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Abstract: Aramid fiber reinforced plastics (ArFRP) is being applied in severe service conditions, such
as aeronautical or space environments. Therefore, it is necessary to elucidate their strength in various
environments. In the present study, static tensile and fatigue tests of dry and wet specimens of ArFRP
were carried out at room temperature and at cryogenic temperature, 77K. Two types of aramid fibers, du
Pont’s Kevlar49® and Teijin’s Technora® were used for the reinforcement. The fractured specimens were
inspected under a Scanning Electron Microscope (SEM) after the tests and the fracture mechanisms were
analyzed. The tensile strength of individual aramid fibers was also measured at the same temperatures.
The effects of cryogenic temperature and water absorption on the strength of ArFRP and aramid fibers

were made clear.
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1. INTRODUCTION

ArFRR (aramid fiber reinforced plastics), an ad-
vanced composite, is applied in various fields whereby
the operating conditions have become more severe.
For example, it is applied in cryogenic environments
such as in vessels for transportation, storage of lique-
fied gases, and in aeronautic and space applications.
Therefore, it is necessary to elucidate the fracture
mechanisms when ArFRP is used in such severe con-
ditions.

The authors have made clear the environmental
strength characteristics of advanced composites and
elucidated the fracture mechanisms of the compos-
ites in various environments by fractographical meth-
ods such as SEM (Scanning Electron Microscope) and
SAM (Scanning Acoustic Microscope) to study the
interior damage of the fractured material [1-10]. In
this study, we carried out static tensile and fatigue
tests on dry and water-absorbed specimens of Ar-
FRP at cryogenic temperature and discovered simi-
lar strength characteristics. Simultaneously, we eluci-
dated the fracture mechanisms of the dry and water-
absorbed specimens at cryogenic temperature. We
also did tensile tests of aramid fibers themselves at
room temperature and at cryogenic temperatures.

2. EXPERIMENTAL PROCEDURE

2.1. Material

Two types of aramid fibers, Teijin’s Technora® (i.e.
HMB50) and du Pont’s Kevlar49® were tested in this
experiment. Three gauge lengths of 20mm, 25mm and
30mm were used to obtain the elastic modulus of the
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fibers, and 10 fibers were tested in each length.

Two types of composites reinforced by HM50 and
Kevlar49 fibers were tested. One was unidirection-
ally reinforced composites, (0°)14, and another was
cross-ply composites, (£45°)35. Fiber volume frac-
tions of the laminates were 67 - 72% in 0° unidirection-
ally reinforced, and approximately 70% in +45° cross-
ply laminates. The matrix was standard epoxy-resin,
Epikote828 with Epicure Z(100/20) from Shell. The
curing cycle was recommended at 150°C for 20 min-
utes, then 160°C for 2h. The specimens were rectan-
gular in shape with dimensions of 10mm wide, 200mm
long and about 2mm thick. The gauge lengths were
90mm for the tensile tests and 72mm for the fatigue
tests.

"Dry” specimens were kept in dry air, and ”Wet”
specimens were immersed in distilled water for around
3 weeks for fibers, and around 3 months for compos-
ites. The temperature of the distilled water was 80°C
to absorb into the material rapidly. These specimens
were used in the tensile and fatigue tests.

2.2, Test Method

Tensile tests of the fibers were carried out using an
electro-hydraulic servo-controlled fatigue tester (Shi-
madzu EHF-01, the loading capacity: 980N), and a
load-cell (the capacity: 1.96N) was installed to mea-
sure the load. The test piece was made by sticking
the fibers on mounting-paper following ASTM D3379
and JIS R7601. The tests were done under displace-
ment controlled conditions at a cross-head speed of
2.5x1072mm/s.

