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Synopsis

The tensile stress—strain behavior of glass fiber-reinforced polyacetal resin was in-
vestigated for various fiber concentrations, fiber length distributions, and finishing
agents. The polyacetal fiber blends change considerably in strength and elongation at
break when treated with ammonium chloride, but otherwise similar specimens still
follow a common stress—strain curve to a point shortly before failure. As the mean fiber
length decreases, the modulus and tensile strength fall, but the elongation at break re-
mains almost unchanged. The observed tensile behavior is discussed in terms of a sim-
plified model, which assigns the fibers to two categories: a fraction « parallel to the
applied load, and the remainder distributed in a plane perpendicular to the load axis.
By fitting this model to the stress—strain curves, two other constants of each system are
derived: a length-dependent efficiency factor 8 for parallel fibers, whose magnitude
agrees with the predictions of Rosen and his co-workers, and a factor v which expresses
the constraint of the matrix resin by the “transverse” fibers. The behavior of v is
consistent with Tsai’s theory of the transverse modulus of laminates, if a reasonable
amount of fiber-fiber contact is assumed. In terms of this model, possible interpreta-
tions of the behavior under repeated loading and the mechanism of tensile failure are
presented.

INTRODUCTION

Reinforcement of polymers by strong, rigid fibers can lead to substantial
increases in tensile strength, modulus, and resistance to creep at elevated
temperatures.! For laminates based on thermosetting resins, in which
the fiber geometry is usually simple and well controlled, the theory of these
effects is quite highly developed.?* On the other hand, the properties of
fiber-reinforced thermoplastics are not yet amenable to detailed interpre-
tation, in spite of rapidly increasing interest in these materials.#5 This is
in part because strong fiber-matrix adhesion is difficult to achieve for some
thermoplastics,$7 but there are other difficulties. The usual methods of
melt fabrication result in products which contain rather short fibers, more
or less randomly dispersed in a resin matrix which typically has rather
complex viscoelastic properties. These characteristics cannot be directly
handled by the customary linear elastic theories of unidirectional compos-
ites.

* Present address: National Bureau of Standards, Washington, D. C. 20234.
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In this communication, we will describe some features of the observed
stress—strain behavior of acetal polymers containing glass fibers. A
recently discovered chemical treatment®® has made it possible to control
the tensile strength and elongation to break of polyacetal-glass fiber blends,
without grossly changing the fiber geometry, fiber finish, or the mechanical
characteristics of the resin matrix. Using a simple mechanical model, we
will attempt to interpret and predict the tensile properties in terms of
concepts already established in the theory of unidirectional composites.

EXPERIMENTAL
Materials

The resin matrix used in preparing most of the test specimens was an
acetal copolymer containing less than 5 wt-9, of oxyethylene units. It was
stabilized by depolymerization of unstable chain ends and contained
approximately 0.5 wt-9, of a conventional antioxidant-acid acceptor
stabilizer system.?® The melt flow rate of this polymer at 190°C (ASTM
D1238, condition E) was 9.0 g/10 min; its inherent viscosity was 1.25,
measured in 989, p-chlorophenol-2%, a-pinene at 60°C and a concentration
of 0.1 g/100 ml.

Two representative types of commercial E-glass fiber were used, each in
the form of 1/+in. chopped strand. According to information supplied by
the manufacturer, one of these contained a poly(vinyl acetate) binder and
vinylsilane coupling agent; the other was finished with partially cured
epoxy resin and a glycidoxysilane coupling agent.

For comparative purposes, a commercial glass fiber-reinforced nylon 66
was also examined. This product contained 33 wt-9, randomly dispersed
glass fiber, of about 0.4 mm average length. The composition of the fiber
finish is not known. Unfilled nylon resin from the same source was also
tested, to determine the mechanical properties of the matrix.

