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An experimental investigation through which the effects of low temperatures on the mechanical, frac-
ture, impact, and dynamic properties of carbon- and E-glass-epoxy composite materials has been con-
ducted. The objective of the study is to quantify the influence of temperatures from 20 °C down to —2 °C
on the in-plane (tensile/compressive) and shear material properties, static and dynamic Mode-I fracture
characteristics, impact/residual strength, and the storage and loss moduli for the materials considered.
The low end of the temperature range considered in the study is associated with Arctic seawater as well
as conditions found at extreme ocean depths (2 °C—4 °C). In the investigation, both carbon/epoxy and E-
glass/epoxy laminates are evaluated as these materials are of keen interest to the marine and undersea
vehicle community. The mechanical characterization of the laminates consists of controlled tension,
compression, and short beam shear testing. The Mode-I fracture performance is quantified under both
quasi-static and highly dynamic loading rates with additional flexure after impact strength character-
ization conducted through the use of a drop tower facility. Finally, dynamic mechanical analysis (DMA)
testing has been completed on each material to measure the storage and loss moduli of the carbon fiber-
and E-glass fiber reinforced composites. The findings of the study show that nearly all characteristics of
the mechanical performance of the laminates are both material and temperature dependent.
© 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction

A key advantage to the use of fibrous composites in structural
design is the ability to customize material performance to pre-
scribed design requirements and operating environments. Fiber-
reinforced polymer (FRP) composites provide many readily recog-
nized performance benefits; lightweight, high strength- and
stiffness-to-weight ratios, corrosion resistance, net shape
manufacturing, and more. Proper selections of the fabric architec-
tures, fiber and matrix materials, ply stacking arrangements, etc.
can yield significant mechanical performance advantages over
traditional structural materials. Owing to the significant
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mechanical performance advantages that can be achieved beyond
traditional homogeneous and isotropic materials, the marine in-
dustries utilize FRP composites in various surface and sub-surface
applications. Composite material selections are often made based
upon empirical data derived from material level tests, prototype
experiments, and/or analytical/computational mechanics models
for the required operating conditions. However, when operating
environments and loading conditions of systems change beyond
their original intended use, reevaluation is generally required to
ensure continued functionality and structural integrity. Consider-
ation is made that subsea systems in use in applications such as
deep-sea mining or Arctic drilling may not have been originally
designed for operations in such low temperature environments.
Furthermore, with a consideration of the complexities of composite
materials, the community has a limited understanding of failure
and fracture mechanisms of FRP composites operating in cold
temperature environments. Compared to traditional materials such
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as metals, there is generally a limited understanding of the me-
chanical and failure/fracture mechanisms of complex composite
structures operating in cold environments. Understanding these
environmental influences is critical towards the: (1) improvement
of fiber and matrix material performance, (2) development of
damage and fracture resistant laminate designs, and (3) progress in
new manufacturing processes necessary to meet the challenges of
operation in cold environments.

Many polymers exhibit increased stiffness and decreased
toughness with colder temperatures. Therefore, the potential for
unanticipated failure mechanisms to occur with environmentally-
dependent material properties is problematic for polymer com-
posites at extreme temperatures. These factors can reduce struc-
tural integrity and lead to premature and catastrophic structural
failures in low temperature settings. Therefore, material consider-
ations in the design of composite structures subject to cold oper-
ating environments require an in-depth understanding of the
relationships between laminate stress distributions, ply interface
mechanics, hygrothermal behaviors, damage mechanisms, and
fracture mechanics. Improving fracture toughness of FRP compos-
ites is of greater importance when loading events including impact,
wave slap, and implosion may occur in cold environments. Char-
acterizing the effects of cold temperatures on static and dynamic
fracture toughnesses using analytical work and controlled labora-
tory results aids in sensible decision making when considering
material selection. Comprehensive knowledge of the effects of
temperature on the failure response of FRP composites beyond
what is currently known will greatly advance the ability to design
and implement future marine based systems.

Variations between fiber and matrix thermal expansions
resulting from elevated curing temperature transitioning to
ambient temperatures followed by cold operating temperatures
can produce damaging residual interlaminar shear stresses and
microcracking — even in the absence of applied external loads.
Thermally-induced debonding of the fiber-matrix occurs when the
interlaminar shear stresses exceed the shear strength of the matrix
causing the formation of microcracks. Repeated cold temperature
cycles can lead to coalescence of microcracks to the extent that
larger interlaminar and intralaminar cracks develop and degrade
laminate strength and stiffness levels.

