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ARTICLE INFO ABSTRACT

Keywords: This work investigates the combined effect of water immersion and temperature on the interlaminar shear static
Polymer-matrix composites (PMCs) and fatigue strength of glass fiber epoxy composites. Interlaminar shear tests were performed on I-beam shaped
Durability samples which enable faster fluid saturation at 20, 40 and 60 °C, both in air and in immersion. Analysis of fatigue
E::;igrl‘l’;‘memal degradation parameters and optical micrography enabled understanding the phenomena that govern the static and fatigue

degradation for each case. The dry properties are dominated by the matrix resistance at room temperature and
by fiber/matrix interface strength for higher temperature. The immersed properties are dominated by the fiber/
matrix interface degradation. An analytical model based on Arrhenius theory is presented for building a fatigue
mastercurve that accounts for both temperature and water immersion. The effect of water immersion is modelled
by accounting for the change of glass transition temperature of the material. The results show that the mas-
tercurve describes well the conditions tested, provided that the material remains below its glass transition

Hygrothermal effect

temperature.

1. Introduction

In the recent years interest for composite material in the offshore
industry has grown due to their corrosion resistance and lightweight
[1]. Many projects have provided in field experience using composites
offshore [2] verifying their excellent resistance. One of the main chal-
lenges encountered in these projects has been the great number of tests
required to certify these composite structures, which leads to high costs.
To reliably ensure resistance for very long operational lives, the me-
chanical properties and performance of the material need to be tested in
various environmental conditions, representative of the ones that the
structure is expected to encounter in the application (Fluid immersion,
high/low temperatures, gas permeation and chemical attack). If the
same structure is later employed in another oilfield the environmental
conditions can change with respect to the ones considered during the
testing and certification of the structure, requiring additional testing
and verifications.

The high costs related to testing and certification and the difficulty
in extrapolation of the results for different test conditions are probably
the major hinder for an increase in the use of composites offshore. It is
therefore beneficial to reduce the number of tests to perform at dif-
ferent temperatures and environments.

In this work a glass fiber reinforced epoxy was tested statically and
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cyclically under different conditions: dry and saturated with water, in
different temperatures (20 °C, 40 °C and 60 °C). The failure mechanisms
were analysed for the different conditions and an Arrhenius master
curve was proposed, which models both temperature and water sa-
turation.

The failure mode tested and analysed in this work is interlaminar
shear fatigue. This has been chosen since it is one of the failure modes
most effected by environmental degradation, as it is dominated by the
properties of the matrix and the fiber/matrix interface. In fact, in real
applications composite structured are always connected to other ma-
terials, typically metallic. This connection causes high interlaminar
stresses, since fibers do not run from the composite to the metal, which
often can lead to failure. It is therefore very important to assess the
variation of interlaminar durability.

Many standard methods are available for through-the-thickness
shear testing of composites [3], but it is hard to find a test method that
allows quick saturation of the sample, due to the high thickness of most
test samples. In fact, Fickian diffusion theory suggests that the time
needed to reach saturation is proportional to the square of the thickness
of the laminate. Thin laminates would therefore be beneficial to adopt.

This article concentrates on measuring shear based on a variation of
the Short Beam Shear (SBS) test [4]. If a SBS test is done on very thin
samples the test is difficult or impossible to carry out, because the
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sample bends too much if the samples are tested in a horizontal position
and roller indentation from the fixture becomes a problem if the sam-
ples are tested vertically. A good compromise between accelerating
saturation and avoiding indentation effects has been found by adopting
I-beam shaped bending samples, which combine a thin central web and
wider top and bottom flanges. These have the advantage of requiring
only few weeks to reach saturation (the web is 2mm thick) and yet
reduce roller indentation due to the presence of top and bottom flanges
thanks to the adoption of a four-point bending configuration, similarly
to the standard for interlaminar shear testing of sandwich structures.
Milling of the I-beam samples from a laminate is a complex operation,
but the reduction of sample thickness has drastic effects on the sa-
turation time of the material, since this is a quadratic function of the
thickness. A thickness reduction by half, for example, results in a four
times shorter saturation times, which can spare several months of
testing. The I-beam test method has been presented and discussed in
Refs. [5,6], where it was shown that the static behavior of the samples
could be well predicted from the nonlinear behavior of the matrix,
while linear elastic theory leads to an overestimation of the inter-
laminar shear strength of the material. The test setup and sample
geometry are shown in Fig. 1 (a, b).

