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the fact that specimens were cut from injection-molded plaques, no or only
slight effects of orientation were observed by testing specimens with cracks
growing parallel and perpendicular, respectively, to the major flow direc-
tion. Electron microscopy studies of fracture surfaces revealed a complex
pattern of fiber orientation varying over the plaque thickness and consisting
of layers with fibers oriented mainly parallel, perpendicular or randomly to
the major flow direction; nevertheless, the specimens behaved quasi-
isotropically. Significant differences in fracture mechanism were observed
depending on the matrix, the interfacial bonding, and the crack speed. 1In
contrast to the fiber-reinforced nylons, the mineral-reinforced material
exhibited poorer FCP resistance than neat nylon 66, even though the former
is superior in tensile and impact behavior.
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Effect of Short Glass Fibers and Particulate Fillers on

Fatigue Crack Propagation in Polyamides

R. W, Lang, J. A. Manson, and R. W, Hentzbeng
Lehigh University
Materials Reseanch Center
Bethlehem, PA 18015

\iﬁx Abstract

The fatigue crack propagation (FCP) behavior (at 10 Hz) of several
commercial short-glass-fiber and mineral-reinforced nylon composites has
been investigated. The FCP rates can be described in terms of the well
known Paris relationship. Significant improvement in FCP performance was
found for the glass-fiber-reinforced materials in comparison to that of
the pure matrix materials (nylon 66 and nylon 612). Also, the FCP
resistance was found to increase with increasing fiber content and inter-
facial adhesion for nylon 66. Despite the fact that specimens were cut
from injection-molded plaques, no or only slight effects of orientation
were observed by testing specimens with cracks growing parallel and
perpendicular, respectively, to the major flow direction. Electron micro-
scopy studies of fracture surfaces revealed a complex pattern of fiber
orientation varying over the plaque thickness and consisting of layers
with fibers oriented mainly parallel, perpendicular or randomly to the
major flow direction; nevertheless, the specimens behaved quasi-isotropically
Significant differences in fracture mechanism were observed, depending on
the matrix, the interfacial boanding, and the crack speed. 1In contrast to
the fiber-reinforced nylons, the mineral-reinforced material exhibited
poorer FCP resistance than neat nylon 66, even though the former is

superior in tensile and impact behavior.




Introduction

Since rigid inorganic phases (both fibrous and particulate) are

often combined with plastics to yield composites for engineering appli-
cations, their fatigue behavior is of considerable interest. For example,
the S-N or E-N behavior (cyclic stress or modulus vs. cyclic 1ife) of
wany fibrous composites has been extensively investigated. Failure

processes have also been studied, often usiné fracture mechanics approaches,

and much of the cyclic life is often associated with the propagation of
damage from a flaw (1). [For reviews, see references 2=5.] 1Indeed several
F studies of FCP ;n short-fiber and particle-reinforced composites have

been reported (6-9). However, while some S~N curves compare the matrix

! with the composite (10), most of the available FCP data do not permit ready

comparison. [For an exception, see Suzuki et al. (11), who showed that

short glass fibers decreased FCP rates in nylon 6.] i

R

We decided therefore to extend our current studies of FCP in

A IR

engineering plastics [e.g., polyamides (12,13)] to include particle and

short-fiber reinforced systems. The goal is to examine FCP response and

b the micromechanisms of failure as a function of test conditions, composition,
orientation, interfacial characteristics (14), and environment. This paper

describes preliminary results with several readily available composites

of nylon 66 (N66) and nylon 612 (N612); later papers will describe results

for made-to-order systems including specific interfacial treatments.

Experimentol_

r Materials and Specimen Preparation

Table 1 lists the materials tested and their sources and charac-

teristics. All plaques were injection-molded, with dimensions and gating

2.
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indicated in Fig. 1. Since injection-molding yilelds complex orientations
of fibers, specimens were cut to be loaded transversely (T) or longi-
tudinally (L) with respect to the flow direction. Values of the number
averhge molecular weight, Mn’ were determined viscometrically in formic
acid (15); % crystallinity was determined using a density gradient column;
values of E were of flexural modulus (16,17), except for series B, in ;

which the storage modulus, E', was measured using an Autovibron, model

IIIC (Imass, Hingham, Mass.).

