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Fracture Toughness of Glass Fiber-Reinforced
Acetal Polymer

G. F. HARDY, Celanese Research Company, Summit, New Jersey 07901

Synopsis

The critical stress field intensity factor for crack propagation, Ky, was determined for
a large number of glass fiber-reinforced acetal copolymer compositions and for the un-
filled resin. The results were interpreted in terms of a model previously proposed for
the tensile behavior of these materials. The K. could be regarded as a linear function
of the contribution of the fiber reinforcement to the tensile strength, but was otherwise
substantially independent of the amount and length of the fibers and the nature of the
fiber finish. From this relationship it was estimated that the inherent flaw size of these
materials was of the order of magnitude of the fiber length. The observed variation of
K, with loading rate was also consistent with the model. The notched Izod impact
strength of these same materials was shown to be roughly equivalent to Gy, the critical
strain energy release rate, or fracture energy per unit area, which can be computed from
K. by the methods of fracture mechanics. The behavior of these crack propagation
parameters is consistept with the previous hypothesis that failure is initiated by loss of
adhesion between the matrix and those fibers which lie transverse to the applied load.

INTRODUCTION

Impact tests are customarily used in evaluating reinforced thermoplasties
to assess their practical toughness.!—* The limitations of such tests are well
known: since the mechanies of the test are not well understood, the results
are not directly useful for design calculations and little information is
usually obtained as to the way in which fracture resistance varies with tem-
perature, strain rate, and stress concentration.*—%

The methods of fracture mechanics have been very useful in meeting
similar difficultiés encountered in the testing of metals.? The basic concept
which is used is that the growth of a crack is controlled by the stress and
strain fields near the crack tip. Once determined on an idealized test speci-
men, these critical conditions can be regarded as basic properties of the ma-
terial. In principle, one can calculate from them the loads required to ex-
tend a crack in an object of any shape. Growth of the crack may be re-
garded as initiating from inherent flaws characteristic of the material or fab~
rication process. The effects of temperature, rate of loading, and environ-
mental agents can be readily treated in this way.

In applying fracture mechanies to materials which crack before wide-
spread yielding has occurred, it is customary and convenient to use two re-
lated approaches: (1) The stress field at the tip of the crack is characterized
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by a parameter K, or (2) the elastic strain energy released by crack exten-
sion (and consumed by the cracking process) is represented by the quantity
G. In what follows, the critical conditions for erack extension are K;, and
Gy., where the numerical subseript indieates an opening mode of crack ex-
tension, as distinet from in-plane or transverse shear.

This approach has already been used, with some success, in the study of
fiber laminates3—10 glassy thermoplastics,’'~!* and adhesive joints,*¥
but does not seem to have been applied to fiber-reinforced thermoplasties.
Since a better understanding of the factors that control the performance of
these materials is needed, the present study was undertaken. For a typical
reinforced thermoplastic system, the eritical conditions for erack propaga-
tion were determined as a function of composition. It will be shown that
the resistance to crack propagation is rather simply related to conventional
tensile properties and that this approach can be used to interpret the signifi-
cance of the usual notched Izod impact data for these materials.

EXPERIMENTAL

Materials and Fabrication

The experiments were performed on injection-molded specimens of acetal
copolymer resin reinforced with short, fully dispersed E-glass fibers. As
described in a previous publication,! the ultimate strength and elongation
of these materials can often be increased greatly by adding small amounts
(usually 0.01-0.03 wt-%) of ammonium chloride.

TABLE 1
Glass Fiber Surface Treatments®
Type Resin finish Coupling agent

A epoxy (partial cure) glycidoxysilane
B poly(vinyl acetate) vinylsilane
C poly(vinyl acetate vinylsilane
D poly(vinyl acetate) chromium complex
E poly(vinyl acetate) vinylsilane + chromium complex
F poly(vinyl acetate) chromium complex
G poly(ethylene oxide) vinylsilane 4+ aminosilane
H none none

aAccording to manufacturers.

The acetal copolymer had a melt flow rate of 9.0 g/10 min at 190°C
(ASTM D1238, condition E). The various types of glass fiber, usually
supplied as 1-in. chopped strand, are listed in Table I, together with avail-
able information as to the composition of the binders and coupling agents.
The powdered polymer, dry blended with ammonium chloride, if used, was
melted on a two-roll mill at about 190°C. The chopped glass fiber was
added carefully, and the mixture was milled for about 5 min. The hot
product was pressed flat, then ground into coarse chips for injection molding.



