms of AG, the strain
energy release rate [6, 18]. For these studies G has been
calculated as:

2
G=(1-v’)x LS (3)
E

where v = Poisson’s ratio and £ = Modulus.

Although in some cases the Poisson’s term was ig-
nored. Using this expression one need only have crack
growth rate data for one glass fiber orientation along
with the corresponding mechanical constants to calcu-
late the da/dN versus AG master curve. The da/dN
versus AK relationship can then be calculated for all
other fiber orientations. Because this is a critical step
in ultimately attempting to predict fatigue life for the
different orientations, it was deemed important to eval-
uate other approaches to determine G. Specifically, G
can be directly measured during the fatigue crack prop-
agation rate experiment. Two different methods were
employed and detailed results were presented earlier
[19]. First, the values of G at maximum and minimum
loads were independently assessed from the area un-
der the load-displacement curve by generally follow-
ing the procedures outlined in the ASTM Standard
for G determination [16]. This approach utilizes the
relationship:

_ U
~ (BWg)

4

where U = energy (area under the curve), B = thick-
ness, and ¢ = calibration constant for the compact ten-
sion geometry.

A second method for directly determining G was
investigated since the fiber reinforced materials are
anisotropic and the area method above, particularly the
constant ¢, is strictly speaking valid only for isotropic
materials. The second method is based upon measuring
compliance during the fatigue crack growth rate exper-
iment and using the expression [12, 13]:

G P2 dc )
= —_— X —_—

2B da
where P = load, B = thickness, C = sample compli-
ance, and a = crack length.



What is required is a determination of the
compliance-crack length relationship in order to subse-
quently calculate the derivative of this curve. Obviously
the two methods for direct determination of AG, if suc-
cessful, offer the advantage that independent modulus
and Poisson’s ratio measurements would not be needed.

Once we have selected a method to obtain fatigue
crack growth rate data, such data can then be related
to the corresponding S-N results for the same material
by integrating the Paris equation and substituting the
expression for K to give [3]:

2 1 1
Nf = m-2  (m-2) (6)
(m — 2)AY™(Ao)™ a 7
0

ag

Here N is the final or total number of cycles to fail.
To employ this equation for calculating fatigue lifetime,
we can use the m and A values which are obtained from
the crack propagation experiment, and select a value of
Y based upon the specimen geometry; but we must also
know the initial and final crack or flaw sizes. The latter
can be set equal to the sample thickness or estimated
from fracture toughness values. However, generally the
initial flaw size is unknown. On the other hand, if S-N
data are available, then we can calculate the initial flaw
size by simply using the S-N data to provide pairs of
Nt and Ao along with the known A, m, and Y values.
Thus it is possible by rearranging the above equation to
determine values of ag, or initial crack lengths, which
presumably represent inherent flaws in the material.
The expression for the initial crack or flaw size is:

2/(m—2)
} (7

1
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As just mentioned, the final flaw size can be set equal
to the thickness of the sample, however, it was deter-
mined through calculations that this term can be set
equal to infinity without significantly changing the re-
sultant value of ag. One difficulty in making this type
of calculation is that the selection of a value for Y is
somewhat arbitrary. Although Y can be clearly defined
for a given type of loading, specimen and flaw geome-
try [15], the latter is unknown in general and therefore
requires some assumptions. Moreover, strictly speak-
ing, Y is known to be a function of crack length, which
means that a more complicated iterative mathematical
solution is required. In this first study the value for Y
was fixed at 1.17, which is based upon a semicircular
surface flaw [15]. Our calculated values of flaw size
will be dependent on this choice of Y; however, our
focus here was on the predictability of S-N data, not
on the absolute value of the flaw size. For this purpose,
one need only be consistent in the choice of Y. A test
of the validity of the fracture mechanics approach is
then to examine the initial flaw size as a function of
stress level. A constant value should be obtained if the
fracture mechanics approach is valid.

3. Experimental

3.1. Materials

The glass fiber filled materials employed included the
following: thirty three percent by weight glass filled ny-
lon 66 polyamide, PA, DuPont’s Zytel 70G33L; thirty
percent by weight glass filled polybutylene terephtha-
late, PBT, General Electric’s Valox 420; and thirty per-
cent by weight glass filled polycarbonate. For the PBT,
two different batches of material were used. An initial
batch was found to contain shorter glass fiber lengths
and was considered not representative of the commer-
cial material. It was designated PBT Batch A and was
used for preliminary fatigue crack growth rate measure-
ments which helped establish a uniform procedure. A
second PBT batch, termed PBT Batch B, had longer
fiber lengths and was deemed more representative or
“typical” in terms of mechanical properties. For con-
sistency the PBT Batch B was utilized for both the S-N
measurements and the fatigue crack growth rate data
for flaw size determinations.

