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Abstract

The objective of this work is to determine a low cycle fatigue criterion for a
thermoplastic matrix composite reinforced with both short and continuous
fibres. The proposed criterion is based on the steady state creep strain rate
and unifies the results for different fibre orientations, stress ratio, frequency
and water content. The criterion is applicable in low cycle fatigue and
creep. By means of this criterion, the Monkman-Grant relationship is veri-
fied both for creep and low cycle fatigue and offers interesting perspectives

for numerical approaches.

Keywords: Hybrid microstructure, Creep-fatigue criterion, Short and

continuous fibres, Polyamide, Monkman-Grant relationship

1. Introduction

Thermoplastic matrix composites are increasingly used for transport and

mobility applications because they offer an interesting potential for weight
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reduction by replacing metal parts. Short and long fibres reinforced thermo-
plastic composite materials are now used in structural parts such as clutch
pedals [1], engine mounts [2] and fuel rails [3]. The addition of continuous
reinforcements using the DynaFib [4] process further improves the mechan-
ical properties and thus the weight reduction potential of these composite
materials. Hybridisation of short fibres with continuous fibres in the same
material brings innovative design solutions. In the material under considera-
tion, a continuous fibre reinforced thermoplastic (PA6GF60) is overmoulded
with a short fibre reinforced thermoplastic (PA66GF50). The prescribed hy-
bridisation does not use fibres of different natures, as is generally the case
for composites, but relies on the use of two lengths and two diameters of
reinforcement through the thickness of the material. In the following we
will use the term hybrid material to refer to the continuous UD ply covered
on both sides with SFRT plies, i.e. the short fibre reinforced thermoplastic
plies.

In order to better assess the lifetime of the technical parts made from
this hybrid material, it is essential to use reliable representative mechan-
ical models to meet all relevant criteria such as part stiffness, strength,
durability, impact, noise, vibration and harshness, creep deformation [5].
This work focuses on the Low Cycle Fatigue (LCF) of the hybrid material.
The hydrothermal environmental variables, as well as the microstructure
induced by the manufacturing process are important parameters to take
into account [6, 7, 8, 9]. This paper aims to define a LCF criterion for the
whole hybrid material as well as for the SFRT separately while providing
a relationship with the creep loading. This work is part of a more global

study, which consists of experimentally identifying the damage mechanisms
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in the LCF domain, both on macroscopic and microscopic scales.

The fatigue response of polyamide 6.6 (PA66) SFRT materials has been
studied mainly in the field of High Cycle Fatigue Domain (HCF), beyond 103
cycles. For HCF, several authors have shown that the cyclic creep strain
rate criterion seems to be relevant to unify fatigue curves of such materials.
Horst and Spoormaker [10] showed a linear correlation between the fatigue
life and the cyclic creep strain rate. Bernasconi and Kulin [11] investigated
the influence of frequency on the fatigue behaviour of a polyamide 6 (PAG)
SFRT. They expressed the relationship between temperature rise, applied
stress, and cyclic creep strain rate in terms of a parameter derived from
the Larson-Miller [12] steady creep parameter. Seignobos [13] showed that
cyclic creep strain rate unifies tests at different temperatures for a PA66
reinforced with 30 wt% short glass fibres. Rolland [9] was able to unify the
fatigue results on a PA66GF30 at 50 % RH for load ratios ranging from 0.1 to
0.7 with cyclic creep strain rate as criterion. Raphael et al. [14] proposed two
cyclic creep strain rate based criteria; one of the two introducing anelastic
energy, to better take into account mean stress effect and unify fatigue life
predictions within scatter bands of factor two. Finally, Santharam et al.
[15] evaluated the accuracy of many of the literature criteria on a large
database that took into account the influence of orientation (0°, 45° and
90°), stress ratio (—0.5 to 0.7) and the position of the test temperature in
relation to the glass transition temperature (Ty). They showed that criteria
based on cyclic creep strain rate gave very good results to unify fatigue tests
except for negative stress ratios. Finally, they proposed two unified criteria
based on cyclic creep strain rate and mean stress in order to unify the whole

test database (over 90 % of the database was unified within a scatter band
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of three).

