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SY N 0 PSIS 

The effects of time, temperature, and particulate filler on the tensile behavior of short 
fiber-reinforced polyphthalamide (PPA) were investigated experimentally. Creep and stress- 
rupture characteristics and tensile properties before and after isothermal aging were de- 
termined. Temperatures ranged from 23 to 150°C and tests lasted up to about 4000 h. 
Stress-rupture master curves were created, using a WLF-type analysis, which can be used 
for interpolation with reasonable accuracy. Creep rates were low but were affected by in- 
creased moisture absorption in the lowest temperature environment. All properties were 
affected by chemical degradation of the PPA matrix at  the highest temperature. Under 
most conditions investigated, the mineral filler improved the creep resistance and stiffness 
of the PPA resin at the expense of strength and ductility. Scanning electron microscopy 
examinations of fractured specimens indicated that the mineral filler embrittled the matrix 
and may have damaged the fibers during processing. 0 1995 John Wiley & Sons, Inc. 

I NTRODU CTl ON 

Polyphthalamide (PPA) is a semicrystalline ther- 
moplastic created from aliphatic diamines and ter- 
ephthalic acid.' P P A  resins have excellent mechan- 
ical and physical properties and chemical resistance 
at ambient and elevated  temperature^.^,^ The incor- 
poration of short fibers, mineral particulate fillers, 
and impact modifiers aims to further improve upon 
the properties of the PPA matrix without causing 
processing difficulty. Developed to provide improved 
performance without higher cost, PPA resins are 
suitable for automotive applications, such as the 
water outlet of a passenger car engine.4 

Since under-the-hood temperatures can exceed 
100°C for periods of several hours, it is critical to 
be able to predict the effects of stress, temperature, 
and time on the deformation behavior of the ma- 
terial. However, a systematic study of these rela- 
tionships for glass fiber- and mineral particulate- 
reinforced PPA injection-molding resins has not 
been reported in the literature. The primary objec- 
tive of this project was to provide the needed design 
information. The approach taken combined exper- 
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imental tensile, creep, and stress-rupture property 
determinations with scanning electron microscopy 
examinations. The reported results can assist in the 
development of PPA-based materials with improved 
high-temperature mechanical characteristics. 

EXPERIMENTAL 

Materials 

Two commercially produced polyphthalamide ther- 
moplastic resin systems, designated PPA-G and 
PPA-GM, were injection-molded into ASTM D638- 
82A5 Type I, & in.-thick tension specimens. The 
resin designated PPA-G was reinforced with 45% 
chopped E-glass fiber; PPA-GM contained 40% glass 
and also 25 % mineral (calcium-silicate) particulate. 
The fiber length, diameter, and surface treatment 
were the same for the two materials. The matrix 
material of both resins was a heat-stabilized semi- 
crystalline polyphthalamide containing a 3.2 wt % 
reactive thermoplastic elastomer as a modifier. The 
glass transition temperature, Tg, of the matrix was 
about 95°C at 50% relative humidity? 

One of two heat-treatment schedules was applied 
to the dry-as-molded specimens: annealing or an- 
nealing followed by isothermal aging. First, every 
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Figure 1 
for stress rupture and creep testing. 

Schematic illustration of loading fixture used 

specimen was annealed in air for 2 h at 16OoC, then 
air-quenched to room temperature prior to testing. 
This reduced residual stresses from the molding 
process and the effects of aging during storage. This 
relatively high annealing temperature was selected 
because the materials were semicrystalline and 
heavily reinforced, which broadens the temperature 
range of the glass t ran~i t ion.~ Second, a group of 
annealed specimens were isothermally aged at 65, 
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Figure 2 
of annealed PPA-G and PPA-GM. 

Effect of temperature on the tensile strength 
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Figure 3 
of annealed PPA-G and PPA-GM. 

Effect of temperature on the total elongation 

100, and 150°C for 50, 200, 500, 2000, or 5000 h. 
Two samples per material were aged at each con- 
dition. The effects of aging time and temperature 
were subsequently evaluated by tensile testing. 