Fabrication

Uniformly dispersed blends of glass fiber and acetal copolymer were
prepared by two methods. (I) The polymer was melted on a two-roll
mill at about 190°C. Chopped glass fiber was added in small portions
over a 5-min period, and the blend was homogenized for another 5 min.
Final average fiber lengths ranged from about 0.2 to 0.7 mm, depending
on the amount of glass fiber used. (2) A mixture of chopped glass fiber
and resin was blended in a Banbury mixer for 15 min at about 180°C and
230 rpm. The final average fiber length was about 0.05 mm.

In either case, the hot product was pressed flat and cut into 1/;:-in. chips
for injection molding.

The test moldings were ASTM Type I tensile bars, /s in. thick, with
moderately open gating located at one end. The fiber orientation was kept
as constant as possible by carefully standardizing molding conditions. A



ACETAL POLYMER TENSILE BEHAVIOR 963

ram injection molding machine was used at a pressure of 25000 psig, with
a 60-sec cycle and a 25-sec dwell time. For acetal-based materials, the
nozzle and cylinder were set at 205-225°C and the die temperature was
110-120°C. When molding the nylon resins, the nozzle and cylinder were
set at 275°C and 290-315°C, respectively.

Test Methods

The tensile tests were carried out according to ASTM D638 at a crosshead
speed of 0.2 in./min. Reported elongation was based on crosshead motion
and a nominal gage length of 4.5 in. Maitrix resins were also tested at
higher speeds, up to 0.5 in./min. The polyacetal specimens were condi-
tioned for 48 hr at 23°C and 509, RH; the nylon specimens were tested
dry, as molded, after aging at least 48 hr in a closed container. Reported
tensile data are averages of at least five independent determinations.
Several materials were also tested after first loading at 0.2 in./min to pro-
duce a predetermined strain, then unloading at 0.2 in./min and allowing
to relax for at least ten times the loading period.

Approximate average fiber lengths in the test specimens were determined
by microscopic examination at 50-100X. A small chip cut from the
molded specimen was first treated with nitric acid (polyacetal) or formic
acid (nylon) to remove the matrix resin. The resulting glass fiber mat
could then be dispersed for study by gentle agitation.

Ammonium Chloride Treatment

The reinforcing efficiency of glass fiber in polyacetal resin was varied by
adding traces of ammonium chloride, as described in recent patents.?
Because of the small amount required, it was most convenient to do this
by dry blending the ammonium chloride (0.01-0.02 wt-9;) with the pow-
dered polymer before adding the glass fiber. At this concentration, in the
absence of glass fiber, ammonium chloride was found to have no detectable
effect on the mechanical properties of properly fabricated polyacetal.

Tensile Properties

Using epoxy resin-finished glass fiber, the effect of ammonium chloride
treatment was examined at four levels of fiber content, ranging from 10 to
40 wt-%. The results of these experiments are summarized in Table I
and Figure 1 (solid curves). The most striking feature to be observed is
that all the stress—strain curves for a given glass content seem to lie largely
on a common envelope, irrespective of the efficiency of reinforeement, as
judged by breaking strength. In keeping with this, the initial tensile
moduli at a given glass fiber content were almost independent of strength,
within the accuracy with which the initial tangents to these curves could
be drawn. Only at fairly high elongations, close to the final break, do the
observed stresses fall below the common envelope. The increased strength
produced by ammonium chloride treatment is, thus, associated with in-
creased elongation to break, for a given glass fiber content.
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Fig. 1. Observed stress—strain curves and fitted eq. (1) for polyacetal containing 1040
wt-% glass fiber finished with epoxy resin. The wt-9;, NH,Cl added is indicated for
each experimental curve.

The effects of increased glass fiber content, which may be seen by com-
paring the various envelopes, are about as would be expected.3 The
initial modulus rises, as does the level of tensile strength which can be
achieved. Tor a given ammonium chloride concentration, the elongation
to break falls fairly rapidly as the fiber content increases.

A second experiment was performed with the use of glass fiber finished
with poly(vinyl acetate). Some of the results are shown in Figure 2.
All of these specimens contained 40 wt-9 glass fiber, but the distribution
of fiber lengths was varied by roll mill blending of various proportions of
material originally prepared by the roll mill and Banbury methods. This
was done at two levels of ammonium chloride concentration.