All these studies have been carried out mainly in the field of HCF with
materials with free faces. The first purpose of this paper is to unify results in
the LCF domain for SFRT with a criterion based on cyclic creep strain rate.
In the hybrid material under study, the UD reinforcement constrains the
SFRT at the interface between the two materials (Figure 1). Crack growth
mechanisms observation of the hybrid material, at different scales, allowed
the determination of a damage chronology that highlights the main influence
of the SFRT in the failure. Figure 1 (a) presents the crack formation on
the SFRT surface during the last fatigue cycle of the hybrid material, 2.7 ms
before the strength loss. On most of the fatigue specimens, a crack appeared
in the SFRT shortly before the failure, this crack seemed to propagate
towards the face with the UD reinforcement and then led to the failure of
the material. These observations were also made on a microscopic scale
using fast X-ray tomography. Figure 1 (b) illustrates the cracks in SFRT
on a scan performed during the last cycle. This information was obtained
in a specific campaign carried out with synchrotron radiation. The local
approach with micro-CT observation is outside the scope of this article
which focuses on the global approach. This results shows that SFRT has
a major role in the failure of hybrid material. This leads to the second
purpose of this paper: apply this criterion to the hybrid material studied,
consisting of an SFRT constrained by a UD reinforcement.

Concerning creep loading, links between the minimum or steady state
creep strain rate and time to failure (t;) are usually represented in terms
of Monkman-Grant relationships [16, 17]. The creep strain rate was first

introduced as criterion to predict creep failure times for metals. It has been
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Figure 1: (a) High speed camera image captures near failure time (strength loss) during

LCF test. (b) In-situ LCF test with fast X-ray tomography: scan at failure.

demonstrated by several authors [18, 19] that this empirical relationship
is a powerful and reliable way to predict the long-term material lifetime
from short-term tests over a wide range of temperatures and stress fields.
Despite its simplicity it has succeeded to predict failure times, with some
accuracy [20], for a wide range of materials, including also polymers [21, 22]
or adhesive anchor systems [23]. The last objective is to relate fatigue to
creep through this criterion base on creep strain rate.

In order to achieve these objectives, the paper is organised as follows: the
first section describes the methodology for determining the criterion in the
fields of fatigue and creep. The second section presents the material and the
specimens used in the papers. In the third and last section the experimental
approach and results are discussed. In this section, the influence of different
parameters, such as microstructure and moisture absorption on LCF and
creep results is highlighted. Then, in the last section, the cyclic creep strain

rate criterion is evaluated in the LCF domain, first on the SFRT, then on
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the whole hybrid material. Finally, the cyclic creep strain rate is related to
time instead of the number of cycles to failure in the case of fatigue loading

in order to unify the results obtained in fatigue and creep.

2. Methodology

In the present work, all the scheduled tests were load controlled. This
kind of loading is specific for creep tests for which the material response
is generally analysed in terms of creep displacement or creep deforma-
tion/strain. For fatigue tests with an imposed load, a similar analysis is
attempted here, by contrast with many results in the literature, with stress
approach [24, 13] or energetic approach [25, 26]. In the case of load im-
posed tests, the strain is the dual variable of the imposed stress field. As a
result, the strain and the strain rate have the advantage of being “material

responses” .

2.1. Data reduction for creep tests

In the case of creep test (steady load) the evolution of the creep strain
(ec) as a function of creep usage ratio is represented in Figure 2 (a).
In this figure, the creep usage ratio t/t¢ is introduced as:

Creep usage ratio = % (1)
with t, the creep time i.e. the time running after the end of the loading stage;
and tg, the creep time to failure. In order to identify the three creep stages,
the evolution of the creep strain rate is plotted by using the time-derivative

of Figure 2 (a). A representative result is illustrated in Figure 2 (b), where:
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Figure 2: Creep test. Creep strain (a) and creep strain rate (b) as a function of creep

usage ratio.

e a primary creep stage I, between 0% and 20 % of usage ratio, charac-
terised by transient creep with high decreasing rate of the creep strain

rate;

e a secondary creep stage II, between 20 % and 95 %-100 % of usage
ratio, characterised by a slow decreasing rate or an assumed stabilised

creep strain rate;

e a tertiary creep stage III, near 95 %-100 % of the usage ratio, charac-

terised by a rapid increase of the creep strain rate.

Creep fracture in uniaxial tension under constant stress has been de-

scribed by the Monkman—Grant relationship [16] which states that the frac-
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ture of creep deforming materials is controlled by the minimum creep strain
rate.
Monkman-Grant relationship [16]:

de
2o 92
gir=C (2)

where C'is referred to as the Monkman—Grant constant and n value is typ-
ically about 1.0. C lies between 0.05 and 0.5 for metallic material [16].
This type of phenomenological relationship is based on the observation that
strain rate is the macroscopic demonstration of the cumulative creep dam-
age [27, 17]. The Monkman-Grant relationship is used in the field of metallic
materials to estimate the temperature creep resistance. This relationship
should give a slope of —1 on a log-log plot of minimum creep strain rate ver-
sus time to failure regardless of temperature or applied stress for a particular
material. It then becomes simple to predict a time to failure by measuring

the minimum creep strain rate at a given stress and temperature.