Tensile Testing 

Tension tests were performed using a 22 kN capacity 
Tinius Olsen universal testing machine and 23- 
450°C LabTemp oven. Wedge-loading grips were 
used, and the test speed was 0.2 in./min. Five as- 
annealed samples were tested at temperatures of 23, 
65,100, and 150°C. Tension testing of the specimens 
which were isothermally aged was conducted at the 
respective aging temperatures. This was done in or- 
der to compare the effects of aging alone to the com- 
bined effects of aging and creep that occur during 
stress-rupture testing. 

Each sample was held at a temperature for a min- 
imum of 1 h prior to testing. Material properties 
were extracted from the load-displacement curves. 
The secant elastic modulus was measured at a stress 
of 20.7 MPa. The tensile strength was calculated 
from the maximum load and the original specimen 
dimensions. Ductility was quantified by the total 
elongation at fracture. 

Stress-rupture Testing 

Constant load stress-rupture tests were performed 
at 23,65,100, and 150°C using equipment developed 
at the University of South C a r ~ l i n a ~ ' ~  and shown 
schematically in Figure 1. These loading frames were 
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pneumatically actuated and allowed the specimen 
and grips to extend into a forced-air convection oven. 
When a specimen in a loading station broke, the 
reference plate was pulled upward, releasing the limit 
switch and stopping the timer clock. The time-to- 
rupture, tR, of the specimen was then recorded from 
the timer clock, and the station was reset to conduct 
another test with a different specimen at  a different 
stress level. 

Test temperatures were maintained to +3"C or 
better. Prior to starting the tests, all loading stations 
were calibrated using a 0-440 kN load cell. The load 
applied by the air cylinder was controlled to better 
than +0.8 kN. Thus, the worst-case uncertainty in 
the applied stress was about +5% at 21 MPa. 
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Figure 6 
G and PPA-GM. 

Effect of aging on the total elongation of PPA- 

Creep Testing 

Constant load creep tests of - 4000 h duration were 
performed using applied stress levels of 20.7 and 41.4 
MPa. One sample per material was tested at each 
stress level at three temperatures: 23, 100, and 
150°C. Elevated temperature creep tests were con- 
ducted using pneumatically actuated loading frames 
similar to those used for stress-rupture testing, ex- 
cept the timers were replaced by dial gauges with 
0.0254 mm resolution. Dead-weight, lever-arm-type 
loading frames with identical dial gauges were used 
to measure creep deformation at 23°C in an envi- 
ronmental chamber under 50% relative humidity 
conditions. 

Microscopic Examinations 

A Hitachi 2500A scanning electron microscope 
(SEM) was used to characterize the fracture surfaces 
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Figure 7 
of PPA-G and PPA-GM. 

Effect of aging on the secant elastic modulus 
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Figure 8 Effects of stress and temperature on time-to-rupture for (a) PPA-G and 
(b) PPA-GM. 

of tested samples. Fiber pullout lengths, l p ,  were es- 
timated from direct measurements on the SEM CRT 
screen of at least 50 fibers on each sample. Also, an 
Olympus PME3 reflected light microscope and a 
LECO 1001 image analyzer were used to measure 
the fracture surface profile roughness, R L .  The sur- 
face profile roughness was calculated from the true 
fracture surface profile length divided by the pro- 
jected length.'O Larger RL values signify greater 
fracture surface areas and generally correspond to 
tougher materials. 

RESULTS 

Tensile Properties 

All tensile test specimens fractured catastrophically 
at the ultimate load during testing, with no mea- 

surable change in cross-section dimensions. Tensile 
properties measured within 24 h after annealing are 
presented in Figures 2-4. Room-temperature tensile 
strengths were 2-2.5 times greater than that of neat 
PPA, confirming the value of fiber and particulate 
reinforcement. As can be seen in Figures 2 and 3, 
PPA-G was consistently stronger and more ductile 
than was PPA-GM. Although PPA-GM has slightly 
less fiber than does PPA-G, the difference in ulti- 
mate strength is more likely due to the presence of 
the mineral filler in PPA-GM. Such particulates act 
as stress concentrators during loading. 