It can be seen, first of all, that the stress—strain curve for the material
wholly prepared on the roll mill is very similar to that observed for 409
epoxy finished glass fiber (compare with Fig. 1). Numerical details are
given in Table I. However, the most striking feature of these data is the
observed fact that the replacement of fairly long fibers by very short fibers
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TABLE I
Experimental Materials and Constants of Fitted Stress—Strain Curves
Glass content, Mean fiber « =04

Series wt-% length, L/d B Y
Na 33 40 0.54 1.60
E100 10 60 0.51 1.15
E20 20 35 0.42 1.35
E30 30 30 0.38 1.65
E40 40 20 0.29 2.05
V40/0° 404 0e 25 0.31 2.05
V30/10 30 10 201t 0.28 2.05
V20/20 20 20 15¢ 0.23 2.05
V10/30 10 30 10t 0.15 2.05
V0/40 0 40 5 (0.05) (2.05)

» Commercial glass fiber-nylon blend.

b Epoxy-coated glass fiber in polyacetal.

¢ Vinyl acetate-coated glass fiber in polyacetal.
d Fiber derived from roll mill blend.

¢ Fiber derived from Banbury blend.

f Calculated from values for V40/0 and V0/40.
e Extrapolated.

has very little effect on the elongation to break, while it drastically reduces
the attainable tensile strength. The entire stress—strain envelope is lowered
in proportion to the amount of short fiber material used; thus, in this case,
the initial modulus is reduced as well. Here again, the effect of increased
ammonium chloride coneentration is simply to increase the stress and
strain at which the curve deviates from a common envelope. The approxi-
mate constancy of elongation to break over the entire range of blends holds
for either level of ammonium chloride treatment.

The behavior of two of these same materials (1009, roll mill fiber, at
two levels of ammonium chloride treatment) was also investigated after
the specimens had been subjected to varying amounts of prestrain and
then unloaded. This experiment was undertaken to examine the possibility
that the resin may pull away progressively from the fiber ends as the loading
increases.’! The initial tensile modulus found in each trial is plotted in
Figure 3 as a function of the prestrain. Fairly substantial changes in
modulus were found, but it will be shown below that they were most likely
to be due to differences in the properties of the resin matrix, caused by the
strain history.

The stress—strain behavior of the glass-reinforced nylon composition,
which was tested for comparison with the polyacetals, is shown in Figure 4.

DISCUSSION
Model for Tensile Behavior

We will attempt to rationalize the shapes of the stress—strain envelopes
in Figures 1, 2, and 4, assuming perfect adhesion between fibers and matrix
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Fig. 2. Observed stress—strain curves and fitted eq. (1) for polyacetal containing 40
wi-9, glass fiber finished with poly(vinyl acetate). Various proportions of longer and
shorter fibers were used, at the indicated NH,Cl contents.

resin. The negative deviations which precede failure will thus be ascribed
to breakdown of the adhesive bond, or perhaps to some other form of
structural deterioration such as fiber fracture.

The mechanical behavior will be approximated by that of a group of
fibers parallel to the applied load, surrounded by a matrix consisting of the
polymer plus other fibers randomly arranged in a plane perpendicular to
the loading direction. For brevity, these will be referred to as the “paral-
lel” and “transverse’ fibers, respectively. The sum of the volume fractions
of these two hypothetical groups of fibers will be taken to be equal to the
true volume fraction of added fibers (V).

The fraction of the fiber content assumed parallel to the applied load will
be denoted by . We have not carried out a detailed investigation of the
true orientation distribution of the fibers (a matter of some difficulty), and
will not attempt to predict the values of the components to be assigned to
a fiber of given orientation. Instead, « will be regarded as a measure of
the effective orientation distribution, to be derived from the tensile data.
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Fig. 3. Observed values of initial tensile modulus of polyacetal containing 40 wt-%,
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Fig. 4. Observed stress—strain curve and fitted eq. (1) for nylon containing 33 wt-9
glass fiber.

