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Abstract

Design of reinforced plastic parts against fatigue failure has become a se-
rious issue these last few years for increasing engineering field applications.
This is indeed a complex problem due to the strong anisotropy induced by the
orientation of the fibers during the injection process and to the non-linear dis-
sipative behavior of the matrix. This generates strong influences of numerous
parameters (fiber orientation, environment, strain rate, load ratio, ...), which
complicates both the description of the constitutive response and the defi-
nition of a robust and efficient fatigue criterion. This paper presents a very
wide fatigue database (480 tension-compression tests) obtained on Polyamide
66 reinforced with 50% of glass fibers (PA66 GF50), for an extended range
of load ratios (from -0.5 to 0.7), three orientations from the injection direc-
tion (0°,45°,90°) and two environmental conditions (50% humidity ratio and
80°C, 80% humidity ratio and 23°C). Beyond these experimental results, the
goal of this paper is to compare the ability of numerous fatigue criteria to
provide a robust description of the fatigue database, possibly with a unified
set of parameters. Classical models as well as very recent ones are discussed
and two variants of a new fatigue criterion are finally defined. This criterion is
able to describe very accurately the full database with only four parameters.
Finally, a focus is given to determine the minimal amount of experimental
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data needed to obtain a reliable description of the fatigue results, on the full
ranges of load ratios, orientations and environmental conditions.

Keywords: Creep-fatigue criterion, Short fiber-reinforced thermoplastic,
Environment, Load ratio, Anisotropy

Nomenclature

T4 Normalized nominal stress amplitude
Omaz Normalized nominal maximum stress
E, Normalized secant modulus

Em Cyclic mean strain rate

er. Cyclic mean strain rate at mid-life
o Nominal stress
Oq Stress amplitude

om  Mean stress

oy Ultimate tensile strength

© Angle from the injection direction

€ Nominal strain

em  Cyclic (ratcheting) mean strain

N Number of cycles

N¢cqr Calculated number of cycles to failure

Ny czp Experimental number of cycles to failure
R,  Load ratio

T Temperature

T, Glass transition temperature



W,  Cyclic creep energy density per cycle

Cyclic creep energy density per cycle at mid-life
W.  Cyclic energy density per cycle

W*  Cyclic energy density per cycle at mid-life

W,  Elastic strain energy density per cycle

W>*  Elastic strain energy density per cycle at mid-life
W, Hysteresis energy density per cycle

Wy Hysteresis energy density per cycle at mid-life

1. Introduction

Short glass fiber-reinforced thermoplastics (SFRP) are widely used for
structural automotive components such as chassis bushings or motor mounts,
as they proved to be a cost-efficient solution combining sufficient stiffness for
lower weight, to large freedom of shapes and high pace production thanks to
the injection process. Cost and stiffness constraints usually lead to choosing
polyamide matrices reinforced with glass fibers. Nevertheless, the efficient
design of these parts against fatigue remains highly challenging mainly be-
cause of two points. The first one is the strong anisotropy induced by the
orientation of the fibers during the injection process. As stiffeners and ribs
are mandatory to improve the stiffness of these parts, complex microstructure
and mechanical fields are superimposed, which leads to a difficult evaluation
of local failure criteria [IH5]. The second difficulty comes from the non-linear
dissipative behavior of the matrix, that is dependent on service conditions
(humidity, temperature) and involves viscous features leading to hysteresis
and cyclic ratcheting [6H9]. The combination of these two points generates
strong influences of numerous parameters (fiber orientation [10, 1], environ-
ment [8, T2HI4], strain rate [15] [16], load ratio [14], 17-19]) which complicates
both the description of the constitutive response [20] and the definition of a
robust and efficient fatigue criterion [21H23]. This paper is focused on the def-
inition of the fatigue criterion but both aspects are clearly connected, as the
fatigue indicators used in the model need to be described by the constitutive
model.



A first range of fatigue criteria is based on stress components that are
the usual inputs for samples as the tests are often force-driven for these stiff
materials, or are obtained from structural computations possibly through-
out simple constitutive models. These criteria often include stresses divided
by the ultimate stress to failure under monotonic tensile stress, for the given
tested condition (orientation, relative humidity, temperature, ...) [10] 11} 21].
These improved stress-based criteria seem to provide a reasonable agreement,
and the advantage is that a quite simple constitutive model can be used to
provide the input needed, as cyclic data are not required. Nevertheless, a
single set of parameters cannot describe the influence of the load ratio and
additional functions are needed to catch the effect of ratcheting, leading to
cycle creep failure [18] 21 24H26]. A second range of criteria relies on the
assumption that the constitutive response during fatigue loading will reach
a stationary state [27, 28]. In this state, the evolutions of the typical cyclic
features (secant modulus, hysteresis, cyclic strain increment, cyclic energy
density, dissipated energy density) are stabilized. Most of the fatigue crite-
ria then base the analysis on one of these features: cyclic creep increment
[29, B30], elastic strain energy-based [31), 32], dissipated energy [21], [33-35].
The results are indeed quite promising in most cases and a unification of the
fatigue data for several orientations and environments is found, as well as for
load ratios, usually over a limited range. The main weakness of these models
is indeed their ability to describe accurately both negative load ratios and
very positive ones. This is quite natural, as criteria based on the cyclic creep
increment will not be able to describe negative load ratios (where almost no
ratcheting occurs) while criteria based on the cyclic loop will fail to describe
high positive load ratios, exhibiting a significant ratcheting and inducing an
earlier failure. More recently, some criteria combining cyclic creep increment
and cyclic energy density have been proposed [23, 36]. These studies provide
a visible improvement to describe accurately, with a single set of parameters,
the influences of orientation, load ratio and environment. Nevertheless, one
should keep in mind that this approach requires a much finer description of
the constitutive response and more complex models [20], 37H40] to be used in
a design approach. It is therefore of primary importance to determine what
are the optimal (i.e. minimum) cyclic features to be described accurately
by constitutive models. A last range of fatigue criteria bases the analysis
on the progressive increment of a damage variable [41-43]. These models
are interesting as damage is obviously present in these materials, induced by
their heterogeneous nature [29, 44, 45]. Nevertheless, two main drawbacks
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are limiting their use. The first one is the need to identify clearly the damage
contribution to the macroscopic response, which is not easy for these mate-
rials, as viscous effects also induce a drop of the secant modulus and because
the damage is anisotropic [41]. The second point is the need to simulate the
full fatigue lifetime, which is clearly difficult for industrial applications in the
case of these highly non-linear materials.