Static tensile tests of the composites were car-
ried out using a computer-controlled universal tester
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(Shimadzu AG-10TD type Autograph, the loading
capacity: 98kN), with the cross-head speed set at
2 mm/min under the controlled displacement. An
electro-hydraulic servo-controlled horizontal type fa-
tigue tester (Shimadzu, loading capacity: 49kN) was
used in the fatigue tests. The stress ratio R was 0.1
and the wave shape was a sinusoidal wave at f = 1Hz.
Dry and wet specimens were tested at room temper-
ature (RT) (Dry-RT, and Wet-RT) and at cryogenic
temperature (Dry-77K, and Wet-77K) with fibers and
composites. Specimens tested at cryogenic tempera-
ture were immersed in a nitrogen-cell, which was fitted
around the full gauge length of the specimen. Liquid
nitrogen filled the cell thirty minutes prior to the test,
enabling the specimen to adequately cool. In the case
of fatigue tests, the cell was always filled with liquid
nitrogen using an automatic liquid nitrogen supplier.
The fracture surfaces were observed using a scanning
electron microscope (SEM, JEOL JSM5400-LV).

3. EXPERIMENTAL RESULTS AND CON-
SIDERATION

3.1. Tensile Tests of Fibers

The mechanical properties of the fibers are shown
in Table 1. The elastic moduli (Ep 3) were calculated
from the initial 30 - 40% section of the fracture load
in the load - elongation diagram. Comparing the ten-
sile strength (o) at RT to 77K, the strength of dry
and wet specimens increased by around 5 - 10% in
HMS50 fibers, but there was little change in Kevlar49
fibers. The elastic modulus of dry and wet fibers in-
creased significantly at 77K by about 30 - 50% and
50 - 60%, respectively. Comparing the dry fibers with
the wet ones, there was little difference between either
the strength or elastic modulus of the HM50 fibers.
Both the strength and the elastic modulus of the wet
specimens of Kevlar49 fibers were significantly lower
than the dry ones. The water-absorption had a greater
effect on the mechanical properties of the Kevlar49
fibers than those of the HM50 fibers.

3.2. Tensile and Fatigue Tests of 0° Unidirec-
tionally Reinforced Composites
3.2.1 Tensile tests

The mechanical properties of 0° unidirectionally re-

Table 1. Mechanical properties of fibers.

75(MPa) | Eg3(GPs)
RT 3100 67
Dry
77K 3250 100
HMS0
RT 2980 69
Wet
77K 3300 112
Dry RT 3060 125
Kev.49 77K 3070 161
Wet RT 2640 101
77K 2660 154
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inforced composites are shown in Table 2. E; is the
initial Young’s modulus (initial 5 - 10% section of the
tensile strength), Ey is the final elastic modulus (fi-
nal 80 - 90% section of the tensile strength) and e
is the fracture strain. In both of HM50 and Kevlar49
composites, the tensile strength at 77K decreased by
8 - 13% from those at RT, but the modulus increased.
The tensile strength of the wet composites decreased
by 1 - 6% compared to the dry ones, at the same tem-
perature. The effect of water-absorption on the tensile
strength at the same temperatures was comparatively
small.

Though the strength and modulus of the resin at
77K increased from RT, the fracture strain decreased
because of embrittlement of the resin [11]. Therefore,
the large deformation of a specimen causes an initial
fracture of the resin, leading to an uneven transmis-
sion of load to the fibers through the resin, local stress
concentration in the fibers, and a decrease in the ten-
sile strength. Assuming the load is transmitted uni-
formly to the fibers in the composites and using the
rule of mixture, we calculated the load to be trans-
mitted to the fibers upon the fracture of the compos-
ites. However, the data obtained from our tensile tests
showed that the load was too small to break the fibers
and that the fracture probability of fibers was about
2%, even at the highest value. Therefore, it is thought
that the stress is concentrated locally in the fibers.