To examine the role of notch sharpness on the fracture energies
of A-N66 and A-40M, respectively, impact tests were performed on specially
prepared specimens. Two sets of samples of identical geometry containing
either a machined notch or a fatigue crack were used for each of these
materials. In the one case a notch 5.1 mm in length was cut with a single- \
point cutter having a tip radius of approximately 0.5 mm. In the other
case a notch only 2.5 mm long was machined and the specimens were subsequently
fatigued at 10 Hz in a 4-point bending apparatus to grow a fatigue crack of
2.6 mm. Thus the total length of the crack (i.e., of the machined notch
plus the fatigue crack) was also 5.1 mm. The specific fracture energy, W

sp’
(fracture energy W/cross-sectional area of unbroken ligament A), was

determined using an Izod impact tester, TMI No. 43-1 (Testing Machines, Inc.,

Amityville, New York).

Fatigue Testing

Tests were conducted using an electrohydraulic closed loop testing

machine at a frequency of 10 Hz using standard procedures and compact-
tension.specimens (18). The applied waveform was sinusoidal with constant
load amplitude and a minimum-to-maximum load ratio, R, of 0.1. Environmental
conditions were laboratory air at 22-24°C and a 40% average relative

3.

— —m——y e . -y



-l

humidity. FCP rates were plotted as log da/dN, the ‘rate of crack growth
per cycle, as a function of log 4K, the stress-intensity-factor range; AK is
given by AK=YAo/a, where Y is a geometrical variable, Ac the stress range
and a the crack length. After coating with a 15-to-20-nm-thick gold-
palladium layer, fracture surface morphologies were studied with an ETEC

scanning electron microscope (SEM) (20-kV accelerating voltage).

Results and Discussion

Fatigue Crack Propagation

* The effects of different second phases on FCP resistance
nylon matrix are evident in the comparison with pure N66 in Fig.

figure also shows that macroscopic growth rates were essentially

in a dry
2; the

the same

for samples tested in longitudinal (L) and transverse (T) directions. This

} is reasonable for the particle-reinforced material; for discussion of the

% independence of FCP rate on orientation in the fiber-reinforced nylons,

’ gee the section Fractography. In any case, while the FCP resistance

ﬁ is decreased by the particulate filler in A-40M, a significant improvement
can be observed for the short-glass-fiber reinforced material. 1In fact, on
extrapolating the curves to AK=2.5 MPa/E, FCP rates increase by about 1.5
orders of magnitude for A-40M, but decrease by more than 2 orders of magni-
tude for A-33G. An alternative comparison is based on the AK necessary to
drive the crack at a given rate. The 4K required for da/dl‘!slo-3 mm/cycle,

- for instance, is 2, 3, and 6 MPa/m for A-40M, A-N66, and A-33G, respectively.

L . Thus the substantial improvement in other mechanical properties (10,16,17,

Table 1) due to the incorporation of short glass fibers is also reflected

in FCP behavior,

4.
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On the other hand, the detrimental effect on FCP performance due
to the presence of the mineral filler (A-40M) seemed at first to be some—
what surprising. Although the matrix in A-40M has not been identified,
values of notched impact strength, tensile strength, and especially modulus,
E, are all higher than for N66 (16,17); also, fatigue cracks were more

difficult to initiate in A-40M than N66. Hence it appears that A-40M is

more sensitive to notch acuity and requires more energy to initiate a crack
than N66. Since conventional tensile tests or impact tests do not distin-
guish between the energy dissipated in initiation and the energy dissipated
in propagation of fracture, it was decided to separate these two parts by
testing the impact properties of specimens containing a machined notch
(notch tip radius, ¥0.5 mm) versus specimens having a fatigue crack of the
same length., It is apparent from the results shown in Table 2 that the
specific fracture energy is higher for A-40M than for A-N66 in the case of
the machine notched samples. Also, Wép in the pure nylon 66 is slightly
higher for the fatigue-cracked sample (by a factor of 1.3), probably due to
blunting by the cyclically-induced plastic zone at the crack tip. On the

other hand, the specific fracture energy for A-40M is reduced by more than

an order of magnitude when a fatigue crack replaces a machined notch. As
a consequence the relative ranking of the two materials becomes inverted in
this case, paralleling the results obtained for FCP. These observations
clearly confirm the assumption of the higher energy necessary to initiate
a crack in A-40M. However, once a sharp crack is present it propagates
more readily in the particle-reinforced material.