2.2. Proposition for data reduction for fatigue tests with load control

Following [11, 8, 14, 9, 15, 13] for fatigue tests with a controlled load,
the cyclic creep strain rate is considered here. It was determined in differ-
ent ways depending on the authors: from the evolution of the minimum or
maximum strain in each cycle [11, 8], or from the mean strain [14, 9, 15].
Selles [28] proposed a calculation of the cyclic creep strain rate at peak and
troughs, i.e. from the minimum and maximum strain, considering two differ-
ent initial reference lengths by adding each time, respectively, the minimum
and maximum strain of the first cycle.

Figure 3 (a) describes the hysteresis loop at a given cycle where &,

E€maz and the mean strain e, are defined. The cyclic creep strain rate is
8
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Figure 3: (a) Nominal stress-strain fatigue at a given cycle. (b) Maximum, Mean and
minimum strain evolution during fatigue test and cyclic creep strain rate expression. (c)
Cyclic creep strain rate as a function of fatigue usage ratio during fatigue test. The mean

strain evolution in fatigue is typical of that obtained in creep with three distinct zones.

obtained by deriving &, with respect to the current number of cycles (Fig-

ure 3 (b)): |
i (3)

Note that in the latter figure, the fatigue usage ratio was also introduced

Cyclic creep strain rate =

as:

N
Fatigue usage ratio = — (4)
Ny

with N the fatigue current cycle number and N the number of cycle to
failure.

Plotting the cyclic creep strain rate with respect to the fatigue usage
ratio (Figure 3 (c)) allows the analogy between the creep and fatigue stages
to be illustrated. Indeed, the primary, secondary and tertiary creep stages

in Figure 3 (c) could also be identified in Figure 2 (b).
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The practice in the creep tests is to select a stabilised value of the creep
strain rate for a given test. Typically the minimum creep strain rate corre-
sponding to the secondary - assumed to be stationary - creep stage is chosen.
For fatigue tests with load control, the same approach can be applied to the
cyclic creep strain rate. For Horst and Spoomaker [8], it was calculated
by averaging over the secondary creep stage, whereas the criterion was the
cyclic creep strain rate at mid-life in the references [14, 9]. In this paper,
the fatigue criterion is calculated by averaging the cyclic creep strain rate
between 30 % and 90 % of the lifetime within the secondary creep stage. For
the sake of simplicity, it will be named as the cyclic mean strain rate in the
following. The criterion is written as follows and will be calculated for each

test:

de
Cyclic mean strain rate criterion = —— (5)

dN
Criterion for creep test is determined in the same way by averaging the creep
strain rate between 30 % and 90 % of the lifetime within the secondary creep

stage.

de
Creep mean strain rate criterion = dtc (6)

The relationship between the number of cycles and the time is made through

the frequency:

N
t=— (7)
f
Cyclic mean strain rate criterion is written as follows in time domain:
Cycli train rate criteri Em _ p4Em (8)
clic mean strain rate criterion = — = f——
Y a TN
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3. Material and specimens

3.1. Material

The UD reinforcement is a PA6 reinforced by 60 wt% of continuous glass
fibres with a diameter of about 20 pm; this material is referred to as UD PAG.
The wrapping material is a PA66 matrix reinforced by 50 wt% of short glass
fibres with an average length and diameter of about, respectively, 250 pm
and 11 pm; this material is named as SFRT.

The hybrid material plates were processed, with the same mould, in

three steps:

e a three plies lay-up of UD PA6 was manufactured using an automated

fibre placement (AFP) to obtain a reinforcing plate of (150 mmx 150 mmx 0.9 mm);

e a first overmoulding of SFRT was performed by injection on one side

of the reinforcing plate, for which, the thickness was 3 mm;

e a second overmoulding of SFRT followed on the opposite side of the

reinforcing plate (3mm thickness) so as to obtain a plate with the

UD PAG centred at mid-thickness (Figure 4 (c)).