This study follows three main objectives. The first one is to present
the very wide experimental database on PA66 GF50 (polyamide 66 rein-
forced with 50% in mass of glass fibers). Over 480 fatigue tests have been
performed on tensile specimens for an extended range of load ratios (from
-0.5 to 0.7), three orientations (0°,45°,90°) and two environmental condi-
tions (relative humidity RH50% and temperature T80°C; relative humidity
RH80% and temperature T23°C). The second objective is to compare the
ability of numerous fatigue criteria to provide a robust description of the
fatigue database, possibly with a unified set of parameters. Models based
on stress components as well as typical cyclic features are considered. Fur-
thermore, two original models, based on the combination of the creep energy
density and of an evaluation of the cyclic (elastic or anelastic) energy are
formulated and their performances are compared to other models. The goal
is to determine which criteria can provide a unified set of parameters to de-
scribe the influences of orientation, environment and load ratios. If a unified
set of parameters cannot be identified, the ranges of relevance for the criteria
are discussed. One of the outcomes of this comparative study is also to de-
termine what are the optimal cyclic features needed as a criterion input, that
constitutive models should aim at. Finally, the original criterion combining
creep energy density and cyclic energy density is selected, because with only
4 parameters, it unifies over 90% of the full experimental database within
a scatter of factor 3. For this model, the last question investigated in this
paper regards the downsizing of the database needed for the relevant identi-
fication of the criterion parameters. A last section therefore investigates the
minimum experimental database (atmospheric conditions, load ratios and
orientations) needed for the parameters identification, to describe accurately
the full database.

The outline of the paper is as follows. Section[2presents the material used,
the experimental procedures and the experimental database. The typical
cyclic mechanical features followed during the test are also introduced (secant
modulus, hysteresis energy density, cyclic energy density, cyclic strain incre-
ment, creep energy density, elastic strain energy density). Section (3| presents
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the evolutions of these parameters during the fatigue tests and sums up the
fatigue lifetime obtained for the extended database. Section |4| presents vari-
ous criteria from the literature and their ability to describe the full database,
for both with or without a unified set of parameters. This section also defines
and discusses two variants of an original fatigue criterion (called IDAFIP). In
the final section[5] the criteria performances on several ranges of orientations,
environments and load ratios are discussed. Furthermore, a discussion on the
minimum database needed to identify the IDAFIP criterion parameters and
still providing a good description of the full database is presented.

2. Material and experimental procedures

2.1. Material and samples

The material investigated is a PA66 GF50, produced by Solvay Engineer-
ing Plastics under the commercial name Technyl® A218V50. The cut was
achieved for three different orientation angles, © = 0°, 45° and 90°, from the
injection direction, as shown in Fig. [ The gate used and the cutting area
(far from both ends of the plate) insure that the orientation is homogeneous
from one sample to another. The injection process induces a microstructure
gradient along the thickness of the plate (skin/core effect), as illustrated
from the profile of the a,, component (along the injection direction x) of the
second-order orientation tensor in the central section, also provided in Fig.

il

2.2. Environmental conditions

The fatigue experimental database are generated for two atmospheric con-
ditions, RH50% T80°C and RH80% T23°C, because they are representative
of the conventional atmospheric conditions experienced by motor mounts and
chassis mounts respectively. Fig. compares the mechanical response ob-
tained for these two conditions to standard conditions (RH50% T23°C). For
the three considered orientation, the lower the distance to the glass transi-
tion, the stiffer the material response and the later the occurrence of the non-
linear response. A convenient way to describe the influence of the thermo-
hygrometric conditions on the mechanical properties, is to use the difference
between the temperature of the test and the glass transition temperature 7T},
that depends on the water content and thus on the conditioning humidity
ratio [0 [47]. Fig. illustrates that the two conditions considered for the
fatigue campaign are in the range of temperature [T, 4+ 30°C; T, + 45°C].
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Figure 1: Dogbone specimens extracted from a PA66 GF50 injection-molded plate with
their gauge length oriented at © = 0°, 45° and 90° from the injection direction (dimensions
in mm); through-thickness evolution of the a,, component (along the injection direction

x) of the second-order orientation tensor in the central section of the plate (data obtained
from micro-tomography analysis [460]).
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Figure 2: (a) Evolution of the glass transition temperature of PA66 with atmospheric
conditions. (b) Results of uniaxial tensile tests performed with similar stress rates for
different atmospheric conditions.