TABLE II
Test Results

Notched

1zod
Tensile properties at break impact

Glass fiber strength,

Strength, Elonga- Kie,® ft-lb/in.

Type* wt-9, psi tion, % o b psi psi-in.*’*  of notch
A 10 10,120 3.3 2,520 39304 0.66
A 10 11,940 4.0 3,870 3820 0.77
A 20 12,060 2.7 4,790 4010 0.70
A 20 14,060 3.7 6,060 4190 0.83
B 20 9,560 2.8 2,180 40204 0.72
H 20 8,790 5.4 490 36804 0.59
A 30 13,560 2.4 6,190 4110 0.77
A 30 16,300 3.4 8,370 4680 0.94
G 30 15,160 3.3 7,260 4570 1.09
A 40 14,100 2.2 6, 560 4150 0.86
A 40 14,220 1.8 7,070 4020 0.98
A 40 16,760 3.0 9,010 4660 1.13
A 40 20,590 3.0 12,840 5300 1.25
B 40 10,600 1.6 3,750 0.75
B 40 11,200 1.5 4,540 3660 0.77
B 40 11,420 1.7 4,420 3960 0.84
B 40 12,110 1.5 5,450 4020 0.78
B 40 15,960 2.5 8,290 0.99
B 40 16,980 2.3 9,390 4870 0.93
B 40 18,300 3.6 10,530 4830 1.18
B 40 18,850 2.9 11,100 5260 1.23
B 40 19,300 4.0 11,520 5210 1.24
B 30/10¢ 10,280 1.6 3,440 . 0.73
B 30/10° 14,100 2.3 6,510 0.82
B 20/20¢ 9,620 1.8 2,480 0.71
B 20/20¢ 12,220 2.2 4,680 0.72
B 10/30¢ 9,010 1.8 1,860 0.66
B 10/30¢ 10,520 2.4 2,890 RN 0.65
C 40 15,980 2.1 8,550 4510 0.92
C 40 16,950 2.3 9,370 4730 0.99
C 40 18,430 2.5 10,780 5290 1.30
D 40 15,290 1.8 8,130 4490 1.08
D 40 16,730 2.0 9,380 4870 1.18
D 40 19,460 2.7 11,750 5330 1.42
E 40 16,780 2.0 9,360 4800 0.94
E 40 17,460 2.3 9,880 4910 1.15
E 40 19,270 2.7 11,560 5060 1.25
F 40 15,980 1.9 8,680 4460 0.94
F 40 18,880 2.4 11,240 4950 1.08
F 40 20,370 3.1 12,610 5670 1.40
H 40 11,500 1.7 4,500 3910 0.82
Jf 33 26,800 3.6 16,100 6060 1.56

s See Table I.

b Parallel fiber load at break, from eq. (2).

¢ Critical stress intensity factor, from egs. (1).

d Net section breaking stress >0.805.

e Blend of long and short glass fibers, in amounts shown, as described by Hardy and
Wagner. 18

f Commercial glass-reinforced nylon composition.
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ASTM Type I tensile bars, } in. thick, were prepared from each composi-
tion, using a ram-type injection machine and a mold with moderately open
gating at one end of the bar. Many of these bars had also been used in a
previous investigation of tensile properties, in which pains were taken to
keep the fiber orientation as constant as possible by controlling the injection
molding conditions. Others were prepared at various times in a similar
manner.

The final average glass fiber length in the molded bars ranged from about
0.2 to 0.7 mm, depending primarily on the amount of fiber present.

A commercial glass fiber-reinforced nylon 66 resin was also molded in the
same way, for comparative purposes. This material contained 33 wt-%, of
randomly dispersed glass fibers, of about 0.4-mm average length after
molding.

Test Specimens

For the fracture toughness determination, the tensile bars were notched
on both sides, at the middle of the gauge length section. Cuts about 0.06
in. deep and 0.006 in. wide were made in the narrow edges, using a screw
slotting saw and a special jig to keep the slots in line with each other and
perpendicular to the axis of the bar. Both cuts were then deepened to 0.075
=+ 0.003 in. with a fresh single-edge razor blade held in a second jig. Due

TABLE III
Effect of Elongation Rate on K.
Glass fiber Kr., psi-in.'/?
Types wt-%, 0.2 in./min 20 in./min
— 0 (3000)» 2840
H 40 3910 3820
B 40 3960 4000
B 40 4830 4810
B 40 4870 5130
B 40 5260 5590
Je 33 6060 6410
s See Table I.

b Estimated from data in Table IV,
¢ Commercial glass-reinforced nylon.

to elastic relaxation, the tips of the cracks thus formed were always much
less than 0.001 in. in radius. After the bars had been broken as described
below, the exact depth of the notch from which fracture started was deter--
mined with an optical comparator.