Studies of temperature effects on FRP composites have been
limited [1]. Kichhannagari [2] observed from experiments that
micro-cracking was more pronounced at cold versus ambient
temperatures when specimens were tested under nominal uniaxial
and biaxial loads. Thermal contraction causes matrix shrinkage and
forms residual interlaminar shear stresses. These stresses degrade
the interlaminar shear strength, fatigue life, and laminate stiffness.
Microcracks can lead to increased permeability, creating paths for
hygrothermal effects [3—5] such as moisture and fluid absorption
and swelling at cold temperatures. Swelling is a major source of
environmentally-induced stress when laminates are subjected to a
freeze-thaw cycling in the presence of water. The generation of
microcracks can lead to coalescence which can cause larger
mesoscale and macro-scale cracks leading to reductions in fracture
toughness and damage tolerance. The effects of freeze-thaw cycles
when combined with loading cycles are of significant importance
and must be addressed in the design of low temperature structures.
Improving fracture toughness of FRP composites is of greater
importance when dynamic and impact loading events occurring in
cold ocean environments are a concern. Controlled laboratory ex-
periments such as drop tower testing can be performed to simulate
these events by which the effects of cold temperatures on static and
dynamic fracture toughness can be characterized for optimizing
material selections in design. Lopresto et al. [6] investigated the
effects of extreme low temperatures, as well as the underlying

support conditions, on the compression after impact behavior of
composite laminates and identified the effects of water backing
during impact. The same authors have also presented findings of
the effect of extreme low temperatures on the impact behavior of
basalt laminates, including damage onset conditions and energy
absorption by the laminates [7].

2. Materials

The materials studied in the investigation consisted of carbon/
epoxy and E-glass/epoxy laminates. In each laminate the base fabric
was a “plain weave” style in which the yarns are woven in a one-
over one-under pattern as shown in Fig. 1. This resulted in a
balanced fabric in the warp and weft directions. The E-glass fabric
had an areal weight density of 190 g/m? (5.61 oz/yd?), yarn count of
18 in the warp and fill directions, and was in a greige (untreated)
condition. The carbon fabric was designated as S 611 which had an
areal weight density of 199 g/m? (5.88 oz/yd?), yarn counts of 12.5
in each direction, and was also in the greige condition. The panels
were manufactured in a press to maintain uniform thickness and
utilized ProSet 125/226 laminating epoxy. They were cured in the
press at 82 °C (180 °F), under 14 tons of pressure. To support the
various testing requirements, panels of thicknesses of 2.54 and
5.08 mm (0.1 and 0.2 in.) were manufactured.

3. Experimental approach
3.1. Tension/compression/short beam shear

Material characterization in the form of Tension, Compression,
and Short Beam Shear was conducted on the carbon and E-glass
laminates to determine the effect of decreasing temperature on the
stiffness and strength properties. Mechanical testing was con-
ducted in accordance with ASTM D638 (Tension) [9], ASTM D3410
(Compression) [10], and ASTM D2344 (Short Beam) [11], respec-
tively. Each material was characterized for both stiffness and
strength at temperatures of 20 °C, 5 °C, and —2 °C. The tests were
performed on an Instron® machine operated in displacement-
controlled loading, with the low-temperature conditions achieved
in an environmental chamber utilizing liquid nitrogen as the
cooling source. Prior to the conduct of all tests the specimens were
placed in the environmental chamber at temperature for a mini-
mum of 2 h to ensure uniform temperature through the specimen.
This was deemed sufficient due to the relative thinness of the
specimens. Fig. 2 provides the details of the respective experi-
mental test arrangements.
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Fig. 1. Plain weave fabric architecture (courtesy of JPS composites technical reference
handbook [8]).
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Fig. 2. Tensile, compressive, and short beam shear test setups.

3.2. Static Mode I fracture

Static Mode-I fracture tests were conducted to measure the
temperature dependence on the critical strain energy release rates
Gic for the carbon and E-glass laminates. The Mode-I fracture tests
were performed at 20 °C, 5 °C, and -2 °C to ensure consistency with
the mechanical characterization. Specimens were double cantilever
beam (DCB) type and fracture gages were bonded to the specimen
edges to measure the crack lengths, crack growth stability, and
allow calculation of Gjc. DCB specimens were 22.80 cm long by
2.54 cm wide (9 in. by 1 in.) and included a 7.62 cm (3 in.) Teflon
insert positioned at the mid-plane to serve as a precrack. Single
crack gages consisting of 20 strands oriented perpendicularly to the
crack front with a strand spacing of 2 mm (0.08 in.) were bonded to
one side of each specimen. As the crack front propagated across
each strand, the strands broke consecutively and the change in gage
resistance was recorded by the data acquisition system. Addition-
ally, the load and deflection time histories were recorded by the test
machine. Using the time history data, crack growth and Gic values
were characterized.

Upon loading, strain energy is produced in the specimen and a
critical load P. is reached. At this load, the corresponding strain
energy causes crack initiation to occur at the end of the Teflon

Force, P (Ib)

insert. As the deflection of each beam increases further, increases in
crack length occur, strain energy is released (lost) and compliance is
increased. The load versus deflection curve for the —2 °C E-glass
fracture test is shown in Fig. 3 and was representative of the DCB
Mode-I fracture test specimen behavior of all samples tested. Strain
energy released through Mode-I fracture was calculated by
continually monitoring the loads and deflections for each crack
length prior to the next increment of crack growth. The method of
calculating Gic in the current study is the Modified Beam Theory
(MBT) approach. The governing MBT equation is given as [13]:

where P is the load, ¢ is the extension, w is the specimen width, and
a is the crack length.

