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ABSTRACT: Advanced thermoplastic composites are an
alternative because of their ease of processing and storage.
Poly(phenylene sulfide) (PPS) stands out among these mate-
rials because of its structural characteristics; for instance, it
provides size, shape, and thermal stability, low moisture
absorption, excellent chemical resistance, and good mechan-
ical properties, including flexure, strength, and shear prop-
erties, compared to thermoset composites. Thus, the
objective of this study was to evaluate the influence of envi-
ronmental conditioning on the shear strength behavior of
PPS/glass fiber composites. For this reason, first, some sam-
ples were treated to UV-light exposure in a chamber. Other
samples were immersed in seawater and hygrothermal
baths simultaneously. They were tested with the interlami-

nar shear strength (ILSS) and Iosipescu shear test methods.
The shear values obtained for the treated samples were com-
pared against the dry sample values. For all samples tested
with the ILSS and Iosipescu methods, the results indicate
that the PPS/glass fiber composites presented a decrease in
shear strength after they were submitted to hygrothermal
and seawater solution conditioning. The moisture absorp-
tion was not uniform throughout the material, and wet con-
ditioning induced strong matrix plasticization, which
reduced the shear strength values of the laminates. VC 2010
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INTRODUCTION

In recent years, thermoplastic composite laminates
have been reinforced with glass, carbon, and aramid
fibers, and they have gained popularity in marine,
automobile, and other engineering applications.1–3

When compared to thermoset-fiber-reinforced com-
posite laminates, they are easier to process, as they
do not require complex chemical reactions; they can
be created without a lengthy curing process; they
are easily recycled; and they do not need refrigera-
tion for storage. Furthermore, their applications are
based on thermoplastic polymer engineering matri-
ces, such as thermoplastic polyesters and poly-
amides, that exhibit good mechanical properties, size
and shape stability, and strength.4–7

Furthermore, for certain applications, in addition
to the high physical properties and low density pro-

vided by commonly used thermoplastic composites,
some additional properties are required that cannot
be met, such as polymer stability in corrosive envi-
ronments and uninterrupted use at high tempera-
tures (>150�C). For these situations, high-perform-
ance thermoplastic matrices based on a large
quantity of aromatic rings in the main chain have
been developed, such as certain polyurethanes, poly-
imide, poly(ether ether ketone), polysulfone, and
poly(phenylene sulfide) (PPS).7–11

These and other aromatic high-performance poly-
mers improve the mechanical properties when com-
pared to the thermoset matrix; however, the high
costs and high processing temperatures associated
with them limit their applications to only those
fields where prices have little importance, such as in
military aircrafts and space vehicles. In particular,
PPS has been considered as an alternative between
the cheapest commodity and the high-performance
polymers because of its price and properties.8–11

PPS exhibits intermediate mechanical properties
combined with temperature tolerance and a resist-
ance to chemical corrosion triggered by organic sol-
vents, inorganic salts, and bases, which is affected by
aircraft fluids.7–10 These properties are mainly due to
the atoms of sulfur being interwoven with aromatic
rings synthesized from a reaction of paradichlorobenzene
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with sodium sulfide. Also, the phenol group imposes
restriction to the movement of polymer chains, and
its reaction produces linear highly crystallized homo-
polymers in the range 50–60%; this happens very
rapidly at temperatures above its glass-transition
temperature.8–12

The use of the PPS polymers in structural compo-
nents demands the reinforcement of continuous
fibers, such as carbon, aramid, or glass fibers, depend-
ing on the workload required. Among its applica-
tions, glass fiber is used when a light weight is needed
in conjunction with good mechanical and electrical
resistances, as in aircraft radomes, or resistance to
galvanized or chemical corrosion and to the absorp-
tion of humidity, such as in offshore pipes.13–15

In comparison, glass fiber has a smaller elasticity
modulus, tensile properties, and thermal expansion
coefficient than carbon and aramid fibers, and it is
widely used, especially because of its very attractive
cost benefit and mass production throughout the
world.13–15