Environmental effects on interlaminar shear strength of composites
have been studied experimentally since early works of Springer, re-
porting a decrease of performance due to both moisture and higher
temperature [7,8]. Similar effects were also found by Browning,
Husman and Whitney [9]. This effect is very likely to be caused by the
degradation of the fiber/matrix (F/M) interface, as suggested by the
single-fiber-fragmentation-test (SFFT) performed by Ramirez et al.
[10]. The fiber/matrix interface plays an important role on the thermal
and hygroscopic properties of the composites. Mallarino et al. [11] and
later Joliff et al. [12,13] have shown that the interphase has a much
lower glass transition temperature compared to the matrix, due to lo-
calized incomplete curing or plasticizing effects from fiber treatment.
This fiber/matrix interphase, together with the matrix plays an im-
portant role in the interlaminar shear behaviour of the material [14].

The damage mechanisms of interlaminar shear failure were studied
in recent works from Rocha et al. [15,16] and from the authors [5]. In
dry samples the failure was a creep dominated effect, as discussed by
Petermann and Schulte [17], while for conditioned samples the fatigue
behaviour was governed by the growth of fiber/matrix interface de-
bondings [5,16]. The effect of temperature on the fatigue of dry and
conditioned samples was modelled analytically by Mortazavian and
Fatemi [18], which used an Arrhenius approach, as suggested by Na-
kada and Myiano [19].

In this work the failure mechanism of composites dry and immersed
in water is studied at different temperatures. The micromechanical
mechanisms of damage are analysed and a mastercurve based on
Arrhenius theory is proposed for the description of the effect of both
temperature and water saturation.

e >

Fig. 1. (a) Set up geometry and dimensions of tested I-beam samples and (b) I-
beam specimen.
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2. Material and methods
2.1. Materials

A glass fiber/epoxy composite laminate has been manufactured
using vaacum assisted resin transfer molding (VARTM). The matrix was
Hexion Epikote™ Resin RIMR135 mixed with Epikure™ Curing Agent
MGS RIMH137 with a mixing ratio of 100:30 by weight. The fibers were
HiPer-tex™ UD glass fibers from 3B. Curing was performed at room
temperature for 24 h and post-curing in a ventilated oven at 80 °C for
16 h.

The volume fraction of the laminate was obtained by matrix burnoff
test, resulting in 54.0%.

A set of samples was immersed in 60 °C distilled water until sa-
turation occurred, according to ASTM D5229 Standard.

The laminate obtained was cut into rectangular bars using a dia-
mond coated saw, and milled to the I-beam geometry, shown in Fig. 1.
The individual samples were then cut to 60 mm length using a water-
cooled diamond coated saw. In order to reduce potential stress con-
centrations, the edges of the samples were ground up to a 4000 grit and
polished with a 3 ym polishing disc. In Ref. [5] the fatigue performance
of the I-beam samples was compared with standard test results from the
literature yielding a good agreement. This suggested that the grinding
and polishing procedure reported here enables a good surface rough-
ness and avoids surface crack initiation.

Prior to hygrothermal conditioning and testing all the samples were
dried in an oven at 50 °C for 72 h. A set of samples destined to immersed
testing was immersed in distilled water in a thermally regulated
chamber at 60 *= 1°C until saturation occurred, according to ASTM
D5229 Standard [20]. The samples immersed in distilled water were
weighed using a Mettler Toledo AG204 DeltaRange scale, having a
sensibility of + 0.1 mg.

Dynamic thermal mechanical characterization of the material was
performed on dry and conditioned tensile samples using a Netzsch-
Gabo Eplexor 150 DMTA machine equipped with a 150 N load cell and
a thermal chamber, resulting in glass transition temperature,
T, = 87.1°C for dry samples and T; = 49.0 °C for conditioned samples
[5,6].