The effect of temperature on the ultimate prop- 
erties of the two materials was similar. Increased 
temperature resulted in a continual reduction in 
strength. Figure 3 shows that the total elongation 
to fracture was nearly temperature-independent up 
to 100°C, above which it increased significantly. A 
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Figure 9 
stress-rupture master curves. 

Temperature-dependent shift factors used for 

significant amount of scatter is present in the secant 
modulus results, as can be seen in Figure 4. This 
scatter is attributed to uncertainties in small strain 
measurements. However, by comparing average val- 
ues, it is clear that between 23 and 100°C PPA-GM 
is stiffer than is PPA-G. Increased temperature de- 
creased the secant modulus of both materials. The 
stiffness of PPA-GM decreased with increased tem- 
perature more rapidly than that of PPA-G. If fact, 
at 150"C, which is above Tg, secant modulus values 
for the two materials were nearly equal. 

Tensile properties after isothermal aging are 
plotted vs. aging time in Figures 5-7. Aging affected 
the properties of PPA-G and PPA-GM in similar 
ways: Aging at 65 or 100°C caused the tensile 
strengths and the secant moduli to increase slightly 
with aging time. Aging at 100°C caused more rapid 
property changes than did aging at 65°C. These ob- 
servations indicate that a gradual continuation of 
the glass transition occurred in the PPA matrix after 
the annealing heat treatment. 

Aging at 150°C resulted in a general deterioration 
of mechanical properties. Although the stiffness was 
increased, significant decreases in the strength and 
ductility of the each material with aging time were 
observed. This result is likely due to thermal oxi- 
dation of the PPA matrix, which was observable as 
discoloration of the specimens. 

Stress-Rupture Properties 

Applied stresses were varied to give rupture life- 
times ranging between 0.001 and 4000 h. Graphs 
of applied stress vs. time-to-rupture are presented 
in Figure 8. For both the glass-reinforced and 
glass-plus-mineral-reinforced PPA resins, in- 

creases in either the applied stress or the test tem- 
perature resulted in decreased times-to-rupture. 
However, Figure 8 clearly shows that for a given 
stress level and temperature PPA-G had a longer 
lifetime than that of PPA-GM. These results sug- 
gest that the mineral filler weakened the material. 
Because the mineral particulates are elastic het- 
erogeneities in the PPA matrix, they can concen- 
trate stress and, hence, act as sites for void nucle- 
ation. 

To facilitate the interpretation of the results, 
master curves were created from the stress and 
time-to-rupture data using the WLF time-tem- 
perature equivalence theory.",'2 The reference 
temperature was lOO"C, which is close to the ma- 
trix Tg at  50% RH of the PPA matrix. Simple hor- 
izontal shifts on the time scale were applied to the 
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Figure 10 
PPA-G and (b) PPA-GM. 

WLF master curves for stress-rupture of (a) 



1174 LYONS, TINIO, AND BERRY 

0.01 5- 

+ 509( RH CHAMBER t VIB OVEN H 5 0.010- ‘ 
ill 

0.01 5- z : 0.010- 
w 

loo0 2 O o o 3 o o o  
nME [MI 

loo0 
TIME [hr] 

Figure 11 
GM and a 41 MPa applied stress for ( c )  PPA-GM and (d) PPA-GM. 

Creep strains due to a 21 MPa applied stress for (a) PPA-G and (b) PPA- 

stress-time rupture data. The shift factor, uT, was 
determined empirically to depend on temperature, 
as shown in Figure 9. The resulting stress-rupture 
master curves are presented in Figure 10. In each 
of these graphs, the best-fit straight line through 
the data is labeled “WLF.” Two dashed lines in- 
dicating f10% error from the best fit line are also 
included. 