In this case, glass fiber serves as a reinforcement of
PPS polymers and provides high performance and
low cost to thermoplastic composites and allows
some application in corrosive and high-temperature
environments as a good substitute to thermoset com-
posites, such as epoxy/glass fiber composites in struc-
tural components. Because of this increased applica-
tion, the transfer of properties between PPS and glass
fiber is very important to structural projects. It is
known that glass fiber has organic functional groups
in its surface, which interact with the polymeric struc-
ture of the matrix phase; therefore, the bonding in
PPS/glass fiber may be a combination of mechanical,
chemical, and/or electrostatic interaction.16,17

One of the ways to evaluate the quality of bond-
ing is through mechanical shear tests, such as inter-
laminar shear strength (ILSS), translaminar or in-
plane shear strength, and transverse stretch strength
tests. They must be simple enough to carry out,
require small and easily made samples, and enable
the measurement of very reproducible values for
both the shear modulus and shear strength with a
simple given procedure.17–19

One of the most used shear tests method is the v-
notch shear test, which allows a nearly pure shear
stress state at the shear plane.20–23 This test was orig-
inally proposed by Iosipescu to determine the shear
properties of isotropic materials. The test uses flat
samples that are easy to fabricate and achieves a
pure and uniform shear stress–strain state over the
sample region tested. Many numerical and experi-
mental investigations on the application of the
v-notch shear test to different composite material
systems have been carried out.20–23

Mechanical tests can also be used to evaluate the
environmental influence in composite materials.

Environmental influence is commonly considered to
be responsible for failures of these materials; this
results from a combination of the effects of heat,
light, water, and mechanical stresses on the mate-
rial.24–27 Several studies have addressed the impor-
tant effects of absorbed water and aging temperature
on the physical and mechanical properties of com-
posite materials. It has been observed that mecha-
nisms other than simple diffusion can take place
within the material above a threshold related to a
given temperature and a given aging time.28–30

Both UV radiation and moisture have adverse
effects on the mechanical properties of polymeric
matrix. The polymer matrix in a fiber-reinforced
composite helps to transfer applied loads to the rein-
forcing fibers and provide ILSS, whereas the fiber–
matrix interface governs the load-transfer character-
istics and damage tolerance. Thus, both components
(matrix and interface) represent weak links in fiber-
reinforced composites and upon degradation. They
lead to reduced damage tolerance and long-term du-
rability.31–35

For this reason, the focus of this article is to report
the influence of hygrothermal and UV effects on the
shear strength properties of PPS/glass fiber lami-
nates. To evaluate this, samples were evaluated by
Iosipescu and short-beam shear tests, followed by
exposure to hygrothermal, seawater, and UV
conditioning.

EXPERIMENTAL

Materials

Composite material

The PPS/glass fiber composite was supplied by
Ten Cate Advanced Composite Materials (The Neth-
erlands, Vijverdal). A laminate plate, 2.3 mm thick,
was made with poly(phenylene sulfide) and a 60%
volume content of glass fiber in 8HS fabric layers
with an orientation of superposition of 0/90.

Sample preparation

Samples were machined with an appropriate circular
saw. The dimensions were specified from ASTM D
2344 and ASTM D 5379 for use for the short-beam
shear test (ILSS) and Iosipescu test, respectively.

Methodology

Evaluation of the fiber volume fraction

The composite laminate consolidation quality was
evaluated by an optical microscope from Olympus
BH (Tokyo, Japan) to detect the existence of manu-
facture-induced defects.
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The fiber and matrix contents were determined
with an acid digestion procedure, according to
ASTM D 3171. The composite sample was weighed
and then immersed in a hot sulfuric acid solution to
remove the polymer matrix PPS.