2.2. Interlaminar static and fatigue testing

Four-point bending testing was performed on the I-beam short beam
shear configuration shown in Fig. 1, using a Schenk tensile machine
with a 12,5kN loadcell and a customized chamber for the immersed
tests and a MTS Landmark machine with a 50kN loadcell and a
MTS651 environmental chamber for high temperature dry tests. The
tests were performed in load control, with a ratio R = 0.1 and a fre-
quency of 4Hz, in order to reduce the effect of heat generated by
loading. For samples that reached 2000000 cycles, the test was
stopped and the result was defined as a run-out. The setup used for the
dry and immersed test is shown in Fig. 2(a-b). A polycarbonate (PC)
antibuckling device was used in order to avoid buckling of the sample's
central web, as shown in Fig. 2(a-b) and discussed in Refs. [5,6]. The
antibuckling device was designed to avoid initiation of buckling in the
web of the sample, to obtain a valid shear failure. A very small clamping
force was used, to avoid constrain stresses in the web of the sample.
Failure was defined when the samples reached a limit deflection equal
to the static deflection at failure for that test environment (dry or
conditioned). In Fig. 2 (c) are reported other possible definitions of
failure for a SBS test, like the knee of the deflection curve or the limit of
the set-up, when further deflection would damage the set-up. The static
deflection at failure was chosen since it is the most reproducible cri-
terion. It was verified that the choice of the failure criterion has little
influence for the material studied here. A comparison was performed on
the conditioned samples tested at 40 °C, by comparing the number of
cycles to ultimate static deflection (1.87 mm) with the number of cycles
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Fig. 2. Test set up for (a) immersed and (b) tests. (c) Schematic evolution of
maximum cyclic deflection.

to the highest allowable deflection of the set-up (3.00 mm). The dif-
ference in fatigue life was between 1.8 and 6.2% for long and short
fatigue lives respectively. When dealing with different materials it is
recommended to verify the validity of this assumption.

3. Results
3.1. Fluid saturation

The results of the mass gain measurement are shown in Fig. 3. Sa-
turation was defined according to the standard [20], when the differ-
ence between two consecutive measurements was less than = 0.02%.

It can be noticed that saturation occurs at 0.72% mass increase. This
value is a bit lower than the one measured in Ref. [21] on the same
material. The difference can be attributed to the different volume
fraction of the laminate compared to the one studied in Ref. [21]:
59.5%.

3.2. Static results

The static load deflection curves are shown in Fig. 4.

It can be noticed that there is a progressive decrease in strength for
the dry and conditioned samples with higher temperatures. The tan-
gential elastic modulus was estimated from the slope of the linear part
of the load-deflection curve according to Timoshenko's beam theory
[22]. The results are summarized in Table 1 and are shown in Fig. 5.

The tangential elastic modulus obtained from the crosshead dis-
placement is computed in the initial linear part of the load-deflection
curve, below 50% ultimate load. This was done in order to reduce the
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Fig. 3. Mass increase of the tested samples.
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incidence of roller indentation on the results.

It can be noticed that the ultimate load is very sensitive to the in-
crease in temperature in both the dry and conditioned specimens. The
tangent elastic modulus, on the other hand, is almost not influenced by
the temperature for the dry case and slightly influenced by the tem-
perature for the conditioned case. This difference is attributed to the
fact that the conditioned samples are tested closely below and above
the glass transition temperature, which is 49 °C for saturated samples.
When reaching the glass transition temperature, the material starts to
transform into a rubbery state, which explains the strong decrease in
elastic properties, Fig. 5.

From the static curves of the I-beams, Fig. 4, it is possible to obtain
the degraded properties of the matrix, using the FE method proposed in
Ref. [6], where the I-beam is modelled using a laminated approach,
where the matrix degradation is considered using an elasto-plastic
formulation.

Optical micrographs were performed on statically tested samples
and are shown in Fig. 6.

From the optical micrographs on statically tested samples it can be
noticed that failure occurs in the central web of the I-beams in form of
intra-ply cracks. The only exception is the dry sample tested at 20 °C,
which showed in inter-laminar crack. A similar trend will be shown in
the next paragraph for the cyclically tested samples.

3.3. Fatigue results

The SN curves are shown in Fig. 7 where the maximum load is

plotted along with the number of cycles to failure. The R ratio was 0.1.
The results were interpolated using the Basquin relation [23]:
L= LoN- 'k )
where L is the maximum load, L, is the pre-exponential load coefficient,
N is the number of cycles and k is the slope. The interpolation para-
meters are reported in Table 2.