The notched bars, and normal tensile bars from the same lot, were broken
in tension at a cross-head rate of 0.2 in./min in accordance with ASTM
D638. Several groups of specimens were also tested at a cross-head rate of
20 in./min, using a Sanborn 150 short-response time load recorder.



GLASS FIBER-REINFORCED ACETAL POLYMER 857

Notched Izod specimens were cut from the central portion of the gauge
length of tensile bars from each lot and tested in accordance with ASTM
D256. The conditions of specimen preparation and testing were carefully
standardized to ensure reproducible results. Since apparently minor
changes in procedure can markedly change the Izod values obtained for
materials of this type, the numbers obtained cannot be directly compared to
other published data.

All the polyacetal specimens were conditioned for 48 hr at 23°C and 509
R.H. The nylon specimens were tested dry, as molded, after aging 48 hrin
a closed container; they were exposed to the laboratory air as briefly as pos-
sible during preparation.

The results of these tests are summarized in Tables IT and III.

Computation and Validity of K,

For each series of tests, the Irwin critical stress field intensity parameter
K;. was calculated by iteration between the following relations:?

K;. = 0.47[1.98 4+ 0.36(2a/W) — 2.12(2a/W)? + 3.42(2a/W)?] (1a)
K’

a =
% + 21('0'02

(1b)

where o, is the measured breaking strength of the notched specimens, com-
puted on the original cross section before notching; W is the width of this
cross section, a, is the notch depth, and the tensile strength of unnotched
barsis go. The results of this computation are given in Table II.

For a valid plane strain fracture toughness determination, several condi-
tions must be met; essentially these are defined by the requirement that
the critically loaded zone at the crack tip must be small relative to all speci-
men dimensions.®® One proposed rule is that the net breaking stress across
the notched section be no greater than 0.80,; all but three of the determina-
tions (indicated in Table IT) meet this test. The size of the specimens used
meets the original recommendations of Srawley and Brown, but not their
later, much more severe restrictions on thickness.” An inspection of the
data for metals whicb support these recommendations indicates that the
maximum error in K, from this cause is unlikely to be greater than 5%,—
10%. (Specimens of inadequate size will tend to give an apparent K,
which is too high.)

One reason for the restriction on minimum specimen size is to ensure
a sudden onset of crack growth as the load increases. All of the specimens
tested in the present series broke very suddenly at the maximum recorded
load. In egs. (1), ay is the crack length at the beginning of rapid growth,
which was equal to the original notch depth in every case examined. Two
methods were used to confirm this: notech tips were followed with a low-
power telescope during loading, or a drop of ink was placed at the tip and
the edge of the stain was later compared with the end of the razor-blade cut.
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Equations (1) were derived for linear elastic, isotropic materials. While
there was certainly some curvature in the stress-strain relations of these
materials, it was not very great up to the notched break point, so linearity
seems to be a reasonable approximation. The molded bars were not iso-
tropie in their properties, but a consideration of probable flow patterns in
the mold suggests that they were tested along principal directions of elastic
symmetry. Wu!® and Sih and co-workers* have shown that the same
method will apply to orthotropiec materials in that case.

K. of the Resin Matrix

Similar measurements were performed on notched, injection-molded
bars of the same polyacetal resin, without glass fibers. The results obtained
at several cross-head speeds are summarized in Table IV. For the unfilled
resin, the net section breaking stress of these bars was greater than 0.8q
at 0.2 in./min, but the restriction was met at higher cross-head speeds. On
this basis, we may roughly estimate that the true K;, for the resin matrix
is around 3000 psi-in."”* at 0.2 in./min.