Afterward, the remaining residue, containing the
composite glass reinforcement, was filtered, washed,
dried, cooled, and weighed. The weight percentage
of the reinforcement was expressed in volume frac-
tion, according to eq. (1):

mm

mf
¼ qm

qf
� 1� f

f

� �
(1)

where mf and mm are weights of the glass fiber and
the matrix (g), respectively; qf and qm are the den-
sities of the glass fiber and the matrix (g/cm3),
respectively; and f is the fiber volume fraction (%).

Hygrothermal conditioning

Samples destined for hygrothermal conditioning
were dried in a vacuum oven at 80�C for at least
24 h before testing. This procedure was done to take
the weight of the material molded without the influ-
ence of atmosphere humidity. After this procedure,
five samples for each shear test method were
weighed and immersed in hot water with a con-
trolled bath temperature of 80�C and maintained
under these conditions for 8 weeks (Elevated Tem-
perature Wet (ETW) conditioning). This process was
based on procedure B of ASTM D 5229 M-92. The
moisture level in the laminates was periodically
monitored as a function of time by measurement of
the mass of the traveler samples up to the moisture
equilibrium state reached a steady state. Testing
under room-temperature conditions was designated
as dry-room-temperature testing.

Seawater conditioning

PPS/glass fiber samples were conditioned in a salt
water bath (seawater). The environmental condition-
ing by seawater immersion was conducted according
to ASTM D 1141-98. The pH of the salt solution was
adjusted to 8.2, similar to the pH of seawater. Five
samples for each shear test method were immersed
in a recipient container containing seawater solution.
In this test, the exposure time was 30 days.

UV conditioning

To reproduce damages resulting from UV radiation
and water condensation, five samples for the shear
test method were placed in a weathering chamber at
exposure conditions of 300, 600, and 900 h. The deg-
radation mechanisms were determined in accord-

ance with ASTM G 154, which describes the test
methodology for a Ultraviolet radiation weathering
chamber (QUV/Se; Q-Panel Lab Products, Cleve-
land, OH).
According to this standard, damages caused by

sunlight, rain, and dew were reproduced by cycles
of periods of 8 h under UV-B light and 8 h under
water condensation provided by the generation of
vapor from a water bath.
The radiation, generated by eight fluorescent UV

lamps, had a wavelength in the region 295–365 nm,
which corresponded to the UV component of solar
radiation. The intensity of the light emitted was con-
stantly monitored by four Solar-Eye radiation detec-
tors, calibrated for every 400 h of service with the
objective of evaluating the quality of the lamp.

Mechanical tests

The interlaminar short-beam test method (ILSS) and
the Iosipescu test method were conducted according
to ASTM D 2344 and ASTM D 5379, respectively.
All tests were conducted in an Instron test machine
(Norwood, MA) with a test speed of 0.5 mm/min
and a load cell of 500 kgf.
To obtain the shear modulus, it was necessary to

assume that both stress and strain were uniformly
distributed across the test area of the sample used. In
this case, the apparent in-plane shear strain (c) at the
cross section along two notch tips was obtained by:

c ¼ eþ45� � e�45� (2)

where: c ¼ shear strain, eþ45� ¼ þ45� normal strain,
e�45� ¼ �45� normal strain.
In this study, the shear strain was measured by

the bonding strain gages at 645 placed at the mid-
section between the two notch tips. Because of diffi-
culties in fixing the strain gauges in wet specimens,
it was not possible to obtain the shear modulus of
the samples after they had been submitted to hygro-
thermal conditioning.

RESULTS AND DISCUSSION

According to the acid digestion method, it was pos-
sible to observe that the reinforcement content was
61 6 6 vol %, which is typical for an advanced
composite.
Figure 1 illustrates a typical cross section of a

0/90 glass fiber composite viewed from optical mi-
croscopy. In this case, a good infiltration of the poly-
mer into the reinforcement was observed; this pro-
duced a homogeneous thermoplastic composite with
a low porosity. In fact, the presence of pores was
not clearly visible, and the manufacturing-induced
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defects, such as a lack of adhesion reinforcement/
matrix, excess of matrix phase, or presence of gaps
or cracks, may have caused some inaccuracies in the
mechanical measurements.