Since PA66 GF50 is sensitive to atmospheric conditions, it is mandatory
to regulate the atmospheric condition during the tests, which is ensured by
the use of a Weiss climatic chamber. Moreover, the samples were conditioned
as per the standards of Solvay Engineering and Plastics, to make sure that
the samples are pre-conditioned to the required humidity concentration.

2.3. Test procedures

All the data presented in the article were obtained at Solvay Engineer-
ing Plastic, France. Two servo hydraulic machines (MTS 319.02 and MTS
370.10) were used to perform uniaxial sinusoidal load-controlled fatigue tests
at 3 Hz frequency until failure. To check that the dissipation under cyclic
loading did not induce overheating, the temperature fields at the surface of
the specimen were recorded using a FLIR X6540SC infrared (IR) camera dur-
ing the test, thanks to the IR transparent window of the climatic chamber.
The rise of temperature was always lower than 10°C.

In addition, two optical cameras (VIC-3D system) estimate the strain
on the surface of the samples using stereo digital image correlation (DIC)
technique. To provide the contrast needed for performing DIC, a random
speckle pattern was applied by black and white spray paints. The strain
was evaluated as the average value over the full 20 mm-long gauge length.
As an alternative to DIC, contact extensometer (MTS 634.33F-01) with a
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Figure 3: Experimental set-up: (1) specimen, (2) servo hydraulic machine, (3) climatic
chamber, (4) optical cameras, (5) IR camera, (6) control and acquisition computer.

Load ratio, R,

Env. conditions

0.7 0.5 0.3 0.1 -0.2 -0.5
RH50% T80°C  0°, 45°,90° 0°, 45°, 90° 0°, 45°, 90° 0°, 45°, 90° 0°, 45°, 90° 0°, 45°, 90°
RH80% T23°C - - - 0°, 45°, 90° 0°, 45°, 90° 0°, 45°, 90°

Table 1: Conditions of the fatigue tests performed at 3 Hz frequency: environmental
conditions, load ratios and angles between the loading direction and the injection direction.

12 mm-long gauge length was used for some of the experiments to determine
the mean strain. An illustration of the experimental set-up is shown in Fig.

3

2.3.1. Tests conditions

As mentioned earlier, the database was generated for three different ori-
entations (© = 0°, 45° and 90°) from the injection direction and for two envi-
ronmental conditions (RH50% T80°C and RH80% T23°C). For the condition
RH50% T80°C, the load ratios used are R, = 0.7, 0.5, 0.3, 0.1, —0.2, —0.5.
In the case of condition RH80% T23°C, the database was generated for three
load ratios: R, = 0.1, —0.2, —0.5. The summary of the tested conditions
are given in Table[I] Approximately 20 tests with different stress amplitudes
were performed for each configuration. In total, 480 tests have been achieved.

2.3.2. Thermomechanical quantities
Based on force and displacement measurements, the evolution of the me-
chanical response is analyzed along the fatigue tests (Fig. . Approximately
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Figure 4: Example of stress-strain response obtained for several numbers of cycles during
a cyclic test performed at 3Hz, RH50% T23°C with a load ratio of 0.1 on a specimen
oriented at © = 0° from the injection direction.

170 points were recorded per loop. The following mechanical quantities were
calculated as illustrated in Fig. [f

Secant modulus. The secant modulus FE, is determined from the slope of
the cyclic response as illustrated in Fig. and can be related to various
phenomena (damage, viscoelasticity, viscoplasticity). For a given hysteresis
loop at the N** cycle, secant modulus can be estimated classically as follows:

Ao
E,=— 1
Ae (1)
where Ao and Ae are the amplitudes of the variations of nominal stress and
strain over the cycle, respectively.

Cyclic mean strain rate. The local nominal strain in the gauge area is con-
sidered here, using DIC or contact extensometer. First, the minimum and
maximum values for each cycle are calculated. The mean nominal strain
€m 1s then determined (Fig. . The evolution of this strain is, classically,
nonlinear, and the slope, that defines the cyclic mean strain rate, is evolv-
ing along the fatigue cycle. In the following, the cyclic mean strain rate is
evaluated as the slope of the mean strain at the N cycle:

de,
E—— 2

Em
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Figure 5: Mechanical quantities determined from tests results: (a) secant modulus and
cyclic, elastic strain and hysteresis energy densities; (b) cyclic mean strain rate and creep
energy density.