For the dry samples, it is possible to notice a difference between the
slope of the SN curve at 20 °C and the SN curves at 40 °C and 60 °C. The
slopes at 40 °C and 60 °C seem flatter than the slopes of the curve at
20 °C. This difference can be attributed to a change in fatigue failure
mechanism. It will be shown in the discussion that the dry sample's
damage at 20 °C is governed by the creep in the matrix, while at higher
temperatures (40 and 60 °C) the mechanism is governed by creep in the
fiber/matrix interphase.

For the conditioned SN curves, it is possible to observe a similar
slope for the samples tested at 20 °C and 40 °C, while the samples tested
at 60 °C showed a different slope. The latter is attributed to the regime
above the glass transition temperature.

From Table 2 it is possible to identify three categories of slopes of
SN curves: the slopes of the dry specimens (0.0538, 0.0355 and 0.042),
the slopes of conditioned specimens tested at 20 °C and 40 °C (0.0709
and 0.0734) and the slopes of conditioned specimens tested at 60 °C
(0.1065). These observations suggest a potential change in failure me-
chanisms, which is analysed in more detail in the following sections.

The hysteresis loops shown in Fig. 8 provide a first qualitative
analysis of the samples mechanical degradation during the test. It is
possible to notice that for the dry samples, Fig. 8 (a, b and c), the curves
shift toward greater deflections during the fatigue test. This effect is
enhanced by the increase in temperature. The change in slope of the
hysteresis loops is quite small during the tests, while a slight increase of
the area of the hysteresis curves is visible with increasing temperatures.
The conditioned samples tested in immersion at 20 and 40 °C, Fig. 8 (d,
e), show also a shift of the hysteresis loops toward greater deflections
during the fatigue test, but in this case also a strong decrease in slope
and increase in area of the hysteresis loops is visible.

For the conditioned samples tested above their Ty, Fig. 8 (f), the
hysteresis loops show a very particular behaviour, they shift toward
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Table 1
Ultimate load and elastic tangential modulus for different environmental con-
ditions.

State Ultimate load (kN) Tangent elastic modulus (MPa)
Dry - 20°C 9.95 + 0.46 2930 + 176
Dry - 40°C 8.75 = 0.07 3090 + 109
Dry - 60°C 7.33 = 0.51 2880 * 172
Conditioned — 20 °C 6.57 = 0.04 2090 * 2
Conditioned - 40 °C 4.79 * 0.23 1800 + 265
Conditioned - 60 °C 3.45 = 0.17 870 + 236
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Fig. 5. Ultimate load and tangent modulus from static tests, the glass transition
temperature and beginning of glassy state for the material are highlighted.

greater deflections very quickly and don't show a strong change of slope
or area. It is believed that this effect is attributed to the rubbery state
reached by the material.

To analyse the observed failure mechanism, it is useful to isolate the
contribution of creep and damage growth during the fatigue lives. In
Figs. 9, 10 and 12 the dynamic secant tangent modulus, hysteresis
dissipated energy and minimum/maximum cyclic deflection are shown
and the results are analysed.

The analysis presented here is based on samples tested between 5
10* and 10° cycles to failure, which were loaded cyclically below 60%
of their ultimate load. This level of loading was chosen to reduce the
influence of roller indentation on the analysis to a negligible level.

The dynamic secant modulus of the dry samples shows a typical
three stage behaviour for every test temperature: I — initial drop of
modulus in the first 20% of the fatigue life, II — steady reduced decrease
in modulus and III - final degradation prior to failure after 80% of the
fatigue life, Fig. 9. For the conditioned samples the behaviour is dif-
ferent. At 20°C and 40 °C the modulus decreases steadily during the
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entire fatigue life; this effect is more marked at 40°C. At 60 °C the
modulus is constant during the entire life, but much smaller than in the
dry case. This effect is attributed to the change in properties occurring
above the glass transition temperature: the sample degrades almost
instantly from the beginning of the fatigue test. It is important to re-
mark that the secant modulus describes only the change of slope of the
hysteresis cycles, whereas the tangent modulus would be influenced by
the “rigid” shift of the hysteresis loops. This characteristic makes the
secant modulus useful for the description of damage mechanisms, as it
is not influenced by creep, which causes a “rigid” shift of the hysteresis
loops.