3.3. Dynamic Mode I fracture

The dynamic fracture characteristics of the carbon and E-glass
laminates were obtained using an advanced experimental
approach [14]. Dynamic fracture toughness was determined using
the wedge-insert-fracture method, which utilized a double
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Fig. 3. Mode-I fracture test configuration and typical load vs. extension behavior.
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Fig. 4. Dynamic Mode-I fracture setup using Split Hopkinson Pressure Bar.

cantilever beam specimen geometry combined with a unique Split
Hopkinson Pressure Bar (SHPB) setup shown in Fig. 4. The specimen
had a width of 12.70 mm (0.5 in.) and a thickness of 5.08 mm (0.2
in.) with a Teflon film insert used as a precrack at the mid plane of
the panel. The incident bar was 9.5 mm (0.375 in.) in diameter,
162 cm (64 in.) in length and was made out of brass. The portion of
the wedge insert in contact with the incident bar had a 12.7 mm
(0.5 in.) outer diameter and the flat end in contact with the speci-
mens was semi-cylindrical with a diameter of 3 mm (0.118 in.). The
initial crack length (distance from the center of the semi-cylindrical
tip of the inserted wedge to the crack tip), was 4.7 cm (1.85 in.) and
4.2 cm (1.65 in.) for the carbon/epoxy composite and E-glass/epoxy
composite, respectively.

During each experiment, the striker bar driven by a gas gun
impacted the incident bar creating a compressive pulse in the bar
which was measured using two resistive strain gages bonded on
the incident bar, opposite to each other. At the point of contact, the
impact force is resolved into two components, Fy and Fy, as seen in
Fig. 4. A strain gage was bonded to the upper surface of the spec-
imen with its center at the point (x, y) = (0, h). This strain gage
measured the surface strains which were used for the estimation of
the vertical component of the impact force, Fy and subsequently for
the calculation of the dynamic critical energy release rate, Gicg. The
component of the energy release rate related to the horizontal
component of the force, F, was neglected because the radius of

wedge tip was very small compared to the initial crack length.
During the experiment, the end of the specimen without a crack
rested on a support block and the crack opening was ensured to be
symmetrical. The experiments conducted at 5 °C and —2 °C utilized
a wooden cooling box with glass fiber insulation as shown in Fig. 5.
Compressed air circulated in a copper tube, immersed in dry ice,
was used to cool the specimen in the cooling box. The desired
specimen temperatures were achieved by controlling the flow rate
of the compressed air with real-time measurements of the tem-
perature in the box recorded using a K-type thermocouple. Upon
the specimen reaching thermal equilibrium with the air in the
cooling chamber, the striker was released to create the compressive
pulse in the incident bar. Clay was used as a pulse shaper on the
striker end of the incident bar to eliminate the high frequency
components of the compressive pulse, thus effectively suppressing
vibrations on the specimens caused by impact loading.

The dynamic energy release rate for the Mode-I Dynamic DCB
specimen is given by:

_F2aC

Cld=3p aa

(1)
where Fy is the vertical component of the force, b is the width of the
specimens, a is the initial crack length and C is the compliance of
the specimen.



348 J. LeBlanc et al. / International Journal of Lightweight Materials and Manufacture 3 (2020) 344—356

Copper tube entrance

Plywood Box
Door

Incident bar entrance

Support block

Fiber glass insulation

Fig. 5. SHPB cooling box schematic.

The specimen compliance is given by
C=—r=— (2)

where n =3 and H = 3Eyl. Exx is the Young modulus in the lon-
gitudinal direction and I is the moment of inertia of each beam of
the specimen given by I = %.

Substituting equation (2) in equation (1) and simplifying gives
the dynamic energy release rate as:

(3)

For the effective crack length n(a), a correction factor for local
deformation around the crack tip, e is included. Due to the ortho-
tropic nature of the material the value of e is high and cannot be
neglected; e was considered to be 3 mm (0.118 in.) in these ex-
periments and the final form of the energy release rate is

Ga=""—Fr 71— (4)

The SHPB is used to apply the force longitudinally through the
wedge. The force can be calculated from the surface strains at the
crack tip. These strains are measured using a strain gage of very
small gage length to minimize averaging effects in the longitudinal
direction and obtain localized values. Utilizing beam theory, the
surface strain at any point on the surface of the specimen is given
by:

_ox _M(h/2)
i ()

where oy, is the stress on the beam and M is the moment. Also, the
strains from the strain gage are given by equation (6).

Al €+l/2 Exdx
ST L—l/z ! ®

where [ is the gage length. Solving equation (6) results in an
expression for the force in the case of dynamic loading.
_ 2esEx
B="ha @)
Substituting equation (7) in (4) yields G4 for the Wedge-Insert-
Fracture (WIF) specimen

hes2Exx(a + e)?