Creep energy density. As evoked in the introduction, mean stress has a clear
effect on the fatigue lifetime [14] 17-19], which is related to the plastic strain
accumulation. In the following, criteria based on the combination of cyclic
energy density to a parameter related to ratcheting will be suggested. In
order to have similar kind of variables based on energy, it seemed therefore
interesting to investigate an energy related to ratcheting. Several options
exist in the literature dealing mostly with static creep [I8| 21, 24H26]. In
this study, the choice is made to formulate a creep energy density W, (more
precisely cyclic creep or ratcheting energy) by multiplying the cyclic mean
strain rate ¢, with mean stress o,,:

Wer = Omém (3)

Hysteresis energy density. The hysteresis energy density is the anelastic en-
ergy density dissipated and/or stored by the material when subjected to
cyclic deformation. For a given hysteresis loop at the N** cycle, the hystere-
sis energy density can be calculated with Eq. [l The hysteresis area was
calculated using a trapeze method.

W= [ o ()
cycle

11



Cyclic energy density. For a given hysteresis loop at the N** cycle, the cyclic
energy density is related only to the cyclic amplitudes in strain e and stress
Ao [48]:

1
Wc = éAO'Ag (5)

Elastic strain energy density. The elastic strain energy density per cycle W,
is defined as follows [31], 49]:

W, = (%A0A5>+ (6)

The * exponent indicates that only the positive part of energy, associated
with tensile stress, is considered, assuming that only this part is damaging.
W, =W, when R, > 0.

3. Experimental results

3.1. Evolution of mechanical quantities during fatigue cycles

The evolution during fatigue loading of the mechanical quantities defined
in Section is discussed hereinafter, for several load ratios R,, several
normalized maximum stress levels 7,,,, and three sample orientations © from
the injection direction. The values of stresses and secant moduli have been
normalized by arbitrary values for confidentiality reasons. For each quantity,
a single normalization factor is used throughout the whole paper. In the
following, a bar is put on top of the symbol when the quantity is normalized.
The strain fields were evaluated through the evolution of the profiles of strain
occurrence over the gauge length. No localized effects have been highlighted,
which support the average analysis achieved. The failure location occurs in
the gauge length for most of the tests. Some failures occurred at the radius
of the samples but it was decided to keep these data as they fall within the
fatigue scatter.

The evolution of mechanical quantities are very similar for the two en-
vironmental conditions tested. For sake of clarity, the evolutions are shown
only for the RH50% T80°C condition. As shown in Fig. [6 the normalized
secant modulus F, progressively decreases during cyclic loading, for all the
load ratios and the orientations tested. This decrease in stiffness can have
several physical origins (viscous and/or damage phenomena), e.g. evolution
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Figure 6: Evolution of the normalized secant modulus as a function of the number of
cycles until failure at RH50 T80°C: (a) several R, and Gqz, for © = 0°; (b) several ©
and G4z, for R, = 0.7 and —0.5.

of the structure of the semi-crystalline matrix, debonding between the ma-
trix and the fibers or void nucleation at the fibers’ ends. Nevertheless, in
the absence of specific experimental observations, it is difficult to link this
cyclic softening to a particular mechanism. The decrease in secant stiffness
remains relatively small during most of the test, before failure initiation, in-
dicating that potential damage remains confined and has little effect on the
macroscopic response. As expected, the secant modulus tends to decrease
when increasing the angle between the loading direction and the injection
direction (Fig. [6b).

The cyclic mean strain (ratcheting strain) per cycle increases during cy-
cling. As shown in Fig. [7] in accordance with the decrease of the cyclic mean
strain rate é,, = de,,/dN, the cyclic creep energy density W, continuously
decreases during cycling until failure, for all the conditions tested. The de-
creasing trend is the same for the three sample orientations tested (Fig. .
W., increases with increasing the load ratio for a given maximum stress level
or with increasing the maximal stress level for a given load ratio, i.e. with
increasing the mean stress level.

Fig. [§ shows examples of evolution of the hysteresis energy density per
cycle W), during fatigue tests. W) decreases during the first cycles, then it
tends to stabilize after a few cycles for the lowest load ratios tested to a few
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Figure 7: Evolution of the creep energy density as a function of the number of cycles until
failure at RH50 T80°C: (a) several R, and Gpqz, for © = 0°; (b) several © and G4, for
R, =0.7 and —0.5 (solid lines correspond to power-law fits).

hundreds of cycles for the highest load ratios, whatever the orientation of the
sample from the injection direction. At equivalent lifespan, the higher the
load ratio (and thus the lower the amplitude of the stress applied), the lower
the hysteresis energy density (Fig. . For given load ratio and lifetime, W},
does not significantly depend on sample orientation (Fig. .

As shown in Fig. [9a] the cyclic energy density per cycle W, first increases,
before stabilizing after a few to a few hundreds of cycles. This tendency
is consistent with the evolution of the secant modulus. Since the stress
amplitude was maintained constant during the fatigue tests, the increase
in W, is due to an increase in strain amplitude during the cycles. This
softening may be induced by an increase of the sample temperature and/or
by a progressive damage. At equivalent fatigue lifetime, the lower the load
ratio, the larger W,, because the stress amplitude is higher. In Fig. [OD] the
cyclic energy density once stabilized is nearly the same for 0°, 45° and 90°
orientations, for one given load ratio, while the maximum stress level applied
is not the same. This is due in particular to the difference in stiffness of the
samples depending on the orientation from the injection direction.
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Figure 9: Evolution of the cyclic energy density as a function of the number of cycles until
failure at RH50 T80°C: (a) several R, and G4z, for © = 0°; (b) several © and 7,44, for
R, = 0.7 and —0.5.
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Figure 10: Normalized nominal stress amplitude vs. number of cycles to failure: (a)
several 7., for © = 0° and RH50% T80°C; (b) several © and two atmospheric conditions,
for R, = 0.1 (solid lines correspond to power-law fits, using one set of parameters for each
condition).