For each overmoulding, the Mould Flow Direction (MFD) was parallel
to the direction of the UD continuous fibres. The obtained hybrid ma-
tertal consisted of an injection moulded plate with characteristic lengths

of 300 mmx 150 mmx6.9mm (Figure 4).

3.2. Specimens and microstructure

The specimens were cut out from the aforementioned hybrid plate. The

dimensions of the specimens are detailed in (Figure 4 (a)). In addition, the
11



Injection gate

Figure 4: (a) Specimen dimensions (mm). (b) Mould plate dimension (mm) and cutting

sample orientations. (c) Hybrid material: UD plies overmoulded by SFRT (SEM).

same specimen geometry was used to study the sole SFRT material with a
thickness of 3mm. The injection gate is a cylinder positioned at one end
across the width of the plate (Figure 4 (b)). According to the MFD, three
specific directions 6 (0°, 45°, 90°) were studied.

Moreover, the injection process leads to heterogeneity in the fibre orien-
tations, through the thickness as well as the width of the mould plate. The
edges of the plate, over a distance of approximately 20 mm, exhibit a fibre
orientation predominantly along the MED (Figure 5 (b)).

When moving towards the centre of the plate (Figure 5 (c)) a skin/core
effect [7, 8, 29, 30] is observed. The specimens extracted from the middle of
the plate show a core thickness of about 450 pm, i.e. 15 % of the thickness of
the SFRT. This allows an investigation on the effect of the microstructure
of the specimens extracted at 0° i.e. in MFD from six positions across the

width (Figure 5):
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Figure 5: Influence of edge effect on the SFRT microstructure specimen. (a) 0° samples
cutting place on moulded plate. (b) X-ray tomography image, specimens taken from the
edge (numbers 1 and 6) with fibres mostly oriented along the MFD at the edge. (c)
X-ray tomography image, specimens taken from the plate center (numbers 2 to 5) with

skin/core orientation effect.

“homogeneous” and oriented along the MFD for edge specimens (num-

bers 1 and 6);

e and with a skin/core effect for specimens cut out from the centre of

the plate (numbers 2 to 5).

The shape of the specimens was defined so as to maximise the probability
13



of failure along the gauge length during a tensile test. This was done ex-
perimentally by taking specimens of different shapes and performing tensile

tests [31].

3.3. Samples conditioning

Prior to the testing, all specimens were conditioned at a given relative

humidity (RH) as follows:

e 0% RH: ventilated oven at 80 °C until mass stabilisation.

e 50% RH: according to the ISO1110 standard. Specimens are placed
at 62% RH and 70°C in climatic chamber until mass stabilisation.

They are then placed at 50 % RH and 23°C for two weeks.

e 80% RH: Specimens are placed at RH=80% and 70°C in climatic
chamber until mass stabilisation. They are then placed at 80 % RH

and 23 °C for two weeks.

Kettle [32] showed that the consequence of relative humidity is the de-
crease of the glass transition temperature (T,) of polyamides. In order
to investigate the influence of water content on the SFRT, Tg measure-
ments were carried out on the SFRT of the study for the three conditioning
mentioned above. Table 1 presents for each conditioning, the water concen-
tration and the T, for the SFRT.

Increasing the relative humidity from 0% RH to 80 % RH leads to a re-
duction of Ty from 66 °C to 0°C. At 0% RH the T, is 21 °C i.e. near the test
room temperature Tiey (23°C). These different water content conditions
allow the influence of the relative position of the T, with respect to the Tieg

14



RH (%) C (%) Ty (°C)

0 0 66
50 1.5 21
80 2.35 0

Table 1: Influence of relative humidity for PA66GF50 on T,. RH: material relative
humidity, C: water concentration. 50 % RH water content induced a T, near test room

temperature (23°C). DMA 50N Metravib in tension a=10pm, f=1Hz, temperature

ramp=2°Cmin~".

to be studied. For SFRT at 0% RH (Tiest < Ty), at 50 % RH (Tiest =~ Ty)
and at 80 % RH (Tiest > Ty). Before the tests, the conditioned specimens
were stored in vacuum bags so as to prevent any change in their water con-
tent. The maximum duration of this storage was one year before testing.
Mass measurements after one year on samples conditioned at 0% RH and
stored in vacuum bags in an environment at 23 °C and 50 % RH showed a
water content recovery of 0.2 % by mass. This percentage is generally that
of the dry samples as they come out of the mould. It was then assumed
that the samples conditioned at 50 % RH and 80 % RH and stored under
vacuum, for an equivalent period of time, did not show a variation in water

content of more than 0.2 % by mass.