The effect of fiber concentration (0, 30, and 50 wt X) is shown for

the case of series B (based on nylon 66) in Fig. 3. While the values shown

3. l




are for the T-configuration, results for the L-configuration were similar.
Clearly, as found for fatigue life in unnotched specimens (10) and for FCP in
nylon 6 (11), the FCP resistance increases with fiber content, at least at a fre-
quency of 10 Hz. [For a study of the effects of frequency in these composites,
see reference 19.] However, several differences between the data in Figs.
2 and 3 are apparent. First, B-N66 behaves better than A-N66, the difference
in da/dN being nearly an order of magnitude. Although the water content
differs (Table 1), the average molecular weight and crystallinity are
similar. While water has a profound effect on FCP in nylons, comparison
of these data with those from references 12 and 13 shows that water alone
cannot account for the difference mentioned. It seems likely that specimen
thickness (6 and 3 mm for A-N66 and B~-N66, respectively) is at least partly
responsible, The thinner the specimen, the greater the tendency towards
plane-stress rather than plane-strain conditions, and the greater the energy
required to propagate the crack. Indeed, as with polycarbonate (20,21),
shear lips were observed on the fracture surfaces.of B-N66 (19)., Second,
while FCP resistance in series B is increased with increasing fiber content,
a comparison of Series A and B (Figs. 2 and 3) shows that the FCP resistance
of A-33G is superior to that of both B-30G and B-50G. This may be due to
differences in fiber aspect ratios and interfacial bond strengths. In fact,
SEM studies of fracture surfaces (see below) reveal a greater degree of
fiber-matrix adhesion for materials of series A; thus series A would be
expected to behave better than series B. In any case, both aspect ratio
and interfacial adhesion are known to be important factors in fatigue life
and other kinds of mechanical response as well (2-9,22),

Preliminary tests (Fig. 4) were also conducted using N612 reinforced
with 43% glass fibers (C-43G), and compared with those for the pure matrix

6.




(12,13). The improvement by the incorporation of fibers is again
remarkable. [It should be noted that for both C-N612 (12) and C-43G some
dependence on orientation was observed.] E
Fractography |

Fig. 5 shows two failed specimens of A-33G arranged as cut from the
original plaque (Fig. 1); as can be seen, the cracks propagated nominally
parallel to the anticipated crack plane. [For some specimens (N66 with 43%
fibers), the test results had to be discarded because of excessive departure
of the crack from the desired horizontal fracture plane due to fiber orienta-
tion.]

Fractographic examinations were conducted. to determine the orienta-

tion of fibers in the fibrous systems, and to provide insight into the

| mechanisms of FCP. It was discovered that the fiber orientation varied over
the thickness of the injection-molded plaques as if they were composed of
’- several different layers. The following model might be useful to describe

these findings. Close to the two surfaces of the plaques where the shear

PN

gradient (or velocity gradient) in the melt stream while filling the mold is

high, fibers aré oriented mainly parallel to the major flow direction (that

is, the L-direction in Fig. 1). On the other hand, in the central or core

region the fiber orientation 1s perpendicular to the flow direction. This

is due to the domination of a strain flow effect caused by the expansion of
- " the melt stream in the T-direction after passing through the narrow gate

into the much wider mold. Between the center and surface layers there are

intermediate layers where neither shear-gradient nor strain-flow effects are
prevalent, leading to a more or less random orientation of fibers in the

L~-T plaae.,

7.
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The investigation of the various fracture surfaces revealed that
this simplified model can reasonably describe and interpret the fiber
orientation in the materials studied, at least qualitatively. This also
may explain why most of the materials éxhibited behavior that was inde-
pendent of orientation; they behaved quasi-isotropically. It was difficult
to quantitatively measure the thicknesses of layers with different orienta-
tions since the determination of boundaries between oriented and random
layers can only be done arbitrarily. However, C-43G, in which some
orientation effects in FCP were observed (see Fig. 4), did also exhibit
clear differences in the thickness of the oriented layers. “