Because both the modulus and the strength of the
fibers are far larger than those of the resin, the prop-
erties of the 0°unidirectionally reinforced compos-
ites were affected significantly by those of the fibers.
Therefore, the modulus of the composites increased
and the strength of wet composites was lower than
dry ones at 77K. Furthermore there is other evidence
to suggest that water-absorption makes the resin duc-
tile, relaxes the stress concentrations and increases
the tensile strength [12]. This leads us to the in-
conclusive result that water-absorption decreases the
tensile strength. While the tensile strength of wet
HMB50 fibers increases compared to dry ones at 77K,
the strength of wet composites decreases more than
dry ones.

3.2.2 Fatigue tests

The S - N diagrams are shown in Figs.1(a) and (b).

The inclinations of 77K were smaller than those of RT

Table 2. Mechanical properties of 0° unidirectional
composites.

g, MPa | E;,GPa | E;,GPa |&, %
RT | 1470 58 52 3.0
Dry
o 77K| 1330 79 109 L4
HMS RT | 1400 58 52 2.8
Wet
77K| 1260 77 108 1.4
RT | 1530 63 69 2.7
Dry 1.3
Kev.49 77K| 1330 84 119 .
RT | 1440 64 74 2.1
Wet
77K | 1320 91 119 1.3
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Fig.1 S — N diagrams of 0° unidirectional composites.

in every circumstance, and the fatigue life at 77K was
apparently larger than that at RT in low stress area
(relatively low stress area on the S - N diagram). This
is contrary to the case of the tensile strength.

Under cyclic low stress at a cryogenic temperature
of 77K, the strain of a specimen decreases due to an
increase in the modulus of the composites, and the
cooling embrittles the resin. In addition, the cooling
further increases the axial residual stress at the in-
terfaces between the fiber and resin generated when
laminating, in accordance with the difference between
the axial coefficients of thermal expansion of the fiber
and of the resin. The cooling further lowers the ra-
dial bond strength at the interfaces between fiber and
resin. This is caused by the difference between the ra-
dial coefficients of thermal expansion of the fiber and
of the resin; the fibers contract more than the resin.
As a result, the strength of the interfaces decreases.
It is thought that a lot of microcracks generate gradu-
ally in the resin and interfaces between fiber and resin.

This absorbs energy, relaxes the stress concentration
and prevents the crack propagations from breaking.
This coincides with the reports that brittle resin has
better fatigue properties than ductile in the case of
CFRP [13], and that the fatigue strength of resin is
higher at low temperature rather than at RT [14].

While the fatigue lives at RT of both dry Kevlar49
and dry HM50 composites are higher than wet ones
in the high stress area (relatively high stress area on
the S - N diagram), those of wet ones are lower than
dry ones in the low stress area. At 77K, the same
tendency is observed in HM50 composites, but there
is no clear difference between the fatigue lives of dry
and wet Kevlar49 composites.

In the low stress area the fatigue properties of the
composites are determined by the resin because the
fiber has enough strength to the stress in contrast
with the resin. In wet-RT, the ductilization of the
resin prevents the initiation of cracks and the large
deformability due to the decrease in the modulus of
the resin relaxes the local stress concentrations in the
fibers. As a result, there is an inclination for the fa-
tigue strength in Wet-RT to be higher than that in
Dry-RT in low stress area.

3.2.3 SEM inspection of fracture surfaces

Figures 2 - 5 show SEM photographs of fracture
surfaces. Hackles are observed at the resin parts in
Dry-RT of both composites (Fig.2). The hackles in
Dry-77K are comparatively fine, and cracks are found
(Fig.3). It is thought that the decrease in the ductility
of the resin at 77K leads to the generation of cracks
and fine hackles.

While there are some hackles in Wet-RT (Fig.4),
some basements of hackles whose upper parts seem
to have disappeared and some cutting sections of the
resin are observed in Fig.5, which shows that the resin
embrittles more in Wet-77K.

3.3. Tensile and Fatigue Tests of +45° Cross-
Ply Laminates
3.3.1 Tensile tests

Mechanical properties of £45° cross-ply compos-
ites are shown in Table 3. The moduli were calculated
from the approximate straight lines, which seemed to
coincide with the initial linear sections (5 - 20% of the
fracture stress) of load - elongation diagrams.