It is clear that a nearly linear relationship exists 
between the rupture stress of PPA-G or PPA-GM 
and the reduced time variable log(aT X tR).  It seems 
that the fiber and particulate reinforcements broad- 
ened the effective glass transition temperature range 
of the resins, so that a radical change in material 
behavior did not occur over the temperature range 
investigated. However, close inspection of Figure 9 
or 10 reveals that the slope of the stress-rupture 
data obtained at 150°C is slightly less than the av- 
erage slope. This is attributed to increased creep of 
the polymer matrix and to the chemical degradation 
processes that were observed during isothermal ag- 
ing at 150°C. Thus, the master curves presented here 
should not be used for extrapolating stress-rupture 
properties. However, they can be used with reason- 
able accuracy for interpolation at  temperatures be- 
tween 23 and 150°C. 

Creep Properties 

In general, both PPA-G and PPA-GM were resistant 
to creep. Results of the creep tests are shown in 
Figure 11, where creep strain is plotted vs. time. 
Under most testing conditions, the material response 
consisted of (a) a primary creep stage of about 500- 
1000 h duration during which time the creep strain 
rate decreased, followed by (b) a steady-state stage 
where the creep rate remained nominally constant 
during the remainder of the test. In the temperature 
range of 23-1OO0C, the resin containing the mineral 
filler was more resistant to creep than was the resin 
which contained only glass. However, the opposite 
was true at 150°C. In fact, the PPA-GM sample 
tested at an applied stress of 41 MPa and temper- 
ature of 150°C exhibited only a transient creep stage 
and ruptured in less than 500 h. This result is con- 
sistent with the stress-rupture results, indicating 
that the mineral filler was detrimental to the load- 
bearing capacity of the PPA when the temperature 
is well above the polymer’s Tg. 

To quantify the effects of stress and temperature 
on the creep behavior of the materials, the steady- 
state creep strain rate was calculated from the linear 
portions of the creep curves. Always, the creep rate 
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Figure 12 
GM during creep testing. 

Steady-state strain rates of PPA-G and PPA- 

was observed to increase as the applied stress was 
increased. However, as shown in Figure 12, the test 
temperature seemed to have an unusual effect on 
the steady-state creep rate of both materials. Be- 
tween 65 and 150"C, the creep rate increased with 
temperature, as expected. However, the measured 
creep rate at 23°C was greater than that measured 
at 65°C. All specimens were tested in the dry-as- 
annealed condition, but tests at 23°C were done in 
a 50% RH environmental chamber. Thus, these 
samples may have absorbed moisture to reach equi- 
librium with the environment. The makeup air for 
the ovens used for elevated temperature tests was 
drawn from a room at ambient conditions, so the 
relative humidity in the oven chambers was less than 
50%. Further, the deformations measured at 23°C 
are apparently independent of stress level and ma- 
terial type. This evidence suggests that the dimen- 
sional changes measured at room temperature were 
caused primarily by swelling due to moisture ab- 

sorption and that the true creep rate at 23°C is 
smaller than could be measured. 

An additional concern is that the creep specimens 
tested at 65 and 100°C probably aged while they 
crept. The continued glass-transition mechanism 
that occurred during aging may have caused the ma- 
terial to become more resistant to creep as the test 
proceeded. At  150°C, chemical degradation of the 
matrix may also have affected the creep rate. These 
phenomena precluded the application of WLF-type 
analyses or classical viscoelasticity to describe the 
experimental data. The investigators are currently 
conducting additional research in this area. 

DISCUSSION 

In general, PPA-GM was stiffer but weaker and 
more brittle than was PPA-G. The fracture surfaces 
of tension and stress-rupture test specimens were 
characterized using the SEM in order to determine 
the roles of temperature and time on the failure pro- 
cess. For either material after either test at any tem- 
perature, the failure mode was a mixture of fiber 
fracture (in-plane with the matrix crack) and fiber 
pullout. Small holes were observed in the matrix, 
which is indicative of impact modifier deb~nding.'~ 
Thus, the basic failure mechanisms were not affected 
by the parameters varied in this research. However, 
the extent to which each mechanism contributed to 
the global constitutive behavior was affected by the 
presence of the particulate filler and by the test 
temperature. 