3.2. Specimen preparation

Three different plaque geometries were utilized in this
study. Determinations of G directly were first per-
formed using compact tension specimens cut from a
3.2 x 50.8 x 203.2 mm end-gated plaque of the PA
material as described previously [19]. Subsequently all
other measurements were performed with somewhat
larger plaques to permit cutting both tensile specimens
and compact tension specimens. For preliminary fa-
tigue crack growth rate measurements, the PBT Batch
A was injection molded into a 3.2 x 76.2 x 279.6 mm
end gated plaque. Compact tension specimens were cut
from the center section of this plaque in either the Flow
or Xflow direction. Subsequently an injection molded
ribbed plaque was utilized for cutting specimens for
all fatigue crack propagation rate measurements. This
same ribbed plaque had been selected to prepare all
specimens for S-N data generation as was previously
reported [9, 10]. For the present study, the fatigue cracks
were caused to grow in the same region of the plaques
where cracks had initiated during the S-N measure-
ments. The geometry of this plaque is shown in Fig. 1
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Figure 1 Geometry of ribbed plaque showing location and shape of
compact tension specimens for Flow and Xflow orientations.
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along with schematic views of the Flow and Xflow ori-
ented compact tension specimens. A detailed investi-
gation of the fiber orientation for the ribbed plaque has
also been reported by Tucker, and O’Gara [17]. They
described a typical shell/core structure with a high de-
gree of fiber alignment along the flow direction in the
outer shell regions and a narrow core section in the cen-
ter of the thickness. Thus the measurements reported
here for this injection molded ribbed plaque represent
the near extreme expected in terms of anisotropy for
the materials.

3.3. Tensile property determinations

Both Flow (stress axis parallel to melt flow direction
during injection molding) and Xflow (stress axis trans-
verse to melt flow direction) tensile properties were de-
termined by machining the smaller ASTM Type V dog-
bone shaped specimens from the ribbed plaques. Spec-
imens were tested at a crosshead speed of 5.1 mm/min
which corresponds to a strain rate of 0.0016/s. A strain
gauge having a length of 7.6 mm was employed and
modulus determinations were made over a strain range
of 0.1 to 0.5%. For Poisson’s ratio measurements, a
separate biaxial strain gauge was employed which re-
quired a25.4 mm gauge length. For these measurements
straight strips, 12.7 x 76.2 mm were used and calcula-
tions followed the ASTM E-132 standard.

3.4. Fatigue crack propagation rate
measurements

The detailed procedure for measuring fatigue crack
growth rates has been previously published along with a
description of the compact tension specimen geometry
for the 3.2 x 50.8 x 203.2 mm plaque [6, 7]. For consis-
tency with the earlier results, this plaque was utilized
initially for comparison of the calculated versus mea-
sured strain energy release rates for the PA material. As
mentioned earlier, in order to express the data both in
terms of the oscillating stress intensity factor, AK, and
strain energy release rate, AG, an extensometer was
employed on the grips of the compact tension speci-
men. This allowed a direct determination of AG from
both the area and compliance approaches for compari-
son with calculated AG values from the independently
measured moduli and Poisson’s ratios. Subsequently,
the ribbed plaque geometry was employed for fatigue
crack propagation rate measurements since it had previ-
ously been utilized for extensive S-N measurements for
all three materials. The compact tension geometry was
identical to that used previously and Fig. 1 shows the
layout of the compact tension specimens in the ribbed
plaque. Note that the local area used for fatigue crack
growth measurements was selected away from the re-
gions where ribs were milled off, although the over-
all compact tension specimen initially included these
regions. Fatigue crack propagation rate measurements
were performed at a frequency of 0.5 Hz and an R-ratio
of 0.1 (ratio of minimum to maximum load). The lower
frequency was selected to avoid any possibility of hys-
teretic heating contributions which would be localized
at the crack tip. In the absence of hysteretic heating no
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TABLE 1 Tensile properties of materials

Tensile modulus Tensile strength

(GPa) (MPa) Poisson’s ratio
Material Flow XFlow Flow XFlow Flow XFlow
PA 9.4 54 182 100 0.43 0.28
PBT 8.2 43 92 55 0.46 0.29
PC 7.4 4.0 101 66 0.48 0.28

effect of frequency is observed for these materials at
room temperature.