Gld = 32

(8)

The Mode-I critical strain energy release rate is calculated from
equation (8), using the maximum value of strains attained. In these
experiments and in lieu of using the strain rate, the loading rate was
calculated as the time derivative of the energy release rate.

3.4. Impact and Flexure after impact

The dependence of impact loading performance as a function of
temperature for each composite material was evaluated through a
sequential test series involving a drop tower impact test followed
by 4-point flexure after impact tests. The methodology is consistent
with that utilized in Ref. [12] for generating barely visible impact
damage (BVID) levels and is summarized briefly here for
completeness.

The impact experiments were performed on an Instron
Dynatup® Model 9210 drop test machine with rectangular speci-
mens of geometry 139.7 mm x 12.7 mm x 0.508 mm (5.5” x 0.5”
x 0.2"). The warp direction of the material corresponds to the
length direction of all impact specimens. The line-load impactor
was 6.35 mm (0.25”) in radius and was instrumented with an
accelerometer to record the impact force time history for each
event. The arrangement for the impact experiments consisted of a
three-point flexure configuration with a span length between
supports of 5.08 cm (2”) as shown in Fig. 6. The primary intent of
the impact testing was to: (1) obtain the force-time history of each
impact test, and (2) impart an observable level of damage to the
specimens for the subsequent four-point flexural after impact
testing. Prior to the conduct of each impact test, the specimens
were “Thermally Soaked” for a minimum of one hour in a separate
thermal chamber to achieve the desired specimen temperature and
then immediately placed in the drop tower and the test conducted.
After each test the specimens were returned to the thermal
chamber to ensure consistent temperatures with the subsequent
flexural tests. In order to determine suitable levels of impact energy
that result in damage but not complete failure of the specimens,
initial trial runs were conducted at various energy levels to estab-
lish an acceptable energy threshold (AET) for producing damage
commensurate with visible impact damage levels. The impact en-
ergy was determined for the room temperature specimens and
used for the low temperature tests. The respective impact energies
used in the study were 5.3] for the carbon laminates and 8.6] for the
E-glass laminates. The post-impact material damage levels for the
drop test conducted at 5 °C for the carbon and E-glass laminates are
shown in Fig. 7.

Subsequent to the drop tower impact tests, four-point flexural
bending tests were conducted with the primary intention to quantify
the effect of temperature on residual flexure strength after impact of

Flexure
(4 Point Bend)

Impact

Fig. 6. Drop tower impact and flexure after impact test setups.
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E-Glass

Carbon

Fig. 7. 5 °C impact test damage levels.

the respective laminates. In a consistent manner with the tensile and
compression testing previously discussed, the four-point flexure
loading was performed on the Instron test machine with a low
temperature environmental chamber installed to ensure consistent
temperature for the duration of the tests. A four-point flexure-
loading fixture with cylindrical steel rollers as shown in Fig. 6 was
used for the characterization. The overall span length for the tests
was 114.3 mm and the span between loading supports was 38.1 mm.

3.5. DMA

The storage and loss moduli of the carbon and E-glass laminates
were characterized through the use of Dynamic Mechanical Anal-
ysis (DMA). Dynamic mechanical analysis is based on the applica-
tion of small-amplitude, time-oscillatory mechanical forcing to a
material sample and the simultaneous measurement of displace-
ment, force magnitude and phase. In this study, the perturbations
are applied by a displacement-controlled drive shaft that bends the
specimen. Although the materials in this study are not isotropic,
normal strain parallel to the specimen's neutral axis is the domi-
nant deformation mode in beam bending. The specimens were
small beams 5.6 mm (0.22 in.) wide and 35.5 mm (1.4 in.) long and a
TA Q800 DMA machine with a 20 mm dual-cantilever clamp was
utilized as shown in Fig. 8. The composite sample beams were
excited by time-oscillatory loads between 1 and 100 Hz at tem-
peratures from —100 °C to 180 °C, a range that includes the glass
transition temperature, T;. A time-temperature superposition
technique enabled estimation of the high-frequency storage and
loss moduli of the composite specimens. All mechanical properties
measured by DMA in this study are measured in the weft direction.

P
[ Sample :]
Rigid Rigid
clamp clamp
Drive
shaft

[]

Rigid foundation

The tangent of the phase between stress and strain is a measure of
the ratio of the loss modulus of the material to its storage coun-
terpart, tan 0 = Im(E)/Re(E) [15].

A number of specimens were preliminarily characterized by
loading them in tension (x-direction) in order to measure the small
strain as a function of stress at a number of frequencies (1 Hz,
10.8 Hz, 100 Hz, and 200 Hz). At all strain rates and strain levels
under 0.075% the composites exhibited an elastic modulus of
49 GPa and 9.17 GPa for the E-glass and carbon composite,
respectively. Fig. 9 shows that the linear viscoelastic behavior at
small strains is a matrix dominated behavior with a composite
(fiber and matrix combined) behavior emerging at higher strain
rates at strain levels greater than 0.075%. The carbon laminates
exhibit this behavior transition at a lower strain level than that seen
in the E-glass laminates. Note the increasingly dissipative nature of
the carbon laminates at strain levels approaching 0.1% at a root
mean-squared (RMS) strain rate of 0.7 rad/s. Therefore, at this level
of strain and strain rates the carbon laminate's stress state is his-
tory-dependent.