Figure 2 presents the average moisture absorption
rate curves of the PPS/glass fiber laminates sub-
merged in the seawater solution at room tempera-
ture and in distilled water at 80�C. The shapes of
both curves show an initial linear region correspond-
ing to a steady rate of moisture absorption up to a
flat steady state of maximum moisture intake.

In both conditions, the glass-fiber-reinforced mate-
rial reached this flat steady state of saturation in 30
days. During this time, the material exhibited
increases in weight of approximately 0.3 and 0.7%
for samples submerged in the seawater solution and
hot water, respectively. Therefore, the greater
absorption of humidity by the material was in hot

distilled water at 80�C, and this value was very
small when compared with the epoxy/glass fiber
composites in the same state (ca. 2.5%33).
These results depended on the kinetic diffusion

process of the temperature and relative moisture
absorption. In other words, the absorption rate was
greater when the temperature was higher than the
relative moisture absorption.
At the same time, this phenomenon took place

through the transportation of water molecules from
areas of high concentration to areas of lower mois-
ture concentration. For this reason, the moisture
absorption coming from the atmosphere usually
occurs by a diffusion process from the surface up to
the core of the material.33 On the other hand, mois-
ture can also be transported through the material by
the capillary action provided by the presence of
microcavities at the fiber–matrix interfaces.
After this diffusion process, the absorption became

slower because of the relaxation of polymeric chains
and the filling process of voids and cavities. As a
result, the absorbed moisture induced the linkage by
hydrogen bonds between the polymer matrix and
the water or other molecules; this, thus, changed the
shear mechanical properties.
Figure 3 shows the gradual color change of the

composite material surface after exposure to UV
light for 300, 600, and 900 h. This change established
that photooxidation resulted in the formation of
chromophoric chemical groups, which absorbed the
visible range of light. As shown in Figure 3, minor
changes on either the surface or edge roughness
caused by UV radiation were also observed by the
naked eye.
Further details regarding the physical processes

that caused material degradation were revealed by
examination of the samples under an optical

Figure 1 Optical microscopy of the fabric PPS/glass fiber
laminate.

Figure 2 Hygrothermal conditioning of the PPS/glass
fiber laminate. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 3 Change in the sample color as a function of
time for UV radiation exposure. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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microscope, such as that shown in Figure 4. These
higher magnified images revealed the formation of
microcracks in the PPS matrix. This phenomenon
was caused by the polymer matrix becoming exces-
sively brittle because of the increased crosslinking,
resulting from photooxidation reactions induced by
the UV radiation. This behavior was similar to that
of epoxy/glass fiber composites.31

The mechanical behavior of the PPS/glass fiber
laminate before and after the conditioning is shown
in Table I. The ultimate tension values (rult) corre-
sponded to the results obtained through ILSS and
Iosipescu testing. As shown by the general evalua-
tion shown in Table I, the ILSS and Iosipescu values
for the no-conditioning glass fiber thermoplastic
laminate decreased when it was exposed to hygro-
thermal and saline conditioning.

The shear strength obtained through the Iosipescu
method was around 97.4 MPa for the noncondition-
ing laminate, and the shear modulus is not pre-
sented because the environmental conditioning
made the attachment of strain gauges in wet speci-
mens difficult to achieve. Similarly, the ILSS result

was around 39.9 MPa for the ILSS test, which was
close or similar to results found in the literature
(30.0–70.0 MPa).27

Therefore, we concluded that the ILSS values
showed decreases of 10% (24.0 MPa) and 37% (35.2
MPa) after the samples were submitted to seawater
and hygrothermal conditioning, respectively, and
the shear strength showed a similar decrease in the
range of approximately 17% (73.4 MPa) to 24% (80.8
MPa) for the same conditions, as shown in Table I.
It is known that, for both saline and hygrothermal

conditioning, moisture intakes always induce resin

Figure 4 Morphological evaluation for the samples submitted to UV radiation exposure: (a) no exposure and (b) 300,
(c) 600, and (d) 900 h of exposure. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