Representative fractographs illustrating the effects discussed
above are shown in Fig. 6 for A-33C. As can be seen, in changing the

direction of load from T (Figs 6a and 6b) to L (Figs. 6c and 6d), the orienta-

tion of fibers on the fracture surface appears in an inverse order. For
example fibers are oriented parallel in the surface layer (Fig. 6a) and

in the core layer (Fig. 6d) of the fracture surfaces of A-33G/T and A-33G/L
respectively., The same pattern holds for fibers oriented normal to the
fracture surface. Similar observations with regard to fiber orientation in
injection-molded discs of glass-fiber-reinforced thermoplastics have also
been reported by Darlington and others (24).

The fractographs depicted in Fig. 6 for A-33G also reveal some
interesting features with respect to the fracture mechanism in the region
of stable crack growth. When fibers are oriented parallel to the fracture
surface appreciable drawing of the nylon 66 matrix is visible, indicative of
ductile failure. On the contrary, in regions where fibers are normal to the
fracture surface, matrix fracture appears to be rather brittle in nature;

8.
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fa*lure occurs by fiber breakage rather than by fiber pull~out. The nylon
612-based composites behaved in a similar fashion (see Fig. 7).

In contrast, the fracture surface appearance was quite different
in the fast fracture region. In general, matrix fracture was more brittle
in the dry composites of N66 and N612 (Series A and C) independent of fiber
orientation. Furthermore, contrary to the observations in the stable
crack growth region, considerable fiber pull-out was typical in areas
where fibers were oriented normal to the fracture surface. An example is
shown in Fig. 8 for C-43G. It should be mentioned that these results
resemble the findings by Mandell, et alf'(25,26) who reported that the
local mode of crack extension in glass-reinforced materials is predominantly
one of fiber-avoidance but that fiber failure can be observed when a crack
is intentionally grown from a notch (slow growth rate). Most strikingly,
however, while fibers on the fracture surface appeared to be smooth and
mirror-1lik. when the crack propagated in a stable fashion (Figs. 6 and 7),
a high degree of interfacial adhesion was revealed by materials of Series
A and C where fast fracture occurred. (Figs. 8 and 9a). At present the cause
of the difference in interfacial failure is not knowng interestingly: Mandell

et al. (25) did not observe such differences in their fracture surfaces.

Finally, the effect of fiber-matrix adhesion on FCP is also of
interest (see discussion of Series A and B above). Whereas differences
in interfacial strength between the nylon-66 based composites of Series A
and B were not clearly evident in the region of slow crack growth, fracture
surfaces did appear quite differeat in the fast fracture region (Fig. 9).
Thus, it can be seen that the interfacial strength is lower in the composites
of Series B where 1,7Z water is present (clean and mirror-like fibers in
Fig. 9b). Also the matrix for these materials reveals a much higher degree

9.
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of ductility due to both plasticization and the higher temperature increase
during cyclic loading as a result of increased hysteretic energy losses
associated with the presence of imbibed water (27). [For crack tip tempera-
ture data of Series B see (19)]. While it is not yet known whether the
interfacial weakness is due to attack by water or to a less effective surface
treatment of the fibers in the latter case, the effect on FCP is deleterious.
Thus the beneficial effect of small amounts of water on the FCP response
found in unreinforced nylon 66 (13) may be overbalanced by the creation of

a weak interface in the composites.

Conclusions

Clearly more research needs to be done on elucidating in detail
the effects of specimen thickness, fiber length and aspect ratio (after
processing), interfacial bonding, orientation, and environmment. So far,
however, several observations and conclusions may be noted:

1. The resistance of typical nylon to fatigue crack propagation
can be significantly increased by the incorporation of short glass fibers.

2. The increase in FCP resistance increases with increasing fiber
content, presumably reflecting an increase in both modulus and fracture
energy.

3. Clear differences are seen in the fracture surfaces obtained
during stable and unstable crack growth, reflecting variations in the balance
between fiber fracture and fiber pull-out. Variations in the extent of
interfacial separation were also seen, possibly depending on the fiber sur-
face treatment or the water content.