In Fig. 10 are shown the maximum and minimum cyclic deflection
for each cycle. The minimum cyclic deflection is an indication of non-
reversible deformation occurring, typically associated with creep or
damage development. The deviation between minimum and maximum
cyclic deflection gives information about the elastic degradation of the
material, as the fatigue test is run in load control. For the dry state it can
be noticed that in the range of temperatures studied the material has a
similar behaviour, an initial state with increase in cyclic deflection up
to 20% of the fatigue life, a small increase in deflection between 20 and
80% of the fatigue life and an increase of the deflection in the last 20%.
The last stage is also the one where the difference between minimum
and maximum cyclic deflection increases, suggesting a degradation
affects the elastic modulus. For the conditioned material the 20 °C state
shows a behaviour similar to the dry one, the 40 °C shows only phase I
and 11, initial and final increase in deflection. For the samples tested at
60 °C the behaviour observed is consistent with a rubbery behaviour.

All samples shown in Fig. 11 have been cyclically tested to failure,
which occurred between 10* and 10° cycles. The dry and conditioned
samples tested at 20 °C failed at 29416 and 29229 cycles respectively at
a load of 6.24 and 3.6 kN. The dry and conditioned samples tested at
40 °C failed at 42355 and 63568 cycles respectively at a load of 5.69
and 2.63 kN. The dry and conditioned samples tested at 60 °C failed at
20625 and 22496 cycles respectively at a load of 4.46 and 1.56 kN.

Another parameter that provides information about the damage
mechanism is the cyclic hysteresis dissipated energy, Fig. 12, defined as
the area inside each hysteresis loop. For the dry samples it is possible to
notice that the increase of hysteresis dissipated energy is very small
during most of the fatigue life and presents an increase in the final 80%
of the fatigue life. For the conditioned samples an increase of the hys-
teresis dissipated energy occurs during the entire fatigue life. This effect
is stronger with the increase in temperature, suggesting that a me-
chanical degradation is occurring. For the conditioned samples tested at
60 °C the hysteresis dissipated energy is constant and very small during
the entire fatigue life, suggesting that a purely rubbery behaviour is
developing.

Microscopy analysis, Fig. 13, show that dry samples tested at 20 °C
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Table 2

Parameters using for interpolating the SN curves, according to Eq. (2).
Environmental condition Lo (kN) 1/k ()
Dry - 20°C 11.85 += 0.33 0.0538
Dry - 40°C 8.01 = 0.23 0.0355
Dry - 60°C 6.96 = 0.20 0.0420
Conditioned — 20 °C 7.59 = 0.25 0.0709
Conditioned — 40 °C 5.76 = 0.43 0.0734
Conditioned — 60 °C 4.96 = 0.51 0.1065

failed due to inter-ply cracks, when increasing the temperature, the
crack developed in the intra-ply. For conditioned samples, the crack
developed in the intra-ply for both room temperature and higher tem-
perature.

Microscope analysis of untested samples, Fig. 14, showed the pre-
sence of fiber/matrix debonding prior to testing. This effect is consistent
with recent works [5,16].

40°C
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60°C

Fig. 6. Optical micrograph for dry and conditioned samples statically tested at 20, 40 and 60 °C.

4. Discussion
4.1. Static behaviour

The static results reported in Figs. 4 and 5 show that the tempera-
ture has a small influence on the elastic tangential modulus of the dry
material, similarly to the results observed by Manalo et. for dry material
[24]. On the other hand, for the conditioned material an increase in
temperature caused a decrease of the elastic tangential modulus. This
difference is attributed to the fact that the dry material is tested well
below its glass transition temperature (87.1 °C), while the conditioned
samples are tested close to it (49.0 °C).

The stronger influence of the temperature on the interlaminar shear
strength, Figs. 4 and 5, is consistent with the results reported by Davies
and Arhant, [25]. This effect could be attributed to the influence of the
fiber/matrix interphase in the interlaminar failure of composites. Mal-
larino et al. [11] and Joliff et al. [12,13] have shown that the fiber/
matrix interface has locally a glass transition temperature much lower
than the one of the bulk matrix, this can explain the sensitivity of the
interlaminar shear strength to the temperature.