3.2. Wohler curves

Fig. [10|gives examples of normalized stress amplitude 7, vs. experimental
number of cycles to failure Ny ., curves (S-N or Wéhler curves) obtained for
several load ratios, sample orientations and atmospheric conditions. Stress
values have been normalized by one single arbitrary factor. For a given
sample orientation, atmospheric condition and stress amplitude, the number
of cycles to failure decreases with increasing the load ratio (Fig. , i.e. the
mean stress. All other parameters being equal, the fatigue strength (stress
at which a given fatigue lifetime is obtained) is higher for the RH80% T23°C
(i.e. T —T, = 30°C) atmospheric condition than for the RH50% T80°C
condition (i.e. T'— T, = 45°C), as illustrated for R = 0.1 in Fig. It is
well-known that the fatigue strength of SFRP polyamides is sensitive to both
temperature and relative humidity [I1, 19, 26]. Dealing with the influence
of orientation, the fatigue strength decreases when increasing the angle of
loading from the injection direction, i.e. when decreasing the fraction of
fibers aligned along the loading direction, as already observed in [10} 23] for
example.
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4. Fatigue criteria

The objective is to propose a fatigue criterion, with a limited number
of parameters, able to unify the data that have just been presented, for all
loading orientations with respect to the injection direction, load ratios and
atmospheric conditions. Several fatigue criteria, existing in the literature
or proposed in this paper, are examined in this section on the basis of the
available database. Their ability to predict the fatigue lifetime is discussed. It
is worth noting that the paper has not the vocation to compare the predictive
capacities of the criteria, but rather challenge their ability to unify the full
database.

4.1. Criteria based on one variable

4.1.1. Stress-based criterion

Power-law criterion. The evolution of the stress amplitude o, as a function
of the number of cycles to failure can be described by a Basquin-type power-

law relationship:
0y = aN]I? (7)

where a is the fatigue strength coefficient and b is the Basquin exponent.
This criterion is obviously not able to unify the data for all the orientations,
load ratios and atmospheric conditions. The fits obtained by using one set
of parameters a and b for each condition are shown in Fig. [10]

Fig. [L1]shows S-N curves where the stress level has been normalized with
respect to the corresponding Ultimate Tensile Strength oy, obtained from
monotonic uniaxial tensile tests conducted until failure for the same orien-
tation and atmospheric condition), as proposed in [10, I1], 22]. Tt appears
that it is possible by doing so to account for the effects of atmospheric condi-
tions and sample orientations and to unify the data in a single master curve
for each load ratio. By replacing o, by 0,/0y in the power-law relationship
with Ny, it can be envisioned to use one single set of strength coefficient and
exponent for all orientations and atmospheric conditions:

o
— =a,N}y 8
oy gV (8)

As a first approach, one single set of a, and b, parameters may be tuned
independently of ©, T' — T, and R,. Table [2| gives the percentage of fatigue
life data (among all the available data) predicted by this criterion (and the
ones that are discussed hereinafter) within scatter bands of factors 2, 3 and 5.
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In this Table, it is indicated whether the parameters of the criterion depends
on ©, R, or T'— Ty, or not. As expected, the number of cycles to failure is
very poorly predicted by the criterion described by Eq. [§| when one single set
of parameters is used (only 13% of the data are within a scatter band of a
factor 3), in particular because the data obtained for the various load ratios
cannot be unified.

As a second approach, the a, and b, parameters can be adjusted for
each R,. The corresponding fits are shown in Fig. [11al Fig. [I1b| compares
the number of cycles to failure calculated using this criterion, Ny .4, to the
number of cycles to failure obtained experimentally, Ny .,. Two Tables are
given at the bottom right in this figure, as well as in the following figures
where the estimated and the experimental number of cycles to failure are
compared. As done in Table [2] the table on the left indicates whether the
parameters of the criterion used depends (Y stands for Yes) on ©, R, or
T —T,, or not (N stands for No). For example, in Fig. , the parameters
do not depend on © and T'—T, but depend on R,. The table on the right gives
the percentage of data (among all the available data) within scatter bands
of factors 2, 3 and 5, marked in dashed, dotted ans solid lines in the figure
[T1D} respectively. These percentages are also given in Table 2 Although it
obviously shows better prediction capability than the version with only one
single set of parameters, the power-law criterion based on o,/cy with one
set of parameters for each load ratio (i.e. 12 parameters to be adjusted in
total, as indicated in Table [2)) is not very efficient (only 64% of the data are
within the scatter band of factor 3).