4. Experimental results
4.1. Mechanical characterization

The tensile and compressive mechanical characterization results
for the carbon and E-glass tests conducted at 20 °C, 5 °C, and -2 °C
are shown in Fig. 10 and summarized in Table 1 and Table 2. In all
cases, the individual tests showed that material response is nearly
linear up to failure and the failure was classified as brittle in nature
such that there was minimal plastic response as shown in Fig. 11.
From the presented results there are evident trends in material
response over the temperature range considered in the study. The
experimental results show that in terms of stiffness performance,
both the carbon and E-glass laminates are significantly stiffer in
tension that compression. For the carbon laminates there is a dif-
ference of nearly an order of magnitude and for the E-glass lami-
nates the compressive stiffness is 25% of that of the tensile.

The tensile results showed that the carbon laminates were
about five times stiffer on average than the E-glass laminates
across all temperatures, 58.6 GPa vs. 11.3 GPa (8500 ksi vs. 1645
ksi), and had slightly more than double the strength of the E-glass
laminates. Furthermore, the E-glass laminates did not demon-
strate a significant dependence on decreasing temperature across
the range considered. It should be noted that the mechanical re-
sults presented considered in this section are laminate represen-
tative properties (fiber and matrix contributions) versus DMA

w(x)

L >
v
w(0)=0 w(l)=0
w'(0)=0 wi(L)=0

Fig. 8. Dual-cantilever clamp and deflection boundary conditions.
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Table 1
E-Glass mechanical property summary.
E-Glass
20°C 5°C -2°C
Tensile Modulus (GPa) 11.39 + 0.40 11.34 + 0.26 11.51 + 0.20
Compressive Modulus (GPa) 247 +0.18 1.83 +0.25 1.84 + 0.06
Tensile Strength (MPa) 288.31 + 16.18 288.08 + 13.38 293.48 + 10.86
Compressive Strength (MPa) 154.21 + 9.07 160.06 + 7.76 165.49 + 9.39
Short Beam Shear Strength (MPa) 27.73 + 1.36 33.26 + 0.87 33.76 £ 0.76

results, which are presented later, are primarily representative of
the matrix material. Both the tensile modulus and tensile strength
were statistically equal at each temperature ranging from 20 °C
to —2 °C. Conversely, The carbon laminates exhibit a dependence

on the test temperature in that under tension these laminates
became both stiffer and stronger as the temperature decreased
from 20 °C to —2 °C. The modulus displayed an 11% increase and
the strength displayed a 7% increase over the temperature range,
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Table 2
Carbon mechanical property summary.
Carbon
20°C 5°C -2°C
Tensile Modulus (GPa) 54.82 + 3.32 58.74 + 3.65 61.30 = 1.84
Compressive 5.64 + 0.72 4.35 + 042 3.89 + 0.34

Modulus (GPa)
Tensile Strength (MPa) 595.70 + 16.01 607.77 + 35.19 637.53 + 39.36
Compressive 448.98 + 29.02 401.80 + 28.05 420.72 + 23.96
Strength (MPa)
Short Beam Shear
Strength (MPa)

52.87 + 0.59 62.64 + 0.95 66.18 + 0.64

hence an inverse relationship between tensile performance and
temperature.

In compression, there are several trends that were identified.
Specific to the compressive behavior, the carbon laminates were
approximately two times stiffer than the E-glass laminates across
all temperatures. The carbon laminates had approximately 2.5
times the compressive strength of the E-glass laminates across the
temperature range. The specific E-glass/epoxy laminates utilized in
this study exhibited differing trends in moduli and strength with
decreasing temperature. As evidenced from Fig. 10, it was seen that
with decreasing temperature there was a decrease in compressive
modulus but a corresponding increase in compressive strength. In
other words, as the temperature was reduced, the material became
softer but stronger. The carbon/epoxy laminates exhibited a clear
trend with decreasing temperature, a decrease of 30% over the
range from 20 °C to —2 °C. Similarly, the material strength exhibited
a decrease from 20 °C to 5 °C, but then remained statistically
constant from 5 °C to -2 °C.

The short beam shear strength characterization trends of the
carbon and E-glass are presented graphically in Fig. 12 for both

E-Glass - 20°C

Tension

Stress (MPa)

Strain (%)

Fig. 11. E-glass tensile and compression representative behavior (20 °C).
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overall stress-displacement history and temperature trends and
summarized in Tables 1 and 2. The displacement time history is
presented for the —2 °C for brevity but similar trends are seen for all
temperatures considered. From these results there were several
trends that can be observed as follows. In terms of overall short
beam shear strength, the carbon laminates exhibited approxi-
mately twice the strength as compared to the E-glass laminates at a
given temperature. The E-glass/epoxy laminates were character-
ized by a flat plateau in stress with increasing displacement after
reaching maximum load whereas the carbon laminates exhibited
decreasing stress capacity after maximum load. The carbon and E-
glass laminates exhibited a 20% increase in short beam shear
strength over the range from 20 °C to -2 °C.