TABLE I
Results Obtained from the ILSS and Iosipescu Tests

Conditioning ILSS rult (MPa) Iosipescu rult (MPa)

Dry 39.9 6 0.8 97.4 6 2.9
UV (300 h) 39.6 6 0.4 96.4 6 1.4
UV (600 h) 39.0 6 0.7 94.4 6 1.8
UV (900 h) 38.9 6 0.8 94.3 6 1.8
Seawater 35.2 6 1.2 80.8 6 2.8
Hygrothermal 24.0 6 7.9 73.4 6 9.6
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plasticization and, consequently, reduce the shear
strength values of composites. On the other hand, to
evaluate the influence of both the moisture absorption
and temperature effect at the same time on the me-
chanical properties is difficult because there is not a
consensus about the magnitude of these variables.

Despite all this, evaluations of the hygrothermal
effects over material are described in detail in the lit-
erature,27 in which case, the differences between
both conditions have been due to the diffusion pro-
cess being accelerated with increasing temperature.
Similar behavior was verified with epoxy/glass fiber
composites.31

UV conditioning did not induce any considerable
change in either shear test method under 300, 600,
and 900 h of exposure, as shown in Table I. In other
words, the ILSS values decreased 1% (39.6 MPa) at
300 h of exposure time, 2% (39.0 MPa) at 600 h of ex-
posure time, and 3% (38.9 MPa) at 900 h of exposure
time. We concluded that there was no significant dif-
ference between the nonconditioned material and
those exposed to UV light. In fact, the same behavior
was confirmed through in-plane shear strength with

the Iosipescu method, with a reduction in the shear
tension of only 1% for the material exposed for 300 h
and 3% for those exposed for 600 and 900 h.
This small amount of actual decrease in the me-

chanical values was expected because neither UV
radiation nor humidity condensation led to a degra-
dation of the interface between the glass fiber and
the matrix. At the same time, changes observed
were due to surface phenomena; therefore, there
was no molecular weight reduction of the matrix
due to chain-scission reactions provoked by photo-
oxidation from UV radiation.
Figure 5(a) presents the failure mode aspect in the

PPS/glass fiber composites samples submitted to
ILSS testing. This laminate exhibited multiple
delaminating and interlaminar cracks at the horizon-
tal and vertical positions. This behavior was also
observed in samples after they were submitted to
hygrothermal conditioning [Fig. 5(b,c)] but not to
UV conditioning [Fig. 5(d)]. In this last case, the
sample failure mode appeared to be compressive
buckling or compressive yielding in the upper part
of the beam under combined compression and shear

Figure 5 Representative fracture observed by the ILSS test: (a) no conditioning, (b) hygrothermal conditioning, (c) sea-
water conditioning, and (d) UV conditioning. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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efforts. Such behavior probably happened because of
the increase in the ductile properties induced by UV
radiation. Moreover, neither vertical nor horizontal
cracks were observed.

As shown in Figure 6, the composites exhibited
the same failure mode under the Iosipescu test
method before and after the conditioning. In all sam-
ples, the first failure observed during loading was
notch-root splitting, which started near the notch
roots and propagated away from the inner loading
blocks along the fibers. The splitting, in this case,
was predominantly a consequence of transverse

stress near the notch roots; this showed that the
splits created a uniform stress distribution along
the notch-root axis. Damages were also observed at
the notch roots and at the inner loading blocks. The
damage (crushing) caused by the loading blocks was
significant at higher loads.

CONCLUSIONS

The influence of moisture on the shear properties of
PPS/glass fiber composite samples was investigated.

Figure 6 Representative fracture observed by the Iosipescu test: (a) no conditioning, (b) hygrothermal conditioning, (c)
seawater conditioning, and (d) UV conditioning. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app

186 COSTA, BOTELHO, AND PARDINI



This material absorbed approximately 0.3 and 0.7%
moister in a seawater solution and hot water, respec-
tively, after the saturation point.