Following the usual “law of mixtures,”’? we can then divide up the total
stress ¢ on an element of the composite into contributions from the “paral-
lel” fibers (assumed linearly elastic) and the matrix:

o= afViEie + (1 — aVi)on, .

In this equation, ¢, . is the stress in the matrix (consisting of resin and
“transverse” fibers), E; is the Young’s modulus of the fibers, and 8 is a
mechanical efficiency factor for the ‘“parallel” fibers, due to their finite
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length (see below). For fibers which are very long, 8 becomes equal to
unity.

It is now necessary to evaluate o, for the composite strain e. Here
we encounter two difficulties: the matrix is itself a composite material,
and the polymer component is highly nonlinear in its elastie behavior, even
before the onset of plastic flow. We make the following assumption: the
effect of the ‘“‘transverse” fibers is simply to make the true elongation of
the resin component equal to the overall strain ¢, multiplied by some con-
stant factor y. Thus, om, at the composite elongation ¢ is taken to be
equal to the resin tensile stress o, as measured at an elongation of ve.

There is considerable precedent for an assumption of this sort.
Nielsen'?'® has proposed that the stress-strain behavior of a polymer
containing rigid spherical particles can be represented by

e(resin)/e(composite) = y = (1 — V7)1

where v is again the ratio of true strain in the resin to the observed strain
for the filled specimen. Kies? and Schulz'* have investigated the strain
concentration produced in a matrix containing parallel, uniformly spaced
fibers, when loaded in a direction perpendicular to the fiber axis; they find
that the matrix between fairly closely spaced fibers may be forced to sustain
an elongation as much as 5-20 times that of the composite as a whole.
The factor v is thus to be regarded as an average strain concentration
factor for resin containing the transverse fibers.

The stress—strain relation for the total fiber reinforced material will then
be approximated by the sum of (1) a linear term due to the parallel fibers
and (2) a nonlinear term derived from the stress—strain relation of the resin
itself by compressing the strain axis:

o= afViliie + 1 — aVior,,. 1)

With three disposable constants, it is evident that at least a fair fit to the
observed stress—strain envelopes will always be possible. The justification
for this approach must then rest on the plausibility of the values found for
a, 8, and yv. However, it should be noted that there are certain restraints,
imposed by the physical meaning assigned to each constant. Thus, it
seems reasonable to require that a single value of « be assigned to all the
data presented herein, since the molding conditions were kept constant,
so that the distribution of fiber orientations probably did not vary greatly.
For a given set of fiber and resin properties, 8 should vary only with fiber
length and concentration; « should be >1, and be controlled by the total
fiber content and the value of a.

Application to Experimental Results

The stress—strain envelopes shown in Figures 1, 2, and 4 (dotted lines)
were obtained by fitting eq. (1) to the initial portions of the observed tensile
loading curves. For any given value of , ¥ was chosen to make the differ-
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ence ¢ — (1 — aV)o, . linear in € up to the greatest possible elongation.
The values of o,,. were read off the measured stress—strain curve for pure
resin at an ordinate ve, as explained above. Since the factor v implies
that the actual strain rate in the resin was 0.2 v in./min, it was necessary
to interpolate between values obtained at several strain rates, but this
correction was appreciable only for the highest fiber contents.

Equation (1) could be fitted very closely to all the observed stress—strain
curves. Up to a point just before the specimens broke, the fitted curve
was always considerably closer to the averaged data than were most of
the individual curves on which the averages were based. The values ob-
tained for the constants «, 8, and v are listed in Table I. At this point,
there is little limitation on the value of «, since it appears only in the prod-
uct af and in the factor 1 — oV which is always close to unity. The
value chosen for a will be justified in the next section.