4.2. Static Mode-I fracture

The Mode-I fracture characteristics of the carbon and E-glass
laminates are quantified through the calculation of Gic using the
method previously discussed. The strain energy release rate, Gic, for
each laminate is provided in Fig. 13 with a corresponding summary
of the results in Table 3. From the respective figures, it is seen that
each laminate material exhibits a direct dependence of Gjc on
temperature, namely that with decreasing temperature there is a
corresponding decrease in Gic. For the E-glass laminate the Gjc
value (1400 J/m?) at —2 °C is 65% of the corresponding value at
20°C (2100 J/m?). The Carbon laminates exhibit less dependence on
temperature than the E-glass laminates. There is a very small
decrease in Gc from 20 °C to 5 °C, and a statistically constant value
from 5 °C to —2 °C. The differing trends in fracture behavior be-
tween the carbon and E-glass laminates indicates that the strain
energy release rate, Gic, is primarily a function of fiber material and
not matrix material for these laminates.

4.3. Dynamic Mode-I fracture

The Mode-I critical strain energy release rate for the carbon and
E-glass laminates at each of three temperatures (five specimens per
temperature) are shown in Fig. 14 and Table 4. The loading rate,
taken to be the rate of change of the strain energy release rate with
time, was calculated for the E-glass and carbon laminates to be
174.8 kN-m/m?-s and 113.6 kN-m/m?-s (1000 in-lb/in?-s and 650
in-1b/in-s) respectively. As was seen with the static fracture results,
several trends are apparent. Firstly, the E-glass laminates exhibit
larger values for Mode-I critical strain energy release rates than the
carbon laminates. Furthermore, the E-glass laminates exhibit a
larger dependence on temperature than the carbon laminates. Of
more significance is the overall observation that the dynamic Gicq
values are markedly lower than the corresponding static values,
approximately 6 times lower for the E-glass laminates and 15 times
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Fig. 12. Short beam shear mechanical characterization.
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Fig. 13. Strain Energy Release Rate Gjc vs. Crack Length.

Table 3
Static Mode-I strain energy release rate summary.

Table 4
Dynamic Mode-I strain energy release rate summary.

Static Strain Energy Release Rate, Gic (J/m?)

Dynamic Strain Energy Release Rate, Gic (J/m?)

20°C 5°C -2°C 20°C 5°C -2°C
Carbon 1462.7 + 89.02 1181.6 + 45.82 1245.6 + 67.70 Carbon 87.85 + 14.98 92.05 + 17.38 62.3 +17.34
E-glass 2088.6 + 348.7 1604.1 + 75.2 13434 + 104.7 E-glass 317.1 + 118.55 281.05 + 71.63 214.90 + 58.67

lower for the carbon laminates. After careful observation of the
fracture surfaces shown in Fig. 15, it was concluded that interfacial
fracture between the fiber surface and the matrix occurred during
dynamic experiments instead of matrix failure. This interfacial
fracture toughness is much lower than the intrinsic fracture
toughness of the matrix material.

44. Impact and Flexure after impact

The impact behaviors of the carbon and E-glass laminates as
quantified by the force-time histories recorded during the drop
tower tests are shown in the upper plots of Fig. 16 and summarized
in Table 5 and Table 6. In considering the respective force histories
there are multiple observations that are drawn regarding both the
material and temperature dependencies. As it relates to the effects of
decreasing temperature on the impact response, there is no signifi-
cant apparent dependency on temperature for the E-glass and car-
bon materials. For all temperatures the peak recorded force is
consistent for a given material across all temperatures considered, as
is the overall time duration of the event. The carbon laminates
impacted with an energy of 5.3 ] exhibit a peak force during impact

Dynamic Strain Energy Release Rate
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Fig. 14. Dynamic Mode-I critical strain energy release rate, Gicq.