In both composites, the tensile strength of the dry
ones at 77K decreases from those at RT and the per-
centage of the decreases in Kevlar49 composites is
higher than that in HM50 composites. Residual shear
stress at the interfaces between fiber and resin occurs
when the composites are laminated, and the stress
increases at 77K. Furthermore, the bond strength of
the interface decreases, as fibers contract more than
resin. Consequently, the shear strength of the inter-
faces decreases. In addition, the residual interlaminar
shear stress increases at 77K and the shear strength
decreases as the direction of the fibers in each layer are
at right angles to each other. Supposedly, the decrease
of the shear strength at the interfaces between fiber
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and resin and the interlaminae decreases the tensile
and fatigue strength (Section 3.3.2) of dry composites
at 77K.

Conversely, the reasons why the tensile strength of
wet specimens at 77K was larger than those at RT, are
based on the following reasons. The cooling process
recovered the shear strength of resin and the trans-
verse strength of fibers, and the increase of residual

. N N —— stress which causes a decrease of the shear strength
Fig.2. Fracture surfage of 0° unidirectional compos-  of the laminates was not large, because the water-
ites (Kevlar49 composite. Dry-RT). absorption had reduced the residual shear stress be-

tween laminae.

The water-absorption has two opposing effects; it
decreases and increases the tensile strength of the
composites. The decrease is due to the decreases in
the shear strength of the resin, the transverse strength
of the fibers [15], and the strength of the interfaces
between fiber and resin. These decreases brought on
a reduction of the tensile strength of the composites.
The increase effect resulted from the decrease in resid-
Fig.3. Fracture surface of 0° unidirectional compos- qal shear stress of the interlaminz?e due to ductiliza-
ites (Kevlar49 composite. Dry-77K). tion of the resin [12], there}fore increasing the ten-

sile strength of the composites. The former effects
exceeded the latter ones justifying why the tensile
strength at RT of wet composites decreased largely
from those of dry ones.

The elastic moduli at 77K of both HM50 and
Kevlar49 composites rose from those at RT. The mod-
uli of wet specimens were lower than dry ones at the
same temperature, because the modulus of the resin
and the transverse modulus of the fibers increase at
77K [16]. Also, it is believed that the water-absorption
Fig.4. Fracture surface of 0° unidirectional compos-  decreases the modulus of the resin [17], which de-
ites (Kevlar49 composite. Wet-RT). creased the modulus of the wet composites.

3.3.2 Fatigue tests

Figure 6(a) and (b) show the S - N diagrams, and
the tensile strengths are indicated by asterisk marks
on the axis of ordinate (N = 10%). The order of the
fatigue strength of Kevlar49 composites in each con-
dition coincides with the tensile strength in a range of
this study, which shows the cause of the increase and
decrease in the fatigue strength to be the same as the
tensile strength. Furthermore, in HM50 composites,
Fig.5. Fracture surface of 0° unidirectional compos-  the tensile strength in Dry-77K decreased from Dry-
ites (HM50 composite. Wet-77K). RT on a large scale, but the decrease in the fatigue

strength at 77K from RT was minor. This is due to
many fiber-splittings generated in HM50 composites
(Section 3.3.3), preventing the interface fractures.

Table 3. Mechanical properties of +45° cross-ply com- The decrease in fatigue strength in Wet-RT of
posites. HM50 composites was considerably larger than that
75, MPa | E,GPa | &,,% of the tensile stxtength. .Water—absorptlon increases

il the strength of interlaminae becal_lse the resin be-

Dry RT 100.1 36 '3 comes ductile and reduces the residual shear stress

HMS0 77K 81 100 L between layers. Conversely, the water-absorption de-

wet FRL 77.0 45 | 121 creases the adhesive strength of the interfaces between

T7K| 850 2.8 2.0 fiber and resin which decreases not only the interlam-

Dry L | 1254 64 62 inar but also intralaminar strength [12]. While water-

Kev.49 77K 89.0 119 L6 absorption promotes generation of ﬁber—splittings [15]