TABLE 1V
Test Results for Polyacetal Resin
Cross-head speed,
in./min Ky, psi-in.'/? ao(net)/ o
0.02 3410 0.94
0.2 3420 0.89
2 3040 0.77
20 2840 0.69

RESULTS

The values of K;. and notched Izod impaet strength for each composition
of Table IT were plotted against the corresponding tensile strength in Fig-
ure 1. (Note that the three points for K;. of the filled polyacetal at the
lowest tensile strengths are undoubtedly too high, as discussed above.) In
both cases, the data for all the reinforced polyacetals lie on a single curve,
regardless of the amount of fiber used, the resin finish and coupling agent,
or the strengthening effect of any added ammonium chloride. The two
points for glass-reinforced nylon lie well below these curves. The uncor-
rected K, of the polyacetal matrix at the same test speed lies on the curve
defined by the reinforced specimens, but the notehed 1zod impact strength
of the pure resin is approximately twice the value extrapolated from the
other data.

The values listed in Table III indicate that a hundredfold increase in
testing speed had little effect on the magnitude of K, for reinforeced speci-
mens. The observed differences are not much greater than the normal vari-
ation between repeat tests. There is, however, a trend toward a decrease
in K;. with test speed for low values of K. and an increase for high values.
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Fig. 1. Notched Izod impact strength (O) and K, (®) of the glass-reinforced poly-
acetal specimens, plotted against tensile strength. Also shown are the results of the
same tests on unfilled polyacetal resin (A,A) and a sample of glass-reinforced nylon 66
(0, m).

It will be shown below that these results are consistent with a mechanical
model for the tensile behavior of reinforced thermoplasties, which has been
previously proposed.® At this point, it should be pointed out that the
erack propagation resistance of these materials, whether measured by K,
or Izod impact strength, may be predicted quite accurately from the results
of conventional tensile tests, using the empirical correlation of Figure 1.

DISCUSSION
Model for Tensile Behavior

It has previously been shown that the following simplified model accounts
very well for the main features of the tensile stress—strain curve of these ma-
terials. The actual, more or less randomly dispersed fibers are assigned to
two groups, considered to be parallel and transverse to the applied load.
The parallel fibers bear a portion of the load, while the transverse fibers
stiffen the matrix by strain eoncentration.

Up to the point at which fiber-matrix separation begins to occur, the ten-
sile behavior is represented by

o=o0g,4+ on =BVl + (1 — aVyjo,,, 2)

where ¢ is the applied stress, ¢, and o, are the portions supported by the
parallel fibers and by the combination of resin and transverse fibers, « is the
fraction of the total fiber content assigned to parallel fibers, 8 is an effi-
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ciency factor for parallel fibers (a known function of the average fiber
length), V, is the total volume fraction of fibers, E, is their Young’s modu-
lus, and e is the overall specimen strain; o, .. is the stress in unfilled matrix
resin at a strain ve, where the v factor accounts for strain concentration by
the transverse fibers.

TABLE V
Experimental Stress-Strain Parameters for Injection Molded Specimens®

Fiber content,

wt-% @ 8
10 0.40 0.51 1.15
20 0.40 0.42 1.35
30 0.40 0.38 1.65
40 0.40 0.29-0.31 2.05
33b 0.40 0.54 1.60
s From Hardy and Wagner.1®

b Commercial glass fiber—nylon blend.

The values of the parameters «, 8, and v previously evaluated for com-
positions representative of those listed in Table IT are summarized in Table

V.
Critical Stress Intensity K,

For each test listed in Table II, the value of o, was estimated, at the nor-
mal tensile strength, by using eq. (2). This was done by computing o, .,
from the strain at break, values of ¥ from Table V, and the stress-strain
curve of unfilled resin. Since o, ,, varies relatively slowly near the maxi-
mum strength, minor errors in the determination of ¢ and effeets due to
resin—fiber separation were probably not important.

In Figure 2, the value of K, for each composition has been plotted against
a,. The points lie close to a straight line, which extrapolates to a K;, of
3000 psi-in."”/* at zero o,. This value agrees very well with our conclusion
(discussed above) as to the true K;, of unfilled polyacetal resin. Only the
three values of K;, which were expected to be too high (see above) deviate
greatly from this line. It is also worthy of note that the point for glass-re-
inforced nylon resin now lies on the same line.