Table I contains quantitative fractography re- 
sults. Despite the large amount of scatter in the 
measurements, trends in the data are clear. The RL 
values indicate that the fracture surface of PPA-G 
was slightly rougher than that of PPA-GM. In- 
creased temperature resulted in increased roughness. 
SEM examinations revealed that increases in frac- 
ture surface roughness were due to (a) increased 
ductility of the PPA matrix and (b) increased fiber 

Table I Fracture Surface Characterization Parameters 

Pullout Length Profile Roughness 
Avg f STD (pm) Avg f STD 

Test Type PPA-G PPA-GM PPA-G PPA-GM 

Tension, 23°C 63 f 22 43 + 17 1.9 k 0.4 1.7 f 0.3 

Stress rupture, 23°C 56 f 23 31 f 14 1.7 f 0.3 1.7 f 0.3 
Stress rupture, 15OoC 80 f 25 4 6 +  9 2.3 f 0.3 1.8 f 0.7 

Tension, 150°C 83 k 40 52 f 16 2.3 f 0.5 1.9 f 0.2 
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Figure 13 Fracture surfaces of PPA-G and PPA-GM after tensile testing at 150°C. 

pullout lengths. In PPA-GM, the mineral filler par- 
ticles promoted flat fracture in the matrix by nu- 
cleating small, closely spaced voids which linked up 
to cause material failure. As the temperature was 
increased, the roughness increased slightly due to 
the matrix becoming more rubbery and tough. The 
test duration did not affect the roughness parameter 
significantly. 

Fiber pullout lengths were shorter for PPA-GM 
than for PPA-G, as exemplified by the SEM pho- 
tomicrographs in Figure 13. It is known that the 
pullout length is primarily controlled by fiber size 
and strength and by the interface bond strength. 
However, the fibers in the two materials were orig- 
inally the same length, diameter, and composition 
and obtained the same surface treatment prior to 
incorporation into the resin. This suggests that the 
mineral filler in PPA-GM decreased the amount of 
fiber pullout length. The particles may have dam- 
aged the fibers during processing and/or molding, 
lowering their strength and promoting fiber failure 
close to the matrix crack. 

It was observed that there were more protruding 
fibers aligned parallel to the stress axis in the long- 
term stress-rupture specimens than in the short- 
term tension tests. This is evidence of creep defor- 
mation of the polymer prior to rupture. The mea- 
sured data also indicate that increased temperature 
resulted in increased pullout lengths, as can be seen 
by comparing the fracture surfaces from tension 
tests of PPA-G at 23 and 150°C in Figure 14. As 

the matrix softened, the fibers could pullout to a 
greater length before being stressed to their ultimate 
strength. The material with the greater pullout 
length (PPA-G) also had the higher ductility and 
tensile strength, indicating greater utilization of the 
fiber reinforcement. 

CO NCLUS I0  N 

New, quantitative information was determined re- 
garding the time- and temperature-dependent ten- 
sile behavior of two polyphthalamide resin systems 
containing impact modifier, glass fibers, and mineral 
particulates. As the test temperature was increased, 
the strength and stiffness of the materials decreased 
while the ductility and creep rate increased. Anom- 
alous time-dependent strain accumulation occurred 
during creep testing at 23"C, probably due to mois- 
ture absorption. At 150"C, chemical degradation of 
the PPA matrix affected all the measured properties. 
In the temperature range from 23 to 100°C, the 
mineral-filled glass fiber-reinforced material was 
weaker but stiffer and more creep resistant than was 
the material which did not contain the mineral filler. 
At  150"C, the mineral filler had detrimental effects 
on all mechanical properties and caused premature 
failure. The particulates acted as sites for void nu- 
cleation during loading and apparently reduced the 
fiber aspect ratio during compounding. 
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Figure 14 
150'C. 

Fracture surfaces of PPA-G after - 750 h stress-rupture tests at  23 and 
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