4. Experiments

4.1. Ezxperimental procedure

This section deals with fatigue and creep tests carried out on both SFRT

and the hybrid material. As the tests were under load control, the focus will

15



be on the cyclic creep strain rate. All the tests were performed on an IN-
STRON 8801 servo-hydraulic fatigue machine. The material response was
then analysed by measuring the extension of the specimens by using an
extensometer with a gauge length of 12.5mm. In some cases this measure-
ment was duplicated with strain gauges or Digital Image Correlation (DIC)
measurements on the opposite side. The room temperature was maintained
at 23 °C with an ambient humidity close to 50 % RH. It is assumed that the
water content in the samples remained constant during the tests. This was
checked by mass measurements on control samples. Additionally, in some
cases the temperature on the surface of the specimen was measured thanks
to a Cedip Titanium infrared thermal camera during the fatigue tests. The
purpose was to control the heat build up. For the tests with the hybrid
material a Photron high-speed camera was also used to visualise the failure
period with a frame rate of fifty thousand images per seconds. The basic

tests conditions were as follows:

Imposed load under LCF domain (N; < 10* cycles to failure);

Load ratio: R, = 0;

e Frequency: 1Hz;

Environmental conditions: 23 °C; 50 % RH;
e Water content: 50 % RH (ISO 1110).

The sensitivity of the materials response with respect to the frequency,
the relative humidity, the positive load ratio and the orientation was further
investigated. To this end, additional tests were carried out at 23 °C namely:

16



e fatigue tests with various conditions in terms of water content (0 % RH
and 80 % RH), frequency (0.5 Hz, 2Hz and 4 Hz) and load ratio (0.2,
0.5 and 0.8);

e creep tests with three water contents (0 % RH, 50 % RH and 80 % RH)
and three orientations (0°, 45° and 90°).

The Table 2 summarises the test program.

Test  Material Test conditions Test N,
RH (%) 6 (°) f(Hz) Re
LCF SERT 0,50, 0,45, 0.2,1, 0,0.2 335

80 90 2,4 05,08
LCF  Hybrid 50 0 1 0 39
Creep  SFRT 0, 50, 0, 45, - - 50
80 90

Table 2: Tests configurations for LCF and creep. Conditions of fatigue tests: water con-
tents, orientations, frequency and load ratios. Conditions of creep tests: water contents

and orientations. Tests N, indicates the number of tests performed.

4.2. FExperimental results

The experimental results are displayed using diagrams constituted of the
engineering stress — related to the controlled load — versus the time or cycle
to failure. This allows the sensitivity of the lifetime criterion in terms of
time or number of cycles to failure, according to the prescribed parameters
to be investigated, to be highlighted. The stress values are normalised by

an arbitrary constant for confidentiality reasons.
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4.2.1. Creep tests : S-T curves
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Figure 6: SFRT S-T creep curves. (a) Orientation influences at 50 % RH. (b) Water

content influences at 0°.

Figure 6 presents the normalised imposed stress (opax) as a function of
the creep time to failure (tf) named as S-T curves. It is observed that S-T
curves are rather “flat” and provide a large scatter for any given stress.
For the sake of clarity, test results at 50 % RH are selected in Figure 6 (a)
so as to highlight the effects of the orientation. The black arrow indicates
the trends of S-T curves when the orientation is increased from 0° to 90°.
The effects of the relative humidity is illustrated in Figure 6 (b) where the
sample orientation is fixed at 0° for three values of RH: 0 %, 50 % and 80 %.
The black arrow shows that the higher the RH value, the lower the S-T
curves. These two results are not so common on SFRT in the literature,

which focuses on creep-fatigue interaction [33, 34, 35] or on the effect of
18



temperature [36, 35].

4.2.2. Fatigue tests: S-N curves

The Figures 7 to 9 present Wohler curves by plotting the maximum
normalised imposed stress (omax) as a function of the number of cycle to
failure (N¢) named as S-N curves. As already mentioned, the stress values
are normalised by an arbitrary constant for confidentiality reasons. Figure 7
shows the S-N curves plotted at R,=0, 1 Hz and 50 % RH. The results for the
SFRT are presented for three orientations. For hybrid material, specimens

are oriented at 0°.

oSFRT 0° 1/6 eSFRT 0° 2-5

oSFRT 0° 1/6 ¢ Hybrid 0° 1/6 oSFRT 45°  mSFRT 90°
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Figure 7: S-N Curves. (a) UD contribution. (b) Orientation influence. R,=0, 1Hz and
50 % RH.