4.2. Fatigue behaviour

The different slopes in the SN curves, shown in Fig. 6 and reported
in Table 2 are caused by changes of microscale mechanisms that cause
failure. For the dry samples tested at 20 °C, failure was shown to initiate
as cracks in the inter-ply [5], while at higher temperatures, 40 and
60 °C, the microscopy analysis showed intra-ply cracks, Fig. 12. Al-
though the temperature has an influence on the location of failure for
the dry samples, from inter-ply to intra-ply, the analysis of dynamic
secant modulus, Fig. 9, minimum/maximum cyclic deflection, Fig. 10,
and hysteresis dissipated energy, Fig. 12, show a similar behaviour in
all cases. For the dry samples, failure seems to be a creep governed
effect, however the temperature has an influence on the location where
creep failure occurs. At 20 °C the failure occurs in the inter-ply, a resin
rich area, while at 40 °C and 60 °C the failure occurs inside the ply, in
the intra-ply. The reason for this difference is believed to be the locally
lower glass transition of the fiber/matrix interface, as shown by Mal-
larino et al. [11] and Joliff et al. [12,13].

For the conditioned SN curves at 20 °C and 40 °C the slopes were
similar, suggesting that both cases lead to a similar failure mechanism.
In fact, in Ref. [5] it was shown that fiber/matrix debondings were
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found before loading the samples, which caused intra-ply cracks. This
damage appears before testing, so it is independent on the temperature,
hence the similar slope between 20°C and 40 °C. The conditioned
sample tested at 60 °C are above Tg, this explains the different slope
observed for these samples.

The different failure mechanisms observed are reported for dry
samples tested at room temperature, Fig. 15 (a), for the dry samples
tested at higher temperatures, Fig. 15 (b) and for the conditioned
samples tested in immersion, Fig. 15 (c).

4.3. Analytical modelling of the influence of temperature and moisture on
fatigue

Several authors have worked on creep mastercurves for polymers
and polymer reinforced composites [26-28]. Recent work from Nakada
and Miyano has extended this approach for fatigue strength [19]. More
recently, Motrazavian and Fatemi have employed this theory for
building fatigue mastercurves of short fiber reinforced thermoplastics at
different temperatures [18]. In the current work a model is developed
for the construction of a fatigue mastercurve taking into account both
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Fig. 12. Hysteresis dissipated energy for cycle for dry and conditioned samples tested at (a) 20 °C, (b) 40 °C and (c) 60 °C.
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Fig. 13. An Optical micrograph of conditioned samples. Cracks develop inside the plies.

temperature and fluid saturation. The approach is based on the defi-
nition of an acceleration factor, or shift factor related to time:

t
W= a® @

where t is the testing time under accelerated conditions, ty is the testing
time under reference conditions and a(T) is the acceleration factor or
shift factor. When looking at fatigue the acceleration factor can be
expressed in terms of number of cycles to failure:

N
FR = ay (T) 3)

where N is number of cycles to failure under accelerated conditions, Ng
is the number of cycles to failure as at a reference condition. Note that
time and number of cycles to failure are related by the test frequency.

Interlaminar shear fatigue is a matrix dominated behaviour [14].
The increase of the mobility of molecular chain segments caused by an
increase in temperature can accelerate the aging process of the polymer
matrix. This acceleration can be described by an Arrhenius type
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Fig. 14. An optical micrograph of conditioned samples prior to mechanical testing. Fiber/matrix debondings are visible inside the plies, (a) in areas where fibers are

not closely packed and (b) in areas where fibers are closely packed.
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Fig. 15. Schematic explaining of the failure mechanism for (a) dry samples
tested at room temperature, (b) dry samples tested at higher temperatures:
40 °C and 60 °C and (c) conditioned samples tested in immersion.

equation [29]:

AH

- (-2

RT @

where AH is the activation energy, R is the universal gas constant, T the
absolute temperature and tg is the testing time in reference conditions.

Fluid saturation causes a decrease of the glass transition tempera-
ture of the material. The decrease of the threshold between glassy state
and rubbery state equivales to an increase of molecular chain mobility,
even if the temperature of the specimen remains constant. It is therefore
possible to define an equivalent temperature of the material, which
takes into account the decrease of glass transition temperature:

T
=T ﬁ
g

)]

where T" is the equivalent temperature, T is the absolute temperature,
ng'y is the glass transition temperature of the dry material and Tg“’"“l is
the glass transition temperature of the conditioned material.