4. In contrast, a particulate mineral-reinforced composite exhibited
lower resistance to fatigue crack propagation than neat nylon 66, even though

10.
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the former has a higher modulus and tensile and notched impact strengths.
While this composite required a higher energy to initiate fracture than

nylon 66, a crack, after being initiated propagated more readily.

11.
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Table 1, Materials, Specimen Designations and Sources
H

Material Commercial Nylon Reinforcement 4
Degignation Designation Type or Filler,wt.(vol)Z x10"3 Cryst. E, GPa
A-N66°  Zytel 101 66 — 18.5 39  2.83¢
A-33¢°  Zytel 706 33 66 glass fibers,33 (18) 18.5 —  8.96%
A-40°  Minlon 11C40 — calcined clay, 40 —  s.308
B-N66° R-1000 66 - 19.0 42 2.50
B-30¢°  RP-1006 66 glass fibers,30(16) 19.0 —  5.70
B-50c°  RF-10010 66 glass fibers,50(31) 19.0 -  7.30.
c-N612°  Zytel 151 612 —_ —- - 2.0
c-436°  Zytel 77G 43 612 glass fibers,43(24) —~  —  10.03%

3Geries A and C (duPont) 6.4-mm thick; Series B (LNP) 3.2-mm thick.
Geometry as in Fig. 1; symbols T and L added to the material designation
refer to the direction of applied load.

Dry, as-molded (~0.2% HOH),
€1.7% HoH.
dTaken from the technical literature (16).

b

eE—glass
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Table 2. Effects of machined and fatigued notches on specific fracture energy,
"sp’ (on impact of A=N66 and A-4O0M.

2 2
W kJ/m "sp’ kJ/m wsp (fatigued)
Material (machined notch) (fatigued crack) wsp (machined)
A-N66 2.30 2.96 1.3
A=40M 7.01 0.58 0.08

8pach value is the average of values for 4 specimens.

15.




List of Figures

Fig. 1. Geometry of injection-molded plaques and orientation and position of
FCP specimens; T — direction of applied load transverse to the
major flow direction, L — direction of applied load longitudinal
with respect to the major flow direction.

Fig. 2. Fatigue crack propagation behavior at 10 Hz in nylon 66 (12,13)
and composites A-33G/T, A-33G/L, A-40M/T and A-40M/L. T and L
directions as in Fig. 1.

Fig. 3. Fatigue crack propagation behavior at 10 Hz in nylon 66 (B-N66)
and composites containing 30% (B-30G/T) and 50X (B-50G/T) glass
fibers, respectively. T and L directioms as in Fig. 1. ’

Fig. 4. Fatigue crack propagation behavior at 10 Hz in nylon 612 (12, 13)
and composites containing 437 (C-43G/T and C-43G/L) glass fibers.
T and L directions as in Fig. 1. ’

Fig. 5. Failed FCP specimens of (a) A-33G/T and (b) A-33G/L arranged as
cut from injection-molded plaque; arrows indicate major flow
direction.

Fig. 6. FCP fracture surfaces for A-33G at AK=5.5MPavm; (a) and (c),
surface layers in A-33G/T and A-33G/L, respectively; (b) and (d),
center layers in A-33G/T and A-33G/L, respectively. Note failure
parallel to fibers in (a) and (d), and perpendicular to fibers
in (b) and (c). Scale bar=10um, direction of crack propagation
from left to right.

Fig. 7. FCP fracture surfaces (stable crack growth region) for C-43G/T at
AK=4,7MPavm; (a) surface layer with fibers mainly parallel to
fracture surface, (b) center layer with fibers mainly perpendicular
to fracture surface. Scale bar = 10um, direction of crack propaga-
tion from left to right.

Fig. 8. Fracture surface of fast fracture region for C-43G/T; center layer
with fibers perpendicular to fracture surface. Note the difference
in the fiber pull-out length in comparison to Fig. 7b.

. Fig. 9. Fracture surfaces of the fast fracture region for (a) A-33G and
(b) B-50G. Note the difference in matrix ductility and fiber-
matrix adhesion,

16.
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