of 6500 N and an overall impact event time of between 3.5 and
4.5 ms. Exhibiting a similar trend in consistent temperature
response, the E-glass laminate results in peak impact forces of
3500 N with a corresponding event duration on the order of 8 ms.
What is more apparent in observing the results, are significant dif-
ferences in behavior when comparing the materials. The carbon,
owing to its higher stiffness, yields larger peak impact forces than the
corresponding E-glass laminates despite being impacted at a 40%
lower energy. Furthermore, in observing the force histories beyond
the peak value it is shown that that carbon laminates exhibit brittle
damage mechanisms unlike the E-glass. Brittle failures are charac-
terized by the high frequency force-time histories observed for the
carbon laminates beyond their peaks as well as the much shorter
overall duration of the event. The E-glass laminates demonstrate
more controlled and gradual damage mechanisms as evidenced by
their smoother force-time histories and gradual (longer duration)
arresting of the impactor energy during the impact event itself.
The post-impact four-point flexural behavior of the respective
laminates is shown in the lower images of Fig. 16 (Note: Due to the
large differences in flexural strength the axis limits have not been
adjusted for each material). Observation of the carbon laminate
results further support the brittle nature of the material damage. As
the material is inherently more brittle and heavily influenced by
minor variations in loading and laminate response, there is signif-
icant data scatter amongst all temperatures. This is clearly illus-
trated by the 5 °C samples in which despite all samples being
impacted identically, the residual flexural strength ranges from 150
to 400 MPa. This wide range of strength values, even after highly
controlled impact experiments, highlights the inherent unknowns
and risks when utilizing the carbon laminates for dynamic/impact
loading events. Conversely, the E-glass results exhibit tighter
groupings of flexural stiffness and strengths within a given tem-
perature band. Overall, there is a readily observable increase in
residual flexural strength with decreasing temperature. The spec-
imens impacted at 20 °C have an average residual strength of
120 MPa whereas the samples impacted at —2 °C have an average
strength of 170 MPa. Furthermore, The E-glass laminates exhibit
flexural strain values between 1.25% and 1.75% whereas the carbon
laminates have flexural strain values between 0.75% and 1.1%.
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Fig. 16. Impact and flexure after impact performance.

Table 5
Carbon impact and flexure after impact summary.
Carbon
20°C 5°C -2°C

Maximum Impact 6269 + 157.43 6358 + 91
Force (N)

Maximum Flexural 277.11 + 70.81 298.83 + 103.69
Stress (MPa)

6490 + 145.97

345.02 + 120.1

4.5. Dynamic mechanical analysis

The most significant changes in the mechanical properties of
polymers take place around T, where polymer mobility increases

and above which entropic elasticity allows molecul

es to unravel at

Table 6
E-glass impact and flexure after impact summary.
E-glass
20°C 5°C -2°C

Maximum Impact 3401 + 85.83 3608 + 110.99 3548 + 93.50
Force (N)

Maximum Flexural 116.23 +24.96 156.66 + 7.28  173.19 + 5.00
Stress (MPa)

certain time scales. In order to study the viscoelastic properties of
the FRC at a range of frequencies beyond that range which is
possible with the dynamic mechanical analyzer (TA Q800 DMA
machine), the time-temperature superposition (TTS) technique was
used to generate curves that capture the major features of the
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Fig. 17. Fiber reinforced composite storage and loss moduli at 1 Hz.

polymer's dependence on time and temperature. To perform the
TTS analysis a beam for each material specimen was installed into
the 20 mm dual-cantilever clamp and subsequently enclosed
within the DMA's temperature-controlled oven, which was equili-
brated initially to —100 °C and held for a period of 3 min. The clamp
was then re-tightened around the specimen, to correct for changes
in volume due to thermal stresses, before beginning the first fre-
quency sweep. The sample was then held at —100 °C for another
2 min. The sample was perturbed with displacements amplitudes
of 12 um (corresponding to 0.07% maximum strain) during the
frequency sweeps. Each frequency sweep consisted of 17 points
with logarithmic spacing (8 points per decade) from 1 Hz to 100 Hz.
Sweeps were performed at 20 °C intervals from —100 °C to 20 °C,

10 °Cintervals from 40 °C to 120 °C, and 20 °C intervals from 140 °C
to 180 °C. After equilibrating to the new temperature, the oven
executed a 5-min isothermal hold before beginning the frequency
sweep. Force, displacement magnitude, and phase angle (6) were
recorded at each frequency point. After the 20 °C equilibration and
before the subsequent isothermal hold, the clamp was loosened
and re-tightened to prevent thermal expansion from causing high
stresses due to clamping. Procedures for DMA of the carbon lami-
nates were similar to those of E-glass, although the ordering of the
test frequencies in the sweep was changed from ascending
(1-100 Hz) to descending (100—1 Hz).

Temperature dependent behavior of the storage modulus (E’)
and loss factor (tan ) at 1 Hz is shown in Fig. 17. The characteristic
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Fig. 18. Storage and loss moduli for E-glass and carbon laminates scaled to 0 °C.
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glass transition behavior was observed, identified by a significant
decrease in storage modulus and a corresponding peak in visco-
elastic dissipation as the temperature passes through the T,. Both
carbon and E-glass laminate glass transition temperature was
measured at the tan ¢ peak to be approximately 80 °C.

The storage moduli and tan ¢ from individual frequency sweeps
were assembled into master curves by adjusting the parameters C;
and C, of a modified version of the Williams, Landel, and Ferry
(WLF) equation and assuming br =1

_n_ —C(T —Top)
ann 7eXp<7C2+T—Tm 9)

to achieve continuity in scaled frequency «ayw. The values of C; and
C, that best fit this criterion were approximately 70 and 180 K,
respectively for the E-glass laminate. The Carbon laminate was best
fit with values of 80 K and 190 K for C; and C,, respectively. T, was
278 K for both laminate types.