Fibers Parallel to the Applied Load

The values obtained for « and 8, reflecting the behavior of that fraction
of the fibers assumed parallel to the applied load, may be compared with
the results of a theoretical analysis described by Rosen.’s® It is assumed
that the “parallel” fibers take up a share of the load applied to the com-
posite, by stress transfer from the surrounding matrix. Near the middie
of a long fiber, the simple ‘“law of mixtures” condition applies, the fiber and
matrix elongate equally, and each bears a fraction of the load determined
by its modulus and cross-sectional area. The tensile stress in a fiber is
taken to be zero at an end; it builds up toward the central portion by shear
between the fiber and the matrix. The following relations are found®* for
the fiber tensile stress (o) and interfacial shear stress (r) at a distance z
from the end of a fiber of length L and diameter d:

oi/eEs = 1 — cosh nz + tanh 4L/2 - sinh 92 2)
7/eE¢ = nd/4 (tanh 9L/2 - cosh nx — sinh 5z) 3)
1 = (G/E)" [V /(1 — &V /) ]17(2/d) 4)

In these equations, Gy, is the shear modulus of the matrix, which is assumed
to be a linear elastic material. We can integrate eq. (2) over the length
of a fiber, and obtain an expression for the average fiber stress, which is
the same as the product 8Ee in eq. (1). Thus,

8 = 1 — (tanh N/N) (5)
N = (Gy/E)" V7 /(1 — &/ V() ]"(L/d) (6)

To use these relations, it is necessary to obtain an approximate value of
Gy for the elastically nonlinear environment of the parallel fibers. Due
to the strain concentration effect, the matrix modulus must be v times the
modulus of the resin. The latter quantity was approximated by the secant
modulus of the polymer over the range of interest; that is, up to an
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elongation of v times the observed elongation to break of the strongest
specimens. (This turned out to be close to the yield maximum of unfilled
polymer.) To convert tensile to shear modulus, we have assumed that
. Poisson’s ratio » is 0.4 for both polyacetal and nylon and used the relation
G = E/2(1 4+ »). The values of resin tensile modulus actually used in the
computation were 1.5 X 10° psi for the polyacetal and 1.9 X 10° psi for
nylon. The tensile modulus and Poisson’s ratio of the glass fiber were
taken to be 10.6 X 10° psi and 0.22, respectively.”

The curve in Figure 5 shows the relation between 8 and N which is
predicted by eq. (5). The value of « used in Table I was chosen to give the
best fit of all the experimental 8 to this theoretical curve. The points in
Figure 5 are these experimental values of 8, plotted against values of N,
computed from known properties of each material by using eq. (6). Con-
sidering the many approximations made, the agreement which can be
obtained is surprisingly good.

An o equal to 0.4 might seem to imply only a moderate bias of the fiber
orientation toward the loading direction, but there is theoretical evidence
that the fiber efficiency falls off very rapidly as the angle between the fiber
axis and the loading direction increases from zero.?® This will tend to
reduce the values of @ computed by the present method, as compared to
the true orientation distribution. A qualitative microscopic examination
of typical sections actually revealed a rather strong tendency for fibers to
be aligned at small angles to the loading direction.

Equations (2) and (3) can be used to estimate two other important
properties of each system, the maximum interfacial shear stress (at the
fiber ends) and the maximum fiber tensile stress (at the middle). The
results of this computation are summarized in Table II, using, in each case,
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Fig. 5. Fiber efficiency 8 plotted against the structural constant N defined by eq. (6).
The solid curve is the relation predicted by eq. (5).
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TABLE II
Predicted Stress—Strain Behavior of Parallel Fibers

Maximum Gmax

elongation X 1073,
Series* NP ge at break, %, Tmax, Psid psi®
N 2.46 0.60 3.5 11,200 308
E10 1.91 0.50 4.0 6,500 301
E20 1.52 0.40 3.7 7,700 228
E30 1.68 0.44 3.3 9,100 224
E40 1.41 0.37 2.8 9,300 160
V40/0 1.77 0.47 3.1 11,000 220
V30/10 1.41 0.37 2.3 7,600 131
V20/20 1.06 0.26 2.2 6,500 89
V10/30 0.71 0.14 2.4 5,500 53
V0/40 0.35 0.04 (2.4)f 3,000 15

a See Table 1.

b From eq. (6).