In the earlier discussion of tensile strength, it was suggested that the evi-
dence points to initiation of tensile failure by separation of the resin from
the transverse fibers. In combination with the results just quoted, the
following model is proposed for erack growth in these materials. Near the
tip of the crack, resin pulls away from the transverse fibers, under the in-
fluence of the localized stress concentration, producing a region containing
voids, or microcracks. These voids extend and join up under the combined
influence of the tensile load and the resisting force of the parallel fibers which
stitch together the flawed region. The growth process is thus equivalent to
brittle erack propagation in unfilled resin, with the one difference that the
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Fig. 2. K| for all specimens tested, plotted against o, the contribution of the fibers
to tensile strength. The symbols used are the same as those of Fig. 1. The regression
line shown was fitted to all but the three dubious values of K, (see text).

compressive force of the parallel fibers must be overcome by an increased
load.

‘We now use one of the outstanding advantages of the stress intensity ap-
proach to fracture resistance: the principle that the behavior of a crack sub-
jected to several systems of forces can be predicted by summing the stress
intensity factor K computed separately for each set of forces.?! For the
specimen geometry used in these experiments,

K;. =2 0.6q,, 3)
and using eq. (2),
K;.=20.6(c.r + 0e,m) = Kroom + 0.60,,5 4)
The points in Figure 2 lie near the line
K;. = 3000 + 0.190,. (6))
So we have
Te,r £2 /304

or, from eq. (2), the cracks in all these notched specimens began to propa-
gate at a specimen strain about one third the breaking strain of a normal
tensile specimen. The corresponding factor for other configurations can be
deduced from known?! relations of the general type of eq. (1).
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Using this same approach, we ecan estimate the size of the inherent flaws,
from which fracture of a normal, unnotched tensile bar begins. For small
through-cracks in a large plate or sheet,

K = (%d/2)"0,

where d is the flaw size. This should not differ greatly from the desired ex-
pression for a small internal elliptical crack in a three-dimensional body.2!
If we take o, equal to the normal tensile strength and go through the same
reasoning as above,

d=2X (019?27 = 23 X 10~%in. = 0.6 mm.

This quantity is of the order of magnitude of the length of a glass fiber, as
we would expect if our proposed mechanism of failure is correct.

The effects of loading rate on K, (Table IIT) are also in at least qualita-
tive agreement with the predictions of our model. Asineq. (4), K;, may be
broken down into two terms, of differing dependence on strain rate. The
first term, whose effect will predominate for small K., is the critical stress
intensity factor for pure resin; as the data in Table IV indicate, this de-
creases somewhat with increasing strain rate. The second term is propor-
tional to ¢, and will be most important at high K;,. The rate dependence of
this term is primarily controlled by the factor 8 in eq. (2). This may be
expressed as'®

_ tanh &
N

N = (Gy)"* X (constant)

where G, is the shear modulus of the matrix, which increases with strain
rate. For the magnitudes involved here, 8, and thus the second term of
K., increases somewhat with increasing strain rate. The trend of the data
in Table I1I agrees with these predictions.

=1

Notched Izod Impact Strength

The fracture energy per unit area (strain energy release rate) can be com-
puted from K, by using the relation?

G]c = K1c2 E* (6)
where G, is the fracture energy. For an isotropic material in plane strain,
E
E* = _
1 — 2

where F is Young’s modulus and » is Poisson’s ratio of the material. For or-
thotropic materials, E* is a more complex function of the various moduli
and Poisson’s ratios. In the present case, in which a moderately oriented
material is tested in its strongest direction, E* may be expected to be some-
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what lower than the average slope of the stress—strain curve measured in
the orientation direction.

The energy G, should correspond, at least approximately, to the fracture
energy measured in a notched Izod impact test.’®22 If the Izod value I is
expressed, as usual, in ft-lb/in. of notch, then

G =2 301

when the specimen dimensions are those recommended in ASTM D256.
This relation involves several assumptions and approximations. The com-
putation must, of eourse, be carried out for a strain rate equivalent to that
of the Izod test. More fundamentally, as discussed by Srawley and
Brown,® this relation assumes that the loss in pendulum energy can be
equated with that consumed in forming cracked surface, and that the resist-
ance to crack extension is constant during the propagation of the erack
through the specimen. Both assumptions may well be open to question,
but this approach should be at least qualitatively valid.

The preceding discussion predicts that the square root of the notched
Izod impact strength should be approximately a linear function of ;.
Neglecting rate effects, and using eq. (5), we have

I'* = (3000 + 0.190,)/(30E*)"". )

In Figure 3, the data of Table II have been plotted in this way. The rela-
tion predicted by eq. (7) is also shown, for three values of E*. This simple

T T T

0.9~

0.8—

(NOTCHED iZOD IMPACT STRENGTH, FT-LB/IN.)"/2
5
|

1 ] | I
6 8 10 12 14 16 18

op, PSI X 1073

0.7
0o

Fig. 3. The square root of notched Izod impact strength for all specimens, plotted
against oy. Symbols as in Fig. 1. The lines represent eq. (7) for three values of the
modulus £*.