Modified Gerber criterion. Mallick and Zhou [18] proposed to use the follow-
ing stress-based modified Gerber equation to account for the effect of load

ratio on fatigue life:
2
Oa Om
_m ) =1 9
Qoy * (5UU) ( )

where o, is the mean stress and o and 3 are parameters to be adjusted. o,
and oy still denote the stress amplitude and the ultimate tensile strength,
respectively. The normalization by oy allows to unify the data with respect
to sample orientation and atmospheric condition. Fig. gives an example
of Haigh-type diagram, showing the fatigue lifetime as a function of the nor-
malized stress amplitude versus the normalized mean stress. The prediction
of the modified Gerber equation once the o and [ parameters have been
adjusted, independently of the orientation and the atmospheric condition, is
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Dependency % data [1,n]

Criterion Eqgs. ny Figs.

© R, T-T, n=2 n=3 n=>5
N N N 2 98 131 187 -
Power-law 0a/0y N Y N 12 422 635 85
Mod. Gerber bl N N N 4 410 627 805
o N N N 4 98 187 217 -
Mod. Tsai-Hill N Y Y 42 611 794 909
. : N N N 2 525 753 929 -
Cyclic strain rate N Y N 12 705 880 961
Creen ener N N N 2 390 608 87.1 -
b energy N Y N 12 822 949 983
. N N N 2 122 172 239 -
Hysteresis energy N Y N 12 351 517 705
. N N N 2 114 158 237 -
Cyclic energy N Y N 12 473 662 836
o N N N 2 173 306 450 -
Klimkeit e al N Y N 12 348 540 719
Raphael et al. var. 1 |18 N N N 4 608 835 952 19
Raphael et al. var. 2 [19[200 N N N 5 725 923 983 20
IDAFIP var. 1 N N N 4 752 919 988 PI
IDAFIP var. 2 N N N 4 783 965 998 [2

Table 2: Comparison of several fatigue criteria: dependency of the parameters to ©, R,
and T — T, (Y: Yes; N: No), total number of adjusted parameters n,, percentage of data
within scatter bands of factors 2, 3 and 5.
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Figure 11: (a) Nominal stress amplitude normalized by the corresponding oy vs. number
of cycles to failure for several load ratios, two atmospheric conditions and three orientations
(solid lines correspond to power-law fits, using one set of parameters for each R,). (b)
Number of cycles to failure estimated using a power-law equation applied to o, /oy (one
set of parameters for each R,) vs. experimental number of cycles to failure.

shown for several number of cycles to failure. The evolution of a and [ as a
function of the number of cycles to failure is shown in top right of Fig. [[2a]
« significantly decreases with increasing the number of cycles while 8 does
not evolve much. In practice, the values of o and [ can be determined for
the desired lifetime and o, and o, can then be estimated from the modified
Gerber criterion.

Fig. compares the number of cycles to failure calculated using the
modified Gerber equation to the experimental number of cycles. Again, the
Tables at the bottom in the figure indicates the dependency of the parameters
of the model to ©, R, and T' — T, and gives the percentage of data within
scatter bands of factors 2, 3 and 5. These information are also given in Table
[2l The modified Gerber equation appears to be able to represent the load
ratio (i.e. mean stress) effect, in addition to the effects of sample orientation
and atmospheric condition taken into account by normalizing o, and o, by
oy. Nevertheless, the overall difference between Ny ., and Ny, is quite
large (only 63% are within the scatter band of a factor 3).

Modified Tsai-Hill criterion. Bernasconi et al. [10] and De Monte et al. [I1]
proposed to use the Tsai-Hill criterion adapted to cycling loading to predict
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Figure 12: (a) Haigh-type diagram for RH50% T80°C; prediction of the modified Gerber
equation; evolution of the parameters of the modified Gerber equation with cycle num-
ber. (b) Number of cycles to failure estimated using the modified Gerber criterion vs.
experimental number of cycles to failure.

fatigue failure and take into account the effect of fiber orientation with respect
to the loading direction. This model can here be written as follows:

2 2 2
O0max O0maxz990max 090max O 45max
<— - omar Somaez y ((ZX0maz )y ((Z0mez ) — 1 (10)
Oou O0u 090u 0124

i (Ny) = 04 (10°) (%) ' ,i=10,90,12} (11)

O0mazs O90maz N T45maqq are the maximum stresses applied during cyclic load-
ing along the 0°, 45° and 90° orientations, respectively. g, (10°), ogo, (10°)
and og, (106) correspond to the maximum stresses at Ny = 10% associated
With Oomaz, Toomar ANd Oismaz, Tespectively. o, (108) and ogg, (10%) have
been determined from S-N curves obtained for 0° and 90° orientations (Fig.
10). 012, (10%) has been optimized to fulfill equality in Eq. [0} The material
parameter k corresponds to the inverse of the slope of the S-N curves.

