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ABSTRACT: E-glass fibers of 55, 60, and 65 weight per-
centages were reinforced with epoxy matrix to prepare the
laminated composites. They were exposed to —40, —60, and
—80°C temperatures for different times. The 3-piont bend
test was conducted on the conditioned samples at those
temperatures. Mechanical test was carried out at 2 mm/min
and 500 mm/min crosshead speeds. The main emphasis of
the investigation was to evaluate the roles of percentage
matrix phase and interfacial areas on the interlaminar shear
failure mechanism of glass/epoxy composites at ultralow
temperatures for different loading speeds. The mechanical
performances of the laminated specimens at low tempera-
tures were compared with room temperature property. The

loading rate sensitivity of the polymer composites appeared
to be inconsistent and contradictory at some points of con-
ditioning time and as well as at a temperature of condition-
ing. This Phenomenon may be attributed to low-tempera-
ture hardening, matrix cracking, misfit strain due to differ-
ential thermal coefficient of the constituent phases, and also
to enhanced mechanical keying factor by compressive resid-
ual stresses at low temperatures. © 2006 Wiley Periodicals, Inc.
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INTRODUCTION

The cryogenic properties of polymers are recently
drawing attention with new development in space
and electronic technologies. Although mechanical
strength of most polymers increases or remains the
same as temperature is decreased, the elongation to
failure decreases to extremely low values at cryogenic
temperatures.' This behavior restricts the use of most
polymeric materials at low temperatures. It has been
proposed that the local intermolecular rearrangement
results in relaxation at low temperature region. The
relaxation phenomena are indicating a considerable
dependence on morphology of polymers. There ap-
pears to be no definite relationship between the chem-
ical structure of polymers and their cryogenic behav-
ior. Polymers that are able to change their main chain
bond angles seem to excel in cryogenic properties.
These polymers are flexible and may undergo defor-
mation even when their segmental motions are frozen
at cryogenic temperatures.” A dynamic mechanical
relaxation occurs in polymer molecules because of
heat transfer between the intermolecular and the in-
tramolecular modes. The physical properties of poly-
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mer materials depend severely on frequencies of exci-
tation.’

Glass fiber reinforced plastics are extensively em-
ployed in many different applications. E-glass fibers
and epoxy resin are known to be highly loading rate-
sensitive.* Thus the mechanical properties of most of
polymer matrix composites are rate-sensitive. The me-
chanical properties of E-glass/epoxy composite are
rate-sensitive at low range of strain rate. It seems that
the greater the strain rate and the loading velocity, the
greater are the stiffness and ultimate strength of the
composite material.”> Failure strength of glass/epoxy
composites increases manifold and failure strain re-
duces sharply at high range of strain rate.® Scanning
electron microscopy does not reveal any significant
difference between the failure mechanisms at low and
high strain rates. The effect of varying loading rate on
tensile, compressive, and flexural properties of fiber-
reinforced composites is reported to be contradictory
and not so conclusive.” Hence the need exists in the
pursuit of eliminating all disagreements in this area of
research.

The need for the development of hypersonic vehi-
cles has led to the evaluation of lightweight materials
and structures for cryogenic tankage. Polymer com-
posites are steadily replacing the conventional mate-
rials for improving performance and durability. Past
research has explored mostly the effect of low temper-
atures on mechanical behavior of polymer composites
at constant loading. The present investigation is orig-
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Figure 1 Changes of ILSS values with freezing time for glass/epoxy composites (containing 55 wt % fiber) at —40°C
temperature for 2 mm/min (e) and 500 mm/min (@), at —60°C temperature for 2 mm/min (a) and 500 mm/min (A), and at
—80°C temperature for 2 mm/min (e) and 500 mm/min () crosshead speeds.

inal, in that it emphasizes on the role of fiber/polymer
interface on mechanical performance at low and high
loading rates for a range of ultralow temperatures and
also with the varied percentages of constituent phases
of glass/epoxy laminates. The use of composites in
safety-critical applications lead to uneasiness since the
mechanical response is not well understood in com-
plex environmental and service conditions.

EXPERIMENTAL

Woven fabric glass fibers were used with epoxy resin
for fabrication of laminated composites by hand lay
up method. Three weight percentages of glass fibers
(55, 60, and 65 wt %) were targeted to prepare the
specimens. They were cured at room temperature for
24 h and then they were dried at a 50°C temperature
oven for a sufficient time unless the variation of
weight change was almost negligible. The moisture-
free polymer composites were exposed to —40, —60,
and —80°C temperatures for different time durations
(1, 4,9, 16, and 25 h). The short beam shear (SBS) test
specimens were immediately tested at each point of
freezing time and at each low temperature. The test
was carried out at 2 mm/min and 500 mm/min cross-
head speeds for each point of experiment. The SBS test
was conducted per ASTM standard (D2344-84).
About 10 samples were tested at each level of experi-
ment and their average value was reported here. The
ILSS (interlaminar shear strength) value was calcu-
lated as follows,

ILSS = 0.75 P,/wt

where P, is the breaking load, w the width of speci-
men, and ¢ the thickness of specimen.