¢ Predicted by eq. (5).

d Maximum shear stress at average fiber end, from eq. (3).

e Maximum tensile stress at middle of average fiber, from eq. (2).
f Extrapolated.

the maximum elongation actually observed. The values obtained for the
maximum shear stress are unlikely to be very accurate, since the geometry
of the fiber ends would have a great effect on the stress distribution.?®
They do, however, suggest that localized plastic flow would be appreciable
in certain cases in which the computed shear stress is very high. As pointed
out by Rosen,® plastic regions (near the ends) would tend to reduce the
effective fiber length compared to the fully elastic case. It thus seems
significant that the computed interfacial shear is greatest for precisely those
materials whose values of g fall below the predicted fiber efficiency curve
in Figure 5. On the other hand, a model in which the major part of the
resin—fiber interface was undergoing plastic deformation would clearly be
inappropriate in most cases.

The estimated maximum fiber tensile stresses indicate that complete
stress transfer to the fibers was not attained in any system, due to insuffi-
cient fiber length (oma.x is always less than Ete). The maximum tensile
stresses calculated are quite reasonable, in the light of reported strengths
of short E-glass fibers.2:16.77

Fibers Transverse to Load

The constant v reflects the extent to which the mechanical properties of
the resin phase are modified by the presence of the transverse fibers. The
data in Table I indicate that v rises significantly, but fairly slowly, with
increasing fiber content; it does not seem to be greatly affected by fiber
length, fiber finish, or the nature of the matrix resin.

The behavior of v can be related to that of the transverse modulus of a
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unidirectional composite. Several theoretical treatments of this problem
are available;'* that of Tsai® seems most appropriate for our present
purposes. His formulation includes a contiguity factor C, to allow for
the effects of fiber—fiber contacts in a randomly packed unidirectional
composite; such contacts might be expected to be quite frequent in the
multidirectional systems under study. When C is zero, all the fibers are
isolated by resin; when C is unity, all the fibers are in contact—that is,
the composite is regarded as a glass sponge whose interstices are filled with
resin.

The relation derived by Tsai is:

Eians = YE: = 2[1 — v¢ + (v — v)V:] X

[(1 -0 K:(2K: + G) — G(K; — K)V:
(2K, + G.) + 2(K: — K,)V:

Ki«(2K. + Gy + Gf(Kr_Kf)Vr] @
QK. + Gy) — 2(K; — K9V,

where V. is the volume fraction of resin and » is Poisson’s ratio. The
volume of “parallel” fibers must clearly be neglected in computing V.,
since we are attempting to estimate the properties of a mixture of resin
and transverse fibers. K is E/2(1 — v) and G is E/2(1 + »). The prop-
erties of glass fiber, polyacetal and nylon to be used in the eomputation
were discussed in the preceding section. Table III gives the values of C
corresponding to v for each system studied, as calculated by eq. (7). It
can be concluded that the behavior of v is in rather good accord with the
theory of Tsai, taking C as 0.25 to 0.3, with a slight upward trend as the
fiber content increases. The only data available for comparison are for
filament wound unidirectional specimens of much higher fiber content
(50-70 vol-9,); values of C ranging up to 0.5 have been reported for such
systems. 221

+

TABLE III
Stress—Strain Behavior of Resin and Transverse Fibers

Computed strain in resin at failure, %,

0% 0.019, 0.0159, 0.029,

Series® Co NH.Cl NH.CI NH.C1 NH,Cl1
E10 0.26 3.8 4.4 4.6
E20 0.25 3.6 4.3 5.0
E30 0.27 4.0 4.3 5.4
E40 0.28 4.1 4.5 5.7
V40/0 0.28 3.3 5.1 6.4
V30/10 0.28 3.3 4.7
V20/20 0.28 3.7 4.5
V10/30 0.28 3.7 4.9
N 0.31 5.6

s See Table 1.

b From eq. (7).
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Mechanisms of Failure

The model used has been based on the assumption that resin-fiber adhe-
sion is complete up to the point at which the true stress—strain curve begins
to fall below the computed envelope. If this is so, the tensile behavior
should not be greatly affected by a previous loading less than that necessary
to cause deviation from the envelope.