4. Results

4.1. Tensile properties

The strength, modulus and Poisson’s ratio for the three
glass fiber filled materials are given in Table I for both
the Flow and Xflow directions for specimens cut from
the ribbed plaques. In general the data demonstrate the
high degree of anisotropy expected from the fiber ori-
entation mentioned earlier [17].

4.2. Fatigue crack propagation rate
measurements

4.2.1. Initial strain energy determinations
Using the 3.2 x 50.8 x 203 mm end gated plaque, Fig. 2
shows the significant effect of fiber orientation on fa-
tigue crack growth rates for PA when plotted in the usual
manner versus stress intensity factor, or AK. Consid-
ering the log scales, the effect of fiber orientation is
very strong as expected. Fig. 3 indicates the collaps-
ing of these data onto a single line when expressed on
a calculated AG basis. This duplicates our earlier re-
sults [6]. However, Fig. 3 also shows that the directly
measured AG data for the flow direction using the com-
pliance method (see Flow Comp in Fig. 3) does not fall
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Figure 2 Fatigue crack propagation rate data for PA in the 3.2 x 50.8 x
200.3 mm plaque for Flow and Xflow orientations.
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Figure 3 Fatigue crack growth rate data from Fig. 2 replotted in terms of
calculated AG. The directly measured AG in the Flow direction using
the compliance method is shown for comparison.

in the same vicinity. The directly measured AG results
determined using the area method were similar to the
compliance data for Flow direction samples. This dis-
crepancy between calculated versus directly measured
AG values is limited to the flow direction samples. As
shown in Fig. 4, the Xflow direction specimens provide
very similar results for the crack growth in terms of
AG for all methods of calculating or directly measur-
ing the strain energy release rate. Possible explanations
for the differences for the Flow direction specimens
will be discussed in a later section. However, these re-
sults indicate that calculating the strain energy values
from moduli and Poisson’s ratios would seem to be
the only way to obtain a single master curve for each
material.
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Figure 4 Comparison of calculated and directly measured AG for PA
in the Xflow orientation.

4.2.2. Ribbed plaque-PA

The crack growth results obtained for the slightly thin-
ner PA ribbed plaque were similar in character to the
extensive data obtained earlier with the 3.2 x 50.8 x
203 mm end gated plaque [6] with two significant ex-
ceptions. For the Xflow sample, fatigue crack growth
rate measurements were obtained with ease following
our previous procedure. Fig. 5 shows the data expressed
in terms of both AK and the directly measured AG.
The first exception mentioned above is that for the
ribbed plaques it was not possible to obtain colinear
fatigue crack propagation for the Flow specimen (with
the crack oriented perpendicular to the predominant
fiber orientation). This was not only true for the PA, but
also was the case for PBT-Batch B and the PC materi-
als. Although stable fatigue crack growth did generally
occur, in most cases the crack path would eventually
turn upward (or downward) to follow the preferred fiber
orientation direction making the calculation of AK in-
valid. Although it was possible to obtain enough limited
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Figure 5 (a)Fatigue crack propagation rate versus stress intensity factor
for PA in the Xflow orientation. Dashed line represents calculated values
for Flow orientation. (b) Same data as in (a) replotted versus strain energy
release rate.
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Figure 6 Fatigue crack propagation rate versus stress intensity factor for
PBT in the Xflow orientation. Symbols represent specimens started at
different load levels, i.e., different initial AK values.

data to insure the growth rates were of the expected
magnitude for the Flow direction orientation, a com-
plete data set for determining Paris equation constants
could not be obtained. This had never been observed in
the slightly thicker 3.2 x 50.8 x 203 mm plaques and
we tentatively associate this with the higher orientation
and/or thinner core regions which are observed in the
ribbed palque.