Test results at 0° are selected in Figure 7 (a) so as to highlight the effects

of the addition of continuous reinforcement. The black arrow indicates
19



the trend of S-N curves when UD P6 is associated to SFRT in the hybrid
material. This shows a clear increase of the fatigue strength. Figure 7 (b)
presents the strong influence of fibre orientation for SFRT. For any given
applied stress, specimens oriented at 0° have a higher number of cycle to
failure than in the other directions. The black arrow indicates the trends
of S-N curves when the orientation is increased from 0° to 90°. This has
already been reported in the literature as in Horst and Spoormaker [§]
and Bernasconi et al. [7] papers. Figure 7 (b) also shows that the 0° test
specimens taken from the edges (numbers 1 and 6) have a higher S-N curve
than those taken from the centre (numbers 2 to 5). This is a consequence
of the heterogeneity of microstructure with predominantly oriented fibres
along MFD at the edge and a skin-core effect in the plate center (Figure 5).

In order to extend the SFRT experimental database, further tests were
carried out by varying the frequency from 0.5 Hz to 4 Hz, the stress ratio
from 0 to 0.8 and the water content from 0% RH to 80 % RH.

Figure 8 shows the influence of water content and stress ratio on fatigue
lifetime. In Figure 8 (a) the data is selected at 0°, 1Hz and R, = 0 with
the aim of showing the water content effect. The fatigue strength decreases
with the water content level. The black arrow then indicates trends of S-
N curves when the water content is increased from 0% RH to 80% RH.
Similar results were observed in the literature [6, 37, 9, 15]. The water
content modifies the glass transition temperature (Tg) [32, 38]. In this case
at 0% RH (Tiest — Ty) <0 and at 80% RH (Tiest — Ty) > 0 (Table. 1).
This leads to a decrease in modulus and mechanical strength at 80 % RH.
The effects of the load ratio is illustrated in Figure 8 (b). R, influence

appears from 10% to 103 cycles, with a slope change, and then the fatigue
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Figure 8: SFRT S-N Curves at f=1Hz and 0°. (a) Influence of water content at R, = 0.
(b) Influence of R, at 0% RH.

strength increases with R,. This has been highlighted in HCF domain with
the papers of Mallick and Zhou [39] on PA66GF30 and Santharam et al.
[15] on PA66GF50. Kanters et al. [5, 40] on PA66GF50 also highlighted
the change in slope curve and the R, influence from 10? to 10? onwards
for 1 > R, > 0. In the LCF domain, the frequency has practically no effect
on the SFRT fatigue strength between 0.5Hz to 4 Hz (Figure 9) with a T,

equal and superior to the test room temperature.

4.2.8. Attempt to compare creep and fatigue curves

In this subsection, an attempt is made to compare the Wohler like curves
in fatigue and in creep. To this end the maximum normalised imposed
stress (omax) is plotted against the time to failure. For fatigue results the

relationship between N¢ and t¢ is through the frequency.
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Figure 10 shows comparison between LCF and creep results in the time

domain.

There are similarities between creep and LCF results for tests conducted
at 45° and 90°. At the same imposed stress, for LCF or creep, the time to

failure is relatively close. The difference is clearer for 0° orientation. Note

that the creep test can be similar to a fatigue test with a R, = 1.

In conclusion, the creep and LCF test conditions (fibre orientations,
water content and R, ) lead to a wide range of creep and fatigue strengths.

For a given applied stress, depending on the test conditions, the range of
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the creep (resp. fatigue) strengths goes from null up to 10* seconds (resp.

cycles).

5. Discussion: proposition for creep/fatigue criterion

The objectives of the criterion are to unify:

e Fatigue results for SFRT and hybrid material;

e Fatigue and creep SFRT result.

The principle of determining the criterion is set out in section 2.
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5.1. Fatigue Criterion

Instead of using o,ay, the curves are plotted with the cyclic mean strain
rate criterion in ordinate. Figure 11 shows results obtained with cyclic
mean strain rate criterion as a function of the number of cycles to failure
N¢. Data is taken from tests carried out on the SFRT from three orientations

at 50% RH, R, = 0 and 1 Hz.

| L] L] L] L] L]
~\

-
— 1073 | e * 0°1/6 g
= | ":\ g o 0°25 i
w|% 1 %O ° |
107 e <& = g
) E ® B 90° g

- E > & -
g 1 ° Q%? — Power law = |

S 107 -
S | %{ o E

B ; el 5
c e 0 i

s 107° b N# g

NS m © 2 i

g ] i

% 1077 %2\ 8
. . |

10_83‘\ T T T T T ““‘”)‘;

10° 10! 102 10? 10* 107

Number of cycle to failure N¢ [-]

Figure 11: Cyclic mean strain rate criterion evolution as a function of number of cycle

to failure N¢ for PA66GF50, 50 % RH, R, = 0, 1 Hz.