As shown in Table [2) when using only one set of parameters og, and k
for all conditions, the modified Tsai-Hill criterion is not able to accurately
predict the fatigue life of the material (only 19% of the data points are within
a scatter band of a factor 3). To improve the estimations, the parameters

with
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Figure 13: (a) Normalized nominal maximal stress vs. number of cycles to failure, for
R, = 0.1 and RH50% T80°C, for several © (solid lines correspond to power-law fits); (b)
Number of cycles to failure estimated using the modified Tsai-Hill criterion (one set of
parameters for each R, and T — T}) vs. experimental number of cycles to failure.

can be tuned for each R, and T'— T, (atmospheric condition). k£ does not
significantly depend on © and T' — T, (Figs. and so that only the
dependency on R, is to be taken into account. As shown in Fig. [I3D] in
this case, the modified Tsai-Hill model is able to describe the influence of
orientation on fatigue life, for given load ratios and atmospheric conditions.
This model leads to a better overall estimation of fatigue life (79% of the
predicted fatigue lifetimes are within a scatter band of a factor 3) than the
power-law criterion based on stress normalized by ultimate stress (64% the
data within a scatter band of a factor 3, when one set of parameters is
determined for each load ratio) or the modified Gerber model (63% within a
scatter band of a factor 3). However, the parameters of the Tsai-Hill model
have to be tuned for each atmospheric condition contrary to the model based
on 0, /oy and for each R, contrary to the modified Gerber criterion, so that
42 parameters have to be tuned in total, which is also not very convenient
for application to industrial structures.

4.1.2. Cyclic strain rate and energy-based criteria

Cyclic mean strain rate. Fig. shows the cyclic mean strain rate deter-
mined at mid-life, €5, = ¢, (N/2), as a function of the experimental number
of fatigue to failure, for the various conditions tested. The data are almost
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Figure 14: (a) Cyclic mean strain rate at mid-life vs. number of cycles to failure for several
load ratios, two atmospheric conditions and three orientations (solid lines correspond to
power-law fits, using one set of parameters for each R,). (b) Number of cycles to failure
estimated using a power-law equation applied to £}, (one set of parameters for each R,)
vs. experimental number of cycles to failure.

grouped together regardless of the orientations and the atmospheric condi-
tions. €, does not manage to group the curves for different load ratios. It can
be noticed that negative load ratios are set apart. The following power-law
criterion based on €}, has been identified:

ér, = a:Ny* (12)

where a; and b; are material parameters. When one single set of parameters
is used for all conditions, 75% of the fatigue lifetime data are predicted by
the criterion within a scatter band of a factor 3 (Table [2).

When the parameters are adjusted for each load ratio, the estimation can
be improved. The corresponding power-law fits are represented in Fig. [I4al
Fig. shows the lifetime estimated by applying the criterion with a set
of parameters for each load ratio, independently of © and 7' — T,. 88% of
the predicted fatigue lifetimes are within a scatter band of a factor 3. As
expected and evoked in the Introduction, the predictions are therefore pretty
good for load ratios higher than 0.1 but poor for negative load ratios.

Creep energy density. Fig. [I5shows the cyclic creep energy density per cycle
determined at mid-life W} = W, (N;/2), as a function of the experimental
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Figure 15: (a) Cyclic creep energy density at mid-life vs. number of cycles to failure for
several load ratios, two atmospheric conditions and three orientations (solid lines corre-
spond to power-law fits, using one set of parameters for each R,). (b) Number of cycles
to failure estimated using a power-law equation applied to W (one set of parameters for
each R,) vs. experimental number of cycles to failure.

number of fatigue to failure. The conclusions are very similar to that of 7.
The creep energy density manages to group almost all data regardless of the
orientations and the atmospheric conditions but fails to unify the tendencies
for negative load ratios. The following power-law criterion based on W2 can
be identified:

W = aw, N;™ (13)

&

When a single set of parameters is identified, 61% of the database can be
grouped within a scatter band of factor 3 (Table [2). This rather low per-
centage is related to the negative load ratios mostly. Conversely, when the
parameters are dependent on the load ratio, 94% of the predicted fatigue
lifetimes are within a scatter band of a factor 3.

Hysteresis energy density. Fig. shows the evolution of the hysteresis en-
ergy density per cycle determined at mid-life W} = W), (N;/2) as a function
of Ny. It is worth noting that W) stabilizes after a few hundred of cycles
at most (Fig. [§)), so that equivalent results (with different parameters) are
obtained with a mean value of W) evaluated for a reduced number of cy-
cles. Several number of cycles have been investigated, ranging from N;/50
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Figure 16: (a) Hysteresis energy density at mid-life vs. number of cycles to failure for
several load ratios, two atmospheric conditions and three orientations (solid lines corre-
spond to power-law fits, using one set of parameters for each R,). (b) Number of cycles
to failure estimated using a power-law equation applied to W} (one set of parameters for
each R,) vs. experimental number of cycles to failure.

to Ny/2. The parameters identified for the criteria are evolving but without
changing the performance.

The data are almost grouped together for different sample orientations
or atmospheric conditions but load ratios over 0.1 are clearly set apart. This
confirms that fatigue criteria based on hysteresis energy density can be mostly
efficient for zero and negative load ratios, as observed by Launay et al. [21]
for R, = —1 and 0.

Power-law fits can be suggested as follows:

N

(14)

For a unified set of parameters, the criterion is not able to describe the
full database as only 17% of the data points are within a scatter band of a
factor 3 (Table [2). When using a different set of parameters for each R,,
the prediction of fatigue life remains poor (only 52% of the data points are
within a scatter band of a factor 3), which is mostly due to positive load
ratios.