Since the intent of this study was to predict the S-N
data which was generated from the ribbed plaque for
both flow and crossflow orientations, it was decided
that the needed fatigue crack propagation rate data for
the flow direction would be predicted using the strain
energy release rate master curve approach based upon
the calculated values as mentioned above [6]. This pre-
dicted flow direction da/dN behavior for PA is shown
as the dashed line in Fig. 5.
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Figure 7 Fatigue crack propagation rate versus directly measured strain
energy release rate for PBT in the Xflow orientation (same experiments
as in Fig. 6).
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An additional revelation from using the ribbed
plaque, not previously seen in the other plaque, is the
fact that the initial fatigue crack growth data often
showed a hesitation or decreased slope at the start of the
crack growth experiment. In terms of AK , the hesita-
tion is often not pronounced, and can be interpreted as
data scatter which is generally not included in the plots.
However, the initial slope change in the crack growth
rate was observed to be accentuated and well behaved
when the results are expressed in terms of the directly
measured AG, as shown in Fig. 5b. Repeated measure-
ments showed that this behavior was very reproducible
Again, since the present study was focused upon curve
fitting the measured data sets to obtain accurate slopes
for extrapolation to lower AK, it was important to un-
derstand any deviant or transient data at the low AK
levels at the start of the test. A similar slope change had
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Figure 8 Fatigue crack propagation rate versus stress intensity fac-
tor for PBT from ribbed plaque showing slight effect of frequency
for Xflow orientation. Dashed line is predicted result for Flow
orientation.
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Figure 10 Fatigue crack propagation rate versus stress intensity factor
for all three materials showing linear fit of data for determining Paris
Equation constants.

been noted in the fatigue crack growth data for PBT
specimens molded in the ribbed plaques as well as in a
3.2 mm thick plaque without ribs. The latter was chosen
for a more detailed study since for PBT there were no
concerns or issues with regard to moisture content.

TABLE II Fatigue crack growth parameters

Material ~ Stress Orientation  a, (um) A (m/cycle) m
PA Tensile  Flow 511 2.6 E-13 9.32
Tensile  XFlow 758 49 E-12 9.32
Flex Flow 188 2.6 E-13 9.32
Flex XFlow 386 49 E-12 9.32
PBT Tensile  Flow 1402 7.92 E-12 7.41
Tensile  XFlow 1192 1.53 E-10 7.41
Flex Flow 216 7.92 E-12 741
Flex XFlow 385 1.53 E-10 7.41
PC Tensile  Flow 1324 9.27 E-12 8.65
Tensile  XFlow 1899 2.82 E-10 8.65
Flex Flow 431 9.27 E-12 8.65
Flex XFlow 411 2.82 E-10 8.65

4.2.3. PBT- Batch A

Preliminary measurements for PBT were made using
the 3.2 x 76.2 x 203 mm plaque and using the first
lot of Valox 420 material which again we term PBT-
Batch A. Fig. 6 shows the results of a systematic anal-
ysis of these PBT specimens which were fatigued un-
der identical conditions except the load was varied to
achieve a different initial stress intensity level. The
curves at different AK roughly overlap, as required
by fracture mechanics theory. However, a closer look
indicates that the initial data in each data set is slightly
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Figure 11 Initial flaw sizes for PA material calculated from various S-N datasets as indicated. See Reference 9 for details on S-N data.
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deviant, while generally the data for each test does in
fact overlap at the higher A K levels. The corresponding
da/dN-AG plots for the same fatigue crack growth rate
data where AG was determined using the compliance
method are given in Fig. 7. The A G results more clearly
reveal two regimes of behavior with vastly different
slopes for the crack growth rate data. The deviation,
or initial transient response, is highly load dependent
and does not simply overlap as it should according to
fracture mechanics theory.

The peculiar transition described above would appear
to invalidate any attempt to fit the entire crack propa-
gation rate data set with a straight line, as required to
determine the Paris equation constants. However, it is
also clear that once these transient data are removed,
the data sets do in fact collapse onto a single curve as
required by fracture mechanics theory. The use of the
directly measured AG data provides one possible way
to perform data editing. As an alternative, a testing pro-
cedural change was found to minimize the initial tran-
sient response. Specifically the compact tension spec-
imens were precracked not only with a series of saw
and razor cuts as before, but also by initiating a fatigue
precrack. The latter was generated at a higher load and

(a) 250 |
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100 +

STRESS (MPA)

50 +

0 t t

at a higher frequency (5.0 Hz) until the fatigue portion
of the precrack length reached approximately 5 mm.
This was not an arbitrary choice, but rather was based
upon measuring the crack length at the transition point
in the fatigue crack propagation rate data sets shown
in the above figures. This procedure was subsequently
used for all of the fatigue crack propagation rate data
taken for the ribbed plaques.