Cyclic mean strain rate criterion allows unification of data according
to the fibre orientations. This result can be found in other research work
already mentioned [41, 15].

The relationship between the number of cycles to failure and the cyclic

mean strain rate criterion is written using a power law:
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dem
évzmﬁ (10)

The calculated lifetime can then be written as follows:

fcal 1N
with :
1

B=A"% and p=-—
k and p 2

where B, k, A and p are material parameters.

5.1.1. Power law parameters identification

Parameters identification is carried out on a limited panel of 158 SFRT
tests at 50 % RH, R, = 0 and 1 Hz for the three fibre orientations (Results
related to Figure 11). The confidence interval at a 95 % confidence level is

determined with a random 3000 bootstrap re-sampling [42].
A=69x103+1.7x107%; k=1.13+3.7 x 1072

B=124x102445x10%; p=—-883x 107" £2.8 x 1072

To determine the criterion accuracy, the ratio N /Nrex, is plotted as a
function of cyclic mean strain rate criterion on Figure 12. Ng., is the esti-
mated lifetime using Eq. (11). Ngep is the experimental lifetime. Scatter
bands of factor two and three are marked in dashed and dotted lines respec-
tively. The criterion unifies the identification database results with 95% of
estimated lifetimes within a scatter band of factor two and 100 % within fac-
tor three (Table 3). In the following, the estimated lifetimes are determined

with this identification on this restricted database.
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dashed and dotted lines respectively.
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5.1.2. Extrapolation to other SFRT test conditions and hybrid material
Figure 13 shows SFRT results obtained on an extend experimental database

by varying:
e Fibre orientations (0°, 90° and 45°);
e R, (0,02, 0.5 and 0.8);
e Water content (0% RH, 50 % RH and 80 % RH);

e Frequency (0.5Hz, 1Hz, 2Hz and 4 Hz).

Fifteen different configurations were carried out for a total of 335 tests.
The criterion unifies the SFRT database results with 92% of estimated
lifetimes within a scatter band of factor two and 100 % in factor three (Ta-
ble 3). The criterion therefore unifies the results for SFRT in the LCF
domain. Concerning hybrid material the estimated lifetime is globally over-
estimated with a offset visible in Figure 13. 82% of estimated lifetimes
within a scatter band of factor two and 100 % in factor three (Table 3).
This is rather a satisfactory estimation considering that the identification
is made on the SFRT only. This again shows that SFRT has a major role
in the failure of hybrid material. Despite the SFRT having a constrained
face in the hybrid material, the criterion identified on samples without any

constrained face is applicable.

5.2. Criterion extension to creep

As mentioned in section 2, the curves for creep strain (as a function of
time) and fatigue strain (as a function of the number of cycles) follow the

same evolution. In order to link fatigue and creep, all curves are expressed
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50 % RH.
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n’

Test Material Test conditions Test N,. % data [l n] Fig.

RH (%) 6 (°) f(Hz) Re n=2 n=3
LCF SFRT 50 0, 45, 1 0 158 95 100 12
90
LCF SFRT 0,50, 0,45 021, 0,02 335 92 100 13
80 90 2,4 05,08
LCF Hybrid 50 0 1 0 39 82 100 13
Creep SFRT 0,50, 0,45, - - 50 94 100 15
80 90

Creep + LCF  SFRT All the conditions listed above 385 93 100 15

Table 3: Criterion precision. Identification made with data related to line one (158 SFRT
tests). Percentage of data within a scatter band of factor two and three. For the last

two lines the criterion was expressed in the time domain.

as a function of time. Relationship between the number of cycles and time
is made through the frequency (Eq. 9). To simplify matters both fatigue
mean strain €, and creep strain €. are noted €. In time domain cyclic mean

strain rate criterion is now named as creep mean strain rate criterion:

de de

C trai t terion = — = f—— 12
reep mean strain rate criterion & N (12)
The relationship to obtain the estimated time to failure is then written

as follows: o

de\ "
ttew = B — 13
o =5 () (13)
with:



where B and m are material parameters.