Wet —BL 87.9 53 >4 due to weakening of the bond strength in the trans-

T7K| 951 10.8 23 verse direction of the fiber, the shear strength of the
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Fig.6 S — N diagrams of +45° cross-ply composites.

interfaces between fiber and resin drops significantly
under cyclic loading in Wet-RT. Consequently, bridg-
ing effects resulting from fiber-splittings were neutral-
ized (Section 3.3.3) and the fatigue strength decreased
sharply.

3.3.3 SEM inspection of fracture surfaces

Figures 7 - 14 show SEM photographs of frac-
ture surfaces after the fatigue tests. While the resin
fractured with a large plastic deformation in Dry-RT
(Fig.7), the plastic deformation was small in Dry-77K
(Fig.8).

No major difference was found between the frac-
ture of the Kevlar49 fiber surfaces at RT and 77K.
More fiber-splittings were generated at 77K (Fig.10)
than at Dry-RT (Fig.9) in HM50 composites. One
reason is that the decrease in transverse strength of
the fibers led to easier fiber-splittings, because cool-
ing made fibers brittle [18]. Another reason is that
the friction between fiber and resin was large because
the surface of a HM50 fiber was comparatively rough.
These fiber-splittings are the major attributing fac-
tor to the decrease in the fatigue strength in Dry-
77K from Dry-RT of HM50 composites was less than
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Fig.7. Fracture surface of £45° cross-ply composites
(Kevlar49 composite. Dry-RT).

s

Fig.8. Fracture surface of +45° cross-ply composites
(Kevlar49 composite. Dry-77K).

Fig.9. Fracture surface of £45° cross-ply composites
(HM50 composite. Dry-RT).

Fig.10. Fracture surface of +45° cross-ply composites
(HM50 composite. Dry-77K).

that of Kevlar49 composites. The damage of Kevlar49
composites propagates faster due to the interface’s
ease of fracture under cyclic loading.

In Wet specimens, the resin fracture was ductile
(Fig.11), and many vestiges like tunnels were observed
(Fig.12) where fibers were dislodged. Usually, water-
absorption weakens the transverse bond strength of a
fiber which leads to fiber-splittings. However, there
was minimal damage on the surface of HM50 fibers
in Wet-77K (Fig.13), compared to severe damage in
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Fig.11. Fracture surface of +45° cross-ply composites
(HM50 composite. Wet-RT).

Fig.12. Fracture surface of +45° cross-ply composites
(Kevlar49 composite. Wet-RT).

Fig.13. Fracture surface of +45° cross-ply composites
(HM50 composite. Wet-77K).

Fig.14. Fracture surface of +45° cross-ply composites
(Kevlar49 composite. Wet-77K).

Dry-77K (Fig.10). The water-absorption markedly de-
creased the shear strength of the interfaces between
fiber and resin of HM50 composites. Therefore, fiber-
splittings caused by the friction between fiber and
resin appeared to decrease considerably.

Most of the fractures in Wet-RT of Kevlar49 com-
posites occurred at the interface between fiber and
resin unlike Dry-RT. The fiber-splittings were scarce
(Fig.12), which shows that the water-absorption de-
creased the shear strength of the interfaces between
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fiber and resin, and that the interface fractures oc-
curred preferentially. A lot of vestiges were observed
in Wet-77K similar to in Wet-RT. But fiber-splittings
were more noticeable in Wet-77K (Fig.14) than in
Wet-RT. It is thought that the fiber-splittings oc-
curred at the same time as the resin fracture in Wet-
77K because of the decrease in the resin ductility.
More energy was consumed in the deformation of the
resin than in the generation of fiber-splittings in Wet-
RT because of the high ductility of the resin. This
suggests that wet specimens fractured mainly at the
interfaces between fiber and resin, the resin deformed
in the same direction with the fiber’s dislodgement
without shear fracture, and the specimens finally frac-
tured. Two reasons can be made as to why the fatigue
strengths in Wet-77K specimens were higher than
those in Dry-77K ones. Firstly, the water-absorption
relaxed the interlaminar residual stress which occurred
during the laminating process. Secondly, the resin be-
came slightly less sensitive to crack initiations after
the water-absorption.