864 HARDY

approach seems to agree fairly well with the observed behavior, and the re-
sulting values of E* seem quite reasonable. It should be remembered that
E* is the average slope of the entire stress—strain curve corrected by a fac-
tor not much greater than unity, and not the initial modulus, which is con-
siderably higher.

It has been reported that, in some circumstances, slippage of fiber ends
within the matrix can make a major contribution to the fracture energy.®®
In that case, as the matrix—fiber adhesion is increased, the energy of fracture
will reach a maximum and begin to fall off before the condition of maximum
tensile strength is attained. No indication of such an effect was seen in the
present work, in which the energy rose monotonically with tensile strength.
Slippage always occurred in preference to fiber breakage during failure; the
fracture surfaces were covered with protruding fiber ends which were about
half as long as the fibers themselves. This is because the fibers were gen-
erally too short to develop the maximum possible tensile stress.® If sim-
ilar compositions could be prepared containing much longer fibers, the pre-.
dicted energy effects might be observed.

At zero oy, the extrapolated notched Izod value is around 0.6 ft-Ib/in. for
the glass-filled materials, compared with about 1.25 ft-lb/in. for the pure
resin. On the other hand, it was shown above that K;, for these same com-
positions extrapolates to a value very close to that found for unfilled resin.
This difference is undoubtedly due to the larger root radius of the notch
specified for the conventional Izod test (0.010 in.) which may be insufficient
to completely suppress gross yielding of the pure resin, even at the high test
speed used. For two types of acetal copolymer, Williams and co-workers??
obtained values of . corresponding to notched Izod impact strengths of
0.3-0.7 when the specimens were sharply notched with a razor blade. It is
also worth noting that a notched Izod impact strength of about 0.6 ft-lb/in.
is obtained when gross yielding of the unfilled polyacetal is suppressed by
testing at sufficiently low temperatures (—40°C or lower).

Glass Fiber-Reinforced Nylon

In Figures 2 and 3, the points for dry glass-filled nylon 66 lie very close to
the correlation established for the polyacetal compositions. This suggests
that the K. and G;, of the unfilled nylon resin are quite similar to the values
for the polyacetal used, since the comparison on the basis.of ¢, should elim-
inate any differences due to the glass fiber. This conclusion is also in agree-
ment with the data of Williams and co-workers for nylon 66.2

CONCLUSIONS

The fracture resistance of the glass fiber-reinforced compositions studied
seems to be wholly consistent with the model previously proposed for their
tensile behavior. In particular, the critical stress:intensity for crack prop-
agation K;. and the notched Izod impact strength I are found to be linear
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functions of ¢, and ¢,% where o, is the contribution to the tensile strength
of that portion of the fibers which acts parallel to the applied load. This
supplies a means of deriving these quantities from tensile test data, or esti-
mating them approximately on the basis of the fiber length and orientation
distribution.

As a corollary, it is seen that transversely oriented fibers, or other small
rigid particles with no great extension in the direction of loading, will not be
expected to make a significant contribution to fracture resistance, no matter
how well bonded to the matrix. Since such a filler will tend to repress gross
yielding, the crack propagation resistance will be considerably lower than
that of the pure resin under transitional conditions, such as those of the
notched Izod test at room temperature.

This approach is suggested to apply only to materials in which the fibers
can be regarded as being well dispersed in the matrix. Compositions con-
taining clumps of long fibers are often found to possess a rather high
notched impact strength, together with a tensile strength which is not much
greater than that of the unfilled resin. In this case, an appropriate model
must consider the behavior of the fiber-rich regions separately from that of
the bulk of the material. Such a treatment has not been attempted, but it
seems likely that it could be carried out along much the same lines as the
present argument.

The notched Izod test is seen to be a useful and valid measurement of one
characteristic of glass-reinforced thermoplastics; namely, the resistance to
enlargment of a preexisting flaw. It cannot, however, shed much light on
the behavior of an unflawed specimen. For this, “practical’”’ impact testing
is required, in the absence of a reliable model for the initial failure process.
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