Two sets of specimens were tested after varying amounts of previous
loading, to examine this feature of the model. It was found at onee that
the behavior of the resin itself was not completely reversible under these
conditions. It was thus necessary to compare the results obtained after
a prestrain ¢ with that computed by eq. (1) from the properties of resin
which had undergone a comparable prestrain ye. This was carried through
only for the initial tensile modulus, as shown in Figure 3. The predicted
behavior (using the original «, 8, and v) is shown as a solid curve; the
points are data obtained after the indicated prestrain. For the composition
containing NH,Cl, which broke at about the deviation strain of 2.5%, the
agreement was good throughout. For the other, which contained no
NH.C], the experimental modulus fell below the computed value after pre-
straining to about the deviation point (19, strain). There is thus no indi-
cation that the structural constants «, 8, and vy are affected by a strain
history which is insufficient to eause the original stress-strain curve to
depart from the envelope. On closer examination, however, one might
expeet to find changes due to fiber buckling? and localized plastic flow in
the resin.

There are several possible modes of structural failure at the point of
deviation from the envelope. (I) The parallel fibers may break near the
middle, where the tensile stress is highest. This is unlikely to be true in
all cases, as the computed stresses in Table II show, and cannot account
for the effects of varying ammonium chloride treatment. (2) Resin may
peel back from the ends of “parallel” fibers.!:?? Again, one would have
to explain why this occurred at different interfacial stresses in different
systems, as listed in Table II.  (3) Resin may pull loose from the transverse
fibers. Table III shows that the computed resin strain at failure is a fairly
constant function of ammonium chloride content, independent of the
amount of fiber, for the epoxy finished series £. This tends to support
such a failure mode, as does the relatively small influence of fiber length on
the resin strain at failure in the V series. A similar type of failure initiation
by separation at transverse fibers has been observed in thermoset laminates
containing alternate layers of unidirectional fibers arranged parallel and
transverse to the applied load.??

The values of computed resin strain in Table IIT also indicate that the
poly (vinyl acetate) finish does not adhere to the resin as well as the epoxy
finish, unless ammonium chloride has been added. However, with ammo-
nium chloride treatment, the interphase adhesion seems to improve to a
greater extent for the V series than for the E series. The maximum resin
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strain computed for the glass-reinforced nylon specimen is similar to that
found with the stronger polyacetal compositions.

CONCLUSIONS

Tensile test data, obtained on specimens of glass fiber-reinforced poly-
acetal and nylon resins, over a fairly wide range of composition, seem to be
consistent with a relatively simple mechanical model. By replacing the
true fiber orientation distribution with two hypothetical groups of fibers
arranged parallel and transverse to the applied load; the tensile stress—
strain curve can be described in terms of three characteristic constants.

The effective fraction of fibers parallel to the load («) should, in prineiple,
be derivable from a study of the orientation distribution plus a theory of
the action of oblique fibers. In practice, it seems more convenient to
obtain « empirically, since its value apparently remains constant for a
given set of molding conditions.

The effect of those fibers assumed perpendicular to the load axis can be
expressed by an increase in the effective strain in the resin by a factor +.
The variation in vy with glass fiber content agrees with expected values for
the transverse modulus ratio of a unidirectional composite, if a moderate
degree of fiber contiguity is assumed.

The load bearing ability of those fibers assumed parallel to the load is
reduced by a factor 8, due to their finite length. The magnitude of this
factor can be computed from known properties of the system, by the
method of Rosen.

For a given degree of resin-fiber adhesion, there are indications that
gystems of varying fiber content fracture at almost the same value of true
resin strain, perhaps by pulling away of the resin phase from transverse
fibers.

These results suggest that it may be possible to predict the tensile be-
havior of fiber-reinforeed thermoplastics, with sufficient accuracy for many
purposes, on the basis of a limited amount of experimental data, obtained
under representative conditions. The suggested model may also be of
use in defining the structural changes which are likely to be of the greatest
value in improving the strength of existing materials. On the other hand,
much more work on specimens of differing orientation distribution will
be necessary to clarify the significance of the parameter a and to explore
the variation of 4 with fiber orientation.
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