Expressing these curves in terms of their corresponding real
frequencies, in Hertz and at a temperature of 0 °C, merely requires
removal of the scaling term ar as it evaluates at that temperature.
The master curves for the moduli of E-glass and carbon laminates at
a reference temperature of 0 °C are shown in Fig. 18. They reveal
that there is little reason to expect polymer-related losses in ma-
terial transmission frequencies at Arctic temperatures since the
tan 0 values are less than 0.1 above frequencies on the order of
10~ Hz (Fig. 19). The mechanical properties of fiber-reinforced
epoxy composites are essentially constant within the frequency
ranges of interest in acoustics. This is perhaps unsurprising given
the high T, of most epoxies.

5. Conclusions

A detailed experimental investigation of the effects of low
temperature on the mechanical, fracture, and frequency dependent
material properties of E-glass/epoxy and carbon/epoxy laminates
has been conducted. The investigation was primarily aimed at
establishing a foundational understanding of the temperature

effects on composite laminates at temperatures of interest to the
marine community. Historically, mechanical and acoustic proper-
ties at operating temperatures in the range of 15 °C—20 °C have
been evaluated, with minimal data pertaining to the temperatures
associated with Arctic seawater in the 2 °C—4 °C regime. The key
findings of the study were as follows:

5.1. Mechanical performance

(1) Tension: The specific E-glass/epoxy material investigated
exhibited a minimal dependence on decreasing temperature
in terms of elastic modulus and tensile strength. There is a
measurable dependence on decreasing temperature for the
carbon/epoxy laminate evaluated with the material both
stiffening and strengthening over the range 20 °C to -2 °C.
Specifically, an 11% increase in modulus and a 7% increase in
strength with decreasing temperature. Hence an inverse
relationship between tensile performance and temperature.

(2) Compression: The specific E-glass/epoxy material utilized in
this study exhibited opposite trends in stiffness and strength
with decreasing temperature. As the temperature is
decreased the material became softer but stronger. Carbon/
epoxy laminates exhibited decreasing stiffness with
decreasing temperature, a decrease of 30% over the range
considered, and a material strength decrease from 20 °C to
5 °C followed by near constant strength from 5 °C to -2 °C.

(3) Short Beam Shear: The E-glass/epoxy laminates were charac-
terized by a flat plateau in stress with increasing displacement
after reaching maximum load whereas the carbon laminates
exhibit decreasing stress capacity after maximum load. The
carbon and E-glass laminates exhibited a 20% increase in short
beam shear strength over the range from 20 °C to -2 °C.

5.2. Fracture performance

(1) Static Mode-I: Both of the E-glass and carbon laminates
considered, exhibited a direct dependence of Gic on



356 J. LeBlanc et al. / International Journal of Lightweight Materials and Manufacture 3 (2020) 344—356

temperature with an observable trend that with decreasing
temperature there was a corresponding decrease in Gic. The
E-glass laminates had a Gc value of 1400 J/m? at —2 °C, which
was 65% of the corresponding value at 20 °C, 2100 J/m?.

(2) Dynamic Mode-I: The E-glass laminates exhibited higher
critical strain energy release rates than the carbon laminates
for dynamic Mode-I fracture. Additionally, the E-glass lami-
nates displayed a larger dependence on temperature than
did the carbon laminates. Finally, the observed dynamic
Mode-I Gicq values are significantly lower than the static
Mode-I values.

5.3. Impact and flexure after impact strength performance

(1) Impact: The E-glass and carbon laminates show no signifi-
cant dependence on impact behavior as a function of tem-
perature in that the peak impact force is consistent across the
temperature range considered in the study. However, the
carbon laminates exhibit a brittle type behavior under
impact loading whereas the E-glass laminates are more
compliant during loading event.

(2) Flexure after impact: The four-point flexure after impact
behavior of the E-glass laminate evaluated in the current
study exhibits a trend in which the flexural strength de-
creases with increasing temperature with the specimens
impacted at —2 °C having a larger residual strength than the
samples impacted at 20 °C. There was no discernible trend
found in the carbon laminates as the brittleness of the ma-
terial under impact loading resulted in significant scatter in
the results, even while the impact energy was consistent in
all samples.

5.4. Dynamic Mechanical Analysis (DMA)

The linear viscoelastic behavior at small strains exhibit a matrix
dominant behavior with a composite behavior at higher strain rates
emerging for the carbon laminates at a lower strain level than for
the E-glass laminates. The glass transition temperatures for the E-
glass and carbon laminates are approximately 72 °C and 80 °C
respectively. The mechanical properties of fiber-reinforced epoxy
composites are essentially constant within the frequency ranges of
interest in underwater acoustics.

The primary objective of the current manuscript was to present
the meaningful findings pertaining to the mechanical and fre-
quency dependent properties of carbon and E-glass laminates at
temperatures of interest to the marine industry, specifically

submerged vehicles. To further expand this breadth of knowledge,
additional studies are warranted for low temperatures corre-
sponding to structures exposed to low temperature air where the
temperatures can be significantly lower than those of seawater.
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