4.2.4. PBT-Batch B
Ribbed plaques were molded for both PBT batches
in order to compare their fatigue behavior. As ex-
pected, owing to the decreased average fiber length
mentioned earlier, Batch A exhibited somewhat ac-
celerated fatigue crack growth rates at all AK lev-
els. Since fatigue S-N data were only generated pre-
viously for the Batch B, we focus here on those results,
which are shown in Fig. 8. The AK and AG plots for
this precracked specimen were well behaved with little
scatter.

However, a slight effect of frequency was noted in
comparing the data at 0.5 and 5.0 Hz. A frequency ef-
fect is not reported for PBT in the literature and we
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Figure 12 Comparison of predicted and measured S-N data for PA in the flexural fatigue test for the (a) Xflow and (b) Flow direction specimens.
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tentatively suspect a contribution from creep at the
lower frequency. For consistency with the other ma-
terials the 0.5 Hz data were still used in flaw size de-
terminations. Also shown in Fig. 8 are the predicted
results for the flow orientation since once again colin-
ear crack growth rate data could not be obtained for this
orientation in this thinner plaque. As mentioned earlier,
the predicted flow direction results are based upon the
calculated AG master curve for this material.

4.2.5. PC

The effect of frequency on fatigue crack growth for the
glass reinforced PC material in the crossflow orienta-
tion was not found in the literature and it was felt nec-
essary to confirm the lack of a frequency dependence.
Fig. 9 shows the crack growth rate data at both 5.0 and
0.5 Hz for the crossflow orientation. There clearly is no
frequency dependence exhibited in these data. Fig. 9
also shows the predicted flow direction data for the
PC which is derived from the calculated strain energy
release rate values. The fatigue crack propagation rates
for the PC are much more rapid than observed for either

PA or PBT which is attributed to the amorphous nature
of this polymer.

4.3. Paris equation constants

From the prior figures in this paper it is apparent that
straight lines can be fit to the da/dN-AK data sets to
provide values of A and m. This is further demonstrated
in Fig. 10 where the crossflow data for each of the
three materials is replotted and the corresponding Paris
equation line is drawn through the data. Table II lists
the A and m values derived from the curve fitting for
the various materials.

4.4. Flaw size determinations

For any given pair of S-N values, or o-N¢ in the termi-
nology of the equation given earlier, one can calculate
the initial flaw size by inputting the corresponding A
and m values for the material in the appropriate fiber
orientation (flow vs. crossflow). For PA, Fig. 11 shows
the calculated flaw sizes for the entire set of S-N data
previously published [9, 10] for the ribbed plaque. The
terminology simply refers to whether a tensile bar, a
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Figure 13 Comparison of predicted and measured S-N data for PA in the flexural fatigue test replotted on a log-log scale for the (a) Xflow and (b)

Flow direction specimens.
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flat section, or a rib section was fatigued and in what
orientation. Note that in some cases the flaw size is
a strong function of stress level, whereas for other
S-N data a region of relative stress independence is ap-
parent. The latter is implicit in the fracture mechanics
theory applied in this work. In particular it is impor-
tant that the flaw size appears independent of stress in
the low stress region where fatigue life prediction is
of most practical significance. This is more critical for
the flexure data than for the tensile loading conditions.
Possible reasons for this will be the subject of a future
publication.

From the curves for the flexural fatigue of the flat
samples, where the flaw size appears constant at vari-
ous stress levels, the average initial flaw sizes for the
PA are determined to be 188u for the flow direction
and 386w for the crossflow direction. The fact that the
flaw size is dependent upon orientation is perhaps not
surprising for this highly anisotropic material. A phys-
ical interpretation of the flaw size is not the intent of
this publication. Table II summarizes the average flaw
sizes along with the values for A and m from the crack
growth rate data used in the determination of a.

To see how well the assumption of a constant flaw
size allows us to “fit” the S-N data, the value for a
is substituted back into the equation for N at the cor-
responding stress levels used in the original S-N test.
Fig. 12 shows the calculated versus measured S-N
curves for PA for the two different orientations. An ex-
cellent fit or prediction is obtained even though for the
crossflow case the flaw size is obviously not constant.
In addition, it is interesting to note that the prediction
for the flow direction actually represents a double pre-
diction since it was first necessary to predict the needed
crack growth rate data. This makes the observed result
even more impressive.