Figure 14 shows the creep strain rate criterion evolution as a function of
time to failure. Criterion seems applicable to both creep and LCF for the
SFRT and the hybrid material. The offset between the interpolating line
and the hybrid material data is attribute to the difference in microstructure
and the interface. Creep and fatigue fracture in uniaxial tension under
constant stress is described by the Monkman Grant relationship.

de

where C = A and n = —k.
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Figure 14: Creep strain rate criterion evolution as a function of time to failure. LCF and

creep results follow the same Monkman-Grant relation

Figure 15 presents criterion accuracy using the coefficients identified in
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Figure 15: Criterion extrapolation in time domain. SFRT LCF tests for 15 different
configurations (fibre orientation, water content, positive R, and frequency). SFRT creep
test for 7 configurations (fibre orientation and water content) Hybrid material LCF tests

at 0°, Ry, = 0, 50% RH

section 5.1.1. tgea1/resp is plotted versus creep mean strain rate criterion.
tcal 1S the estimated lifetime using Eq. 13. tgey, is the experimental lifetime.
All test are concerned, i.e. 385 in all. The criterion unifies creep and LCF
test with 93 % of estimated lifetimes within a scatter band of factor two and
100 % in factor three (Table 3). These results show the link between creep

and fatigue.
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6. Conclusions

Creep mean strain rate criterion has been evaluated on a wide range of
SFRT LCF and creep tests. LCF results have been obtained for a wide
range of load ratios (from 0 to 0.8), frequency (0.5Hz to 4 Hz), three fibre
orientations (0°, 45° and 90°) and three water content conditions (0% RH,
50% RH and 80 % RH) at 23°C. Creep results have been collected for a
range three fibre orientations (0°, 45° and 90° ) and three water content
conditions (0% RH, 50 % RH and 80 % RH) at 23°C. LCF hybrid material
tests have been measured for 0° fibre orientation, R, = 0, 50 % RH and 1 Hz
at 23°C. This Creep mean strain rate criterion has only two parameters to
identify. Exclusively LCF test database on SFRT at R, = 0, 50 % RH and
1 Hz is used to identify parameters.

The cyclic mean strain rate criterion unifies all database results in LCF
domain with 92 % of estimated lifetimes within a scatter band of factor two,
and 100 % in factor 3. Most of the classic criteria is not able to describe
accurately this type of database [14, 15]. The obtained precision is very
high compared to the usual fatigue predictions often spanning more than a
decade.

The addition of continuous fibres improves fatigue resistance. SFRT
have a major influence in hybrid material failure. The criterion based on
cyclic creep strain rate makes it possible to unify the results in the LCF
domain for the different microstructure and SFRT test configurations as
well as for the hybrid material in the direction of the continuous fibres.
100 % of estimated lifetimes for hybrid material are within a scatter band
of factor three. Despite the SFRT constrained face in hybrid material, the

criterion identified on samples with free edges is applicable.
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The creep strain rate criterion expressed in a time domain unifies the fa-
tigue and creep results through a Monkman-Grant relationship for many in-
fluential parameters: frequency, stress ratio, orientation and water content.
The criterion unifies creep and LCF test with 93 % of estimated lifetimes
within a scatter band of factor two and 100 % in factor three. This result
is extremely important because it implies similar damage mechanisms for
SFRT in LCF and creep loading, which remains to be verified.

Several perspectives can be considered and Raphael [43] began to ad-
dress some of them in his thesis. First, understand physical phenomena
underlying the cyclic creep strain rate evolution (plasticity, visco-elasticity,
damage) and the link with creep strain rate during creep loading. Second,
only uniaxial loading is considered in this paper. An extension to multi-axial
loading should be carried out. The last perspective concerns a numerical
approach in order to access creep mean strain rate criterion. The creep-
fatigue relationship seems to be a promising research way for the numerical

approach in order to access this criterion at a reduced cost.
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Highlights

Short-term creep and low cycle fatigue unified criterion for a hy-

bridised composite material

S. Gillet, T. Jacopin, S. Joannes, N. Bedrici, L. Laiarinandrasana

An original hybrid material combining short and continuous fibres is

presented.

e An unified fatigue criterion based on steady state creep strain rate is

proposed.

e The unified criterion shows a link between fatigue and creep phenom-

€na.

e The Monkman-Grant relationship is verified both for creep and low

cycle fatigue.