The fractured surfaces were characterized by scan-
ning electron microscope to observe changes in the
polymer matrix and also at the fiber /matrix interfaces.

RESULTS AND DISCUSSION

Figure 1 shows the variation of shear values of 0.55
weight fraction glass fibers-reinforced epoxy compos-
ites with exposure at temperatures —40, —60, and
—80°C for 2 mm/min and 500 mm/min crosshead
speeds at each temperature of experiment. The stress
at delamination failure was found to increase slightly
with increased crosshead speed at some points of
conditionings for three temperatures. The ILSS value
increased with more conditioning time for a same
loading rate. Here no statistically significant variations
of shear value were found with change of condition-
ing temperature. Greater value of shear at longer con-
ditioning time may possibly be attributed to enhanced
key and lock principle at the fiber/polymer interfaces.

The variation of shear values of 0.60 weight fraction
glass fibers-reinforced epoxy composites with expo-
sure at temperatures —40, —60, and —80°C for 2 mm/
min and 500 mm/min crosshead speeds at each tem-
perature of experiment is shown in Figure 2. It was
more consistently found that the ILSS value is higher
at higher loading rate for all conditioning tempera-
tures. This consistency can be contributed by better
adhesion at the interface. Here it was found that the
shear values increased slightly with more condition-
ing time.

Figure 3 shows the variation of ILSS values of 0.65
weight fraction glass fibers-reinforced epoxy compos-
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Figure 2 Changes of ILSS values with freezing time for glass/epoxy composites (containing 60 wt % fiber) at —40°C
temperature for 2 mm/min (e) and 500 mm/min (@), at —60°C temperature for 2 mm/min (a) and 500 mm/min (A), and at
—80°C temperature for 2 mm/min (e) and 500 mm/min () crosshead speeds.

ites with exposure at temperatures —40, —60, and
—80°C for 2 mm/min and 500 mm/min crosshead
speeds at each temperature of experiment. The most
exceptional observation here was no significant in-
crease in ILSS values with conditioning time was ob-
served unlike above two percentages of fibers-rein-
forced composites. Here more percentage of fibers in
the composites has resulted more interfacial areas and
thus more matrix damages were inducted by misfit
strain.

Scanning electron micrograph (Fig. 4) shows the
fractured surface of the ultralow temperature-treated
glass/epoxy specimen. It reveals total loss of adhesion

at the fiber/polymer interface and massive matrix
cracking.

It is important to note that a change in the loading
rate can change failure modes. A plastic deformation
zone ahead of the crack tip may be formed by matrix
deformation and matrix microcracking. The deterio-
rated integrity can cause low strength at high load-
ing.® The ductility or failure strain of a matrix resin
may become a limiting factor for the composite
strength.*” The extent to which fiber content affects
the rate sensitivity is yet to be established. The failure
mode changes from fiber brittle failure to brittle fail-
ure with considerable matrix damage, as the cross-
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Figure 3 Changes of ILSS values with freezing time for glass/epoxy composites (containing 65 wt % fiber) at —40°C
temperature for 2 mm/min (e) and 500 mm/min (@), at —60°C temperature for 2 mm/min (a) and 500 mm/min (A), and at
—80°C temperature for 2 mm/min (e) and 500 mm/min (4 ) crosshead speeds.
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Figure 4 Scanning micrograph shows extensive fibers pull-out and massive matrix crackings of the low-temperature-treated

specimen.

head rate increases. This brings about a resulting in-
crease in energy absorption.'”!" The composite sensi-
tivity to strain rate is mostly driven by the resin
behavior.

CONCLUSIONS

The present findings may lead to the following con-
clusions:

Loading rate sensitivity seems to be controlled by
the area of interfaces and the percentage of poly-
mer matrix phase present in composites.

Its nature of variation appears to be dependent on
testing temperature and the rate at which speci-
mens are tested.

Reasonably high loss of integrity at some points of
experiment in ultralow temperature could be a
possible cause of inconsistent variation of me-
chanical strength.

Less conditioning time yields predictable mechani-
cal behavior. It may possibly be attributed to the
lesser damage in the polymer matrix.

Contradictory and inconsistent variation of shear
strength with loading speed at higher condition
times for all experimental ultralow temperatures

could be contributed by massive matrix crack-
ings.
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