The predicted curves in Fig. 12 are observed to be
nonlinear on a semilog plot. A review of the equation
used to derive these predictions indicates that the S-N
relationship should be nonlinear on this type of plot, but
should in fact be linear on a log-log plot. Fig. 13 shows
the corresponding log-log plots and the measured data.
A straight line fit to the data on a log-log plot appears
very viable. This is also valuable in extrapolating the
results to longer times. In the case of the crossflow
direction, it is seen that the prediction would in fact
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underestimate the fatigue life at longer times (ten or
one hundred million cycles). Although indicating an
inaccurate prediction, such a conservative estimate may
be desirable for design purposes. For the flow direction,
the predicted and experimental results match well at all
stress levels and corresponding lifetimes. Following the
literature, semilog plots are used subsequently for S-N
plots.

For the PBT material the flaw sizes were much more
dependent upon stress level at all values of stress. The
plots in Fig. 14 appear similar to the PA flaw size plots;
however the scale is greatly increased. Also it can be
seen that for the PBT Flex/Xflow case the flaw size does
not ever reach a constant value at lower stress levels.
Thus the analysis did not provide a true constant flaw
size. A minimum value was estimated by averaging the
lower stress levels. Table II lists the estimated flaw sizes
and Fig. 15 shows the predicted S-N behavior versus the
measured results. The fitis obviously not good for either
orientation. Possible explanations for this are given in
the discussion that follows.

For PC the calculated flaw sizes were also highly
stress dependent, however, the behavior differed from
the PA and PBT. Fig. 16 shows that for the crossflow
case at the lower stress levels the flaw size actually
increased very dramatically. In fact the values are unre-
alistic as they are comparable to the sample thickness
(2.5 mm). For the flow orientation, especially at the
higher stress levels, the flaw size is surprisingly nearly
constant. This suggests a change in the fatigue frac-
ture mechanism compared to the crossflow orientation,
particularly at the lower stress levels. The results for
the crossflow orientation indicate that the observed fa-
tigue failures in the S-N test are occurring more rapidly
than expected based upon the measured fatigue crack
growth rates. This is seen in Fig. 17 where the pre-
dicted and measured S-N curves are compared. The fit
is poor for the crossflow orientation but is much better
in the flow direction. This reasonably good fit for the
flow direction is even more surprising since the flow
crack growth rate data were in fact predicted from the
crossflow measurements using the strain energy model.
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Figure 15 Comparison of predicted and measured S-N data for PBT in the flexural fatigue test for the (a) Xflow and (b) Flow direction specimens.
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5. Discussion

5.1. Measurements of AG

The direct measurement of AG during the fatigue test
was intended to provide a more accurate method for
ultimately obtaining the master curve which previously
had been calculated using moduli and Poisson’s ratios
for different fiber orientations. The lack of agreement
for the measured and calculated values for the Flow di-
rection was unexpected, and, is even more surprising
given the agreement in the Xflow direction. The lat-
ter indicates the basic measurement approach is cor-
rect, especially considering that the compliance and
area methods gave good agreement. Our explanation
for the deviant results in the Flow direction is tenta-
tively associated with the tortuous path of the fatigue
crack for this orientation compared to the more colin-
ear crack growth in the Xflow direction. This in turn
relates to the fatigue crack growth mechanism, which,
as reported earlier, involves the crack moving around
fibers and fiber bundles rather than fiber fracture. While
the more jagged crack profile for Flow direction speci-
mens is very evident in the video observations used for
crack growth measurements, a quantitative measure of

the crack surface area for Flow versus Xflow orienta-
tions is more difficult. Also, the manner in which the
fatigue crack growth rate is measured with our video
system only reflects the crack advance orthogonal to the
imposed stress. We therefore tentatively associate the
higher directly measured AG with the increased sur-
face area generated for fatigue fracture perpendicular
to the dominant fiber orientation direction