The glass transition temperature of the material is influenced by the
fluid content inside the material, assuming that the decrease of glass
transition temperature is proportional to the moisture content, Eq. (5)
can be written highlighting the fluid concentration link to the glass
transition temperature:

T
=T+ 7|5 —1|%

Tg (C) ceq (6)
where c is the fluid concentration. Eq. (6) can therefore be written as:
t= bex (_ AH)

PP TRy %)

Combining Eq. (2) and Eq. (7), it is possible to formulate the time-
temperature shift factor as a function of temperature and fluid con-
centration:

loga (T, ¢) = log ¢ — logtg = —2AH (i _ 1 )

2303R\ Tz T (8)

The activation energy is a material property that depends on the
degradation mechanism, so for cases when different degradation me-
chanisms are expected the activation energy can change. The shift
factor obtained in Eq. (8) refers to the testing time and in order to
predict the number of cycles to failure this value needs to be multiplied
for the test frequency.

logan (T, ¢) = log N — logNg = 2.;)1; (TLR - %) ©)

In this theory the shift factor is calculated assuming that all tests are
performed at the same frequency as the reference conditions. For tests
performed at different frequencies, the theory would predict a fre-
quency dependency of the results that has not been studied experi-
mentally.
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Fig. 16. (a) Dry and conditioned SN mastercurves (b) Environmental mastercurve with the definition of equivalent temperature. The glass transition temperature for
each state is also indicated (dry and conditioned). The conditioned samples tested at 60 °C crosses the glass transition temperature of the material.

The dry and conditioned SN curves can be analysed separately in
order to estimate the activation energy for each case, Fig. 16 (a). The
values of the activation energy are 73 kJ for the dry samples and 105 kJ
for the conditioned samples. Using the same values of activation en-
ergies and the definition of equivalent temperature introduced in Eq.
(6) it is possible to build a time-temperature-environment mastercurve,
Fig. 16 (b).

The mastercurves in Fig. 16 (a, b) are plotted in terms of reference
number of cycles to failure, defined as time to failure in reference
conditions, Eq. (7), multiplied by the test frequency. This definition
enables differentiating the fatigue mastercurves from the fatigue curves
obtained experimentally and shown in Fig. 7 [18].

The mastercurve obtained according to Eq. (9) provides a good fit
with the experimental results in the range dry (20-40-60 °C) and con-
ditioned (20-40 °C), Fig. 16 (b). The conditioned samples tested at 60 °C
seem to deviate from the mastercurve and this effect is attributed to
rubbery state of the material, which is tested above the glass transition
temperature. In fact, the shift factor introduced in Eq. (9) is based on
Arrhenius theory, which is not valid above the glass transition tem-
perature of the material. The deviation of the conditioned samples
tested at 60 °C from the linear mastercurve is an indication of the limits
of validity of the mastercurve proposed here: the material should be
below its glass transition temperature.

5. Conclusions

The combined effect of temperature and fluid immersion on the
interlaminar shear fatigue strength of a glass fiber epoxy UD composite
was studied. The micromechanical failure mechanism was investigated
in each condition by analyzing the parameters of fatigue tests, leading
to:

- matrix creep dominated failure for dry samples at 20 °C,

- fiber/matrix interface creep dominated failure for dry samples at
higher temperatures (40 and 60 °C).

- failure dominated by cyclic growth of hygrothermal induced fiber/
matrix debondings for the saturated samples tested at 20 and 40 °C,

- failure was due to rubbery state reached by the material, for the
conditioned samples tested at 60 °C the, due to the drop of glass
transition temperature below the testing temperature.

From these observations a novel Arrhenius based mastercurve was
built for modelling the effect of temperature and fluid saturation, syn-
thetizing six fatigue curves in a mastercurve. The glass transition tem-
perature of the material, with its drop from dry to conditioned state,
was proposed as a parameter enabling to represent both dry and satu-
rated samples in the same mastercurve.

The model captures the different failure mechanism between dry
and conditioned samples, as two different activation energies are

obtained in these conditions, but a limitation remains the fact that the
model is still phenomenological. A deeper understanding should enable
to establish a link between the activation energy value and the failure
mechanism observed. Another limitation is the fact that the model is
proposed for a matrix dominated test mode, interlaminar shear. It
should be studied the applicability of the model to other failure modes.
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