4. CONCLUSION

The effects of cryogenic temperature and water-
absorption on the static tensile and fatigue strength
of aramid fiber reinforced composites were examined.
The fracture mechanisms were investigated fundamen-
tally by observation of the fracture surfaces using
SEM. The following conclusions can be drawn:

(1) The tensile strength of HM50 fibers increased
at cryogenic temperature (77K), but there was little
change to Kevlar49 fibers. The elastic modulus of
both aramid fibers at cryogenic temperature increased
considerably from at RT.

Water-absorption decreased the tensile strength
and modulus of Kevlar49 fibers significantly. Also,
the change in the strength and modulus of HM50
fibers was small, thus the water-absorption affected
Kevlar49 more than HM50 fibers.

(2) The tensile strength of 0° unidirectionally re-
inforced composites of both HM50 and Kevlar49 de-
creased by about 8 - 13% at cryogenic temperature,
while the modulus increased. The reason for the de-
crease in the tensile strength is that, apparently, it be-
came difficult for the load to be dispersed adequately
into the resin due to increased brittleness of the resin.
It is apparent that the increase in the modulus is a
result of increased fiber modulus.

(3) On the fatigue strength of 0° unidirectionally
reinforced composites, there was little difference be-
tween cryogenic temperature and RT in the high stress
range. But in the low stress range, the fatigue strength
at cryogenic temperature was much greater than at
RT, in contrast to the tensile tests. It is thought
that the cyclic strain of a specimen was small, due
to the increase in modulus of the composites. The
cryogenic temperature changed the resin to become
brittle, and weakened the strength of the interfaces be-
tween fiber and resin. This condition generated many
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micro cracks in the resin and interfaces. The cracks
relaxed the stress concentrations, and prevented the
crack propagations to lead to the fracture.

The fatigue lives of wet composites at RT were
longer than those of dry ones in the low stress range.
The reasons include; the decrease in crack initiations
due to the ductilization of the resin at RT, and the
decrease in local stress concentrations to fibers due to
the decrease in modulus of the resin.

(4) In the case of +45° cross-ply composites, the
tensile strength of dry specimens decreased at cryo-
genic temperature. This is apparently due to the de-
crease of shear strength at the interfaces between fiber
and resin and at the interlaminae. Conversely, the ten-
sile strength of water-absorbed composites decreased
at RT, but recovered a little at cryogenic temperature.

In the example of Wet-77K, the cooling effect in-
creases the shear strength of the resin and the trans-
verse strength of the fiber. It is also assumed that
the increase in residual shear stress at the interlam-
inae in Wet-77K was less than in Dry-77K because
water-absorption relaxes the residual shear stress at
the interlaminae. As a result the tensile strength in
Wet-77K was higher than in Wet-RT.

The elastic modulus increase at cryogenic temper-
ature, was caused by both the increase in the modulus
of the resin and the transverse modulus of the fibers.

(5) The order of the fatigue strength of +45° cross-
ply Kevlar49 composites in each condition were coin-
cidental with that of the overall tensile strength in a
range of this study. In the case of dry HM50 com-
posites, the rate of decrease in the fatigue strength
at cryogenic temperature from RT was less than that
for the tensile strength. The cooling made the fiber
brittle with many fiber-splittings being generated dur-
ing the fatigue. Consequently, the splittings created
a bridging effect. The rate of decrease in fatigue
strength of Wet-RT' HM50 composites was high. It
is assumed that the decrease in shear strength at the
interfaces between fiber and resin lessened the gener-
ation of fiber-splittings because of water-absorption.
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