5.2. Predicting S-N behavior

The mathematical model for predicting S-N behavior
is straightforward once an initial flaw or initial crack
length is known for the material. The results of this
study demonstrate that one can obtain initial flaw sizes
by first obtaining the required crack growth rate data
along with a corresponding S-N curve. If a reasonably
constant flaw size is observed at all stress levels, as it
was for the PA, then this value should be treated as a
material constant and it can be used to calculate a variety
of S-N data. For any similar fiber orientation and mode
of stressing one should be able to accurately calculate
the S-N curve. For example, for the rib geometry the
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S-N data for the flow direction can be predicted to be
similar to the data for flat samples as it was observed
to be. Predictions can also be made using the flaw sizes
for geometries having different Y values, e.g., corner
cracks or at holes. For the crossflow direction there is
not a similar example since it is known that the fiber
orientation in the crossflow rib is not similar to that in
the flat area of the plaque. However the degree to which
the use of a constant flaw size fits the corresponding
crossflow data was shown, and, in spite of the larger
variation in flaw size with stress level, the fit of the
entire S-N curve is very good.

When combined with the strain energy release rate
model and modulus data, the value of the fracture me-
chanics model predictions are amplified greatly. As was
done here for the flow direction results, knowing the
modulus allows us to predict the fatigue crack growth
rate data, which in turn allows us to calculate corre-
sponding S-N predictions. All that is required is the
modulus change and in most cases the modulus can be
accurately calculated for these fiber filled systems [6].
For example the effect of fiber concentration or use of
different types of fibers can now be predicted. Other

(a) 120 7

100 + o

60 +

40 4

STRESS (MPa)

o predicted
W measured

20 +

3
lo
L.}

predictions, such as the influence of mean stress level
or waveform will require first remeasuring the crack
growth rate data under these specific conditions. Even
so, the latter is very rapid compared to remeasuring an
entire S-N curve. Although the flaw size itself is seen to
depend on fiber orientation, the use of crossflow initial
flaw sizes would appear to give conservative estimates
for flow direction predictions.

This study has also shown some serious shortcom-
ings of a simple fracture mechanics approach. With
the single flaw size model it is not possible to obtain
accurate S-N predictions for PBT, and for PC in the
crossflow orientation. Also it is apparent that the exact
procedure for measuring the fatigue crack growth rate
is very important along with the fitting of the data to the
Paris equation. One can argue that an initiation phase
along with a propagation phase must somehow be in-
cluded. The need for fatigue precracking in itself seems
to be evidence that a mature damage zone is required at
the crack tip to allow a fracture mechanics analysis to
be employed. Similarly one might argue that the geom-
etry factor, Y, is not properly represented since it is well
known that Y should be a function of crack length. In
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Figure 17 Comparison of predicted and measured S-N data for PC in the flexural fatigue test for the (a) Xflow and (b) Flow direction specimens.
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this initial study, it was our intent to keep the model
as simple as possible. We can surmise that a different
initial flaw geometry or more complicated expression
for Y might give improved results for the PBT and PC
however attempts to modify these variables have not
shown significant improvement in predictions for these
cases. Another possibility is simply that the mecha-
nism of fatigue failure for PA does primarily involve the
growth of an existing flaw or precrack, whereas other
mechanisms such as crack initiation or matrix yielding,
are contributing more strongly to the fatigue fracture of
PBT and PC.

As a final note, although it is tempting to give a
physical explanation or significance to the calculated
flaw sizes, it is clear from this preliminary investiga-
tion that many variables and assumptions are involved
in the analysis. Therefore at this time the flaw sizes
are considered only as mathematical fitting parameters
without regard to their physical interpretation. More-
over, if tensile data rather than flexural data are used
in deriving the initial flaw sizes, larger values are ob-
tained. The tensile data are to be preferred for reasons
previously stated [10] and this will be the subject of
a subsequent publication involving a modified fracture
mechanics approach.

6. Conclusions

Fatigue crack propagation rate data were obtained for
the same three glass fiber reinforced plastics whose S-N
behavior was previously determined. From the present
analysis results it is concluded that:

1. Accurate S-N predictions are possible for some
materials using a fracture mechanics model.

2. The best results are obtained for glass filled
polyamide, (nylon 66) and polycarbonate, however,
with polybutylene terephthalate, predictions were poor.

3. S-N data for other fiber orientations can be pre-
dicted from a single fatigue crack propagation rate mea-
surement by using modulus changes and a strain energy
release rate based fracture mechanics model to first pre-
dict crack growth rates for that orientation.

4. The initial flaw size depends on fiber orientation,
with flaw sizes in the flow direction being about a factor
of two lower than those in the Xflow direction.
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