For all samples tested by the ILSS and Iosipescu
methods, the results indicate that the PPS/glass fiber
composites presented a decrease in the shear
strength after they were submitted to hygrothermal
and seawater solution conditioning. The moisture
absorption was not uniform throughout the material,
and wet conditioning induced strong matrix plastici-
zation, which reduced the shear strength values of
the laminates.

Therefore, a small actual decrease in the mechani-
cal value was observed from the Iosipescu and ILSS
tests after the samples were exposed to UV radia-
tion. This behavior suggests that the degradation
due to UV exposure was only marginal and resulted
from surface phenomena.

In this study, we also observed that the laminate
submitted to the ILSS testing exhibited multiple
delaminating and had interlaminar cracks at the hor-
izontal and vertical positions before and after it was
submitted to hygrothermal and seawater condition-
ing. However, this behavior was not observed after
the exposure of the laminates to UV conditioning,
probably because of the higher ductility generated
by the UV radiation process. Therefore, all speci-
mens exposed to hygrothermal conditioning, saline
conditioning, and UV after going through Iosipescu
testing, had similar failure modes.
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para Tecnólogos e Engenheiros; Artliber Editora: São Paulo,
Brazil, 2004.
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153.

17. Kim, J. K.; Mai, Y. W. Engineered Interfaces in Fiber Rein-
forced Composites; Elsevier Science: Amsterdam, 1998.

18. Botelho, E. C.; Pardini, L. C.; Rezende, M. C. Mater Sci Eng
2007, 452, 292.

19. Botelho, E. C.; Pardini, L. C.; Rezende, M. C. J Mater Sci 2006,
41, 7111.

20. Liu, K.; Piggott, M. R. Composites 1995, 26, 829.
21. Ye, L.; Chen, Z.; Lu, M.; Hou, M. Compos A 2005, 36, 915.
22. Wang, Y.; Hahn, T. H. Compos Sci Technol 2007, 67, 92.
23. Baker, A.; Dutton, S.; Kelly, D. Composite Materials for Air-

craft Structures, 2nd ed.; American Institute of Aeronautics
and Astronautics: Blacksburg, VA, 2004.

24. Botelho, E. C.; Pardini, L. C.; Rezende, M. C. Mater Sci Eng A
2005, 399, 190.

25. Kawagoe, M.; Nabata, M.; Ishisaka, A. J Mater Sci 2006, 41, 6322.
26. Bergeret, A.; Pires, I.; Foulc, M. P.; Abadie, B.; Ferry, L.;

Crespy, A. Polym Test 2001, 20, 753.
27. Ogi, K.; Kim, H. S.; Maruyama, T.; Takao, Y. Compos Sci

Technol 1999, 59, 2375.
28. Wan, Y. Z.; Wang, Y.; Huang, Y.; Zhou, F.; He, B.; Chen, G.;

Han, K. Compos Sci Technol 2005, 65, 1237.
29. Hough, J. A.; Karad, S. K.; Jones, F. R. Compos Sci Technol

2005, 65, 1299.
30. Botelho, E. C.; Costa, M. L.; Pardini, L. C.; Rezende, q M. C.

J Mater Sci 2005, 40, 3615.
31. Zhang, M.; Mason, S. E. J Compos Mater 1999, 33, 1363.
32. Tarnopol’skii, Y. M.; Arnautov, A. K.; Kulakov, A. V. L. Com-

pos A 1999, 30, 879.
33. Sala, G. Compos B 2000, 31, 357.
34. John, N. A. S.; Brown, J. R. Compos A 1998, 29, 939.
35. Chiang, M. Y. M.; He, J. Compos B 2002, 33, 461.

Journal of Applied Polymer Science DOI 10.1002/app

PPS/GLASS FIBER COMPOSITES 187