Cyclic energy density. Here, the cyclic energy density per cycle at mid-life
Wr = W, (Ns/2) is considered. W, is stabilized after a few hundred cycles
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at most (Fig. E[) As a consequence, values of W, could have been considered
for a smaller number of cycles. The observations made for W} are almost the
same for W}: the value of W* at a given fatigue life does not significantly
depend on either orientation or atmospheric condition; it depends on the
load ratio, significantly when the load ratio is higher than 0.1, only slightly
for lower load ratios (Fig. [L7)).

A power-law can be identified:

W* = aWCN;ZWC (15)

Very poor estimation is obtained by using one set of parameters for all con-
ditions (16% of the data within a scatter band of a factor 3; see Table [2).
The parameters ay, and by, have then been adjusted for each load ratio,
independently of © and T'—T}. The fatigue life predicted using this criterion
is compared to the experimental data in Fig. [L17bl Approximately 66% of the
data are predicted within a scatter band of a factor 3, which is even slightly
better than the estimation made with a power-law criterion based on W
Furthermore, cyclic energy density has the advantage to be easier to calcu-
late within a design loop since only the amplitudes of stress and strain are
required, while an accurate evolution of stress as a function of strain curve
over the full cycle is needed to calculate the hysteresis energy density.

Elastic strain energy density. On the basis of Kujawski and Ellyin’ work
[31], Klimkeit et al. [32] proposed a criterion based on elastic strain energy
density per cycle W, to estimate the fatigue life of SFRP thermoplastics
subjected to multiaxial loading. The value of W, is here taken at mid-life:
W} = W, (Ny/2). As shown in Fig. [18a] W7 does not depend much on ©
and T'— T, but strongly depends on R, in particular for positive load ratios,
in the same way as WZ. The criterion proposed by Klimkeit et al. [32] can
then be expressed as follows:

fw. W = aw, N (16)

where ay, and by, are material parameters and fy, is a function of R,
defined as follows to account for the effect of mean stress (i.e. load ratio).

Om
fiv. = —fw. =1 (17)

As shown in Fig. , the model leads to poor estimation of fatigue life (31%
of the data within a scatter band of a factor 3; see Table . In particular,
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Figure 17: (a) Cyclic energy density at mid-life vs. number of cycles to failure for several
load ratios, two atmospheric conditions and three orientations (solid lines correspond to
power-law fits, using one set of parameters for each R,). (b) Number of cycles to failure

estimated using a power-law equation applied to W (one set of parameters for each R,)
vs. experimental number of cycles to failure.
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Figure 18: (a) Elastic strain energy density at mid-life vs. number of cycles to failure for
several load ratios, two atmospheric conditions and three orientations (solid lines corre-
spond to power-law fits, using one set of parameters for each R,). (b) Number of cycles
to failure estimated using the Klimkeit’s criterion [32] based on W and supposed to take
into account the load ratio effect.
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the effect of load ratio is badly reproduced. The estimation is improved if
aw. and by, are adjusted for each load ratio (54% of the data within a scatter
band of a factor 3; see Table .

4.2. Criteria based on two variables

Two main conclusions can be drawn from the previous section. The first
one is the inability of all the criteria based on a single variable to unify,
with a single set of parameters, influences of load ratio, orientation and
environmental condition. The second one is that a quantity based on the
cyclic mean strain is able to capture the effects of these three parameters for
positive load ratios, whereas a quantity based on cyclic energies either elastic
or anelastic is able to capture the effects of these three parameters for negative
load ratios. The objectives of the section is to consider criteria using both
features. First, recent models from the literature [23] are considered. Then,
two variants of a new model called IDAFIP are presented and evaluated.

It is worth introducing here that the way to present the results in the
following is changed to better highlight the differences between the criteria.
Two subplots per criterion are presented: on the left, the classic graphical
representation with the predicted number of cycles to failure as a function of
the experimental number of cycles to failure; on the right, the fatigue lifetime
isolines in the plane of the mixed chosen variables.

4.2.1. Raphael’s mixzed criterion
Variant 1. Raphael et al. [23] recently proposed a simple criterion that com-
bines the hysteresis energy density and the cyclic mean strain rate according

e (&) ()] o

where A, n, B, m are parameters, £y and W, are normalizing values and
er = Em(Ny/2) and W = W, (Ny/2) are respectively the cyclic mean strain
rate and hysteresis energy density at mid-life. Fig. [19a] shows the prediction
of this criterion that is good for all the testing conditions, with 84% of the
data within the scatter bands of factor 3. However, the fatigue lifetime
isolines, plotted in Fig. [19b] show that the transition between the domain
governed by the cyclic strain rate and the one governed by the hysteresis
energy density is too sharp.
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Figure 19: Performance of the first variant (based on the minimum) of the mixed criterion
proposed by Raphael et al. [23]: (a) comparison between the predicted fatigue life and
the experimental one, (b) shape of the fatigue lifetime isolines.

Variant 2. Raphael et al. [23] proposed another version of the previous
criterion by introducing a weight function, meant to smooth the transition
between the areas respectively governed by cyclic strain rate and hysteresis
energy density:

1 Bl s (W]
w=g 1 + tanh |~y [Z} —g—m{%} (19)

The criterion therefore writes:

e\ WrE\"™

Ny=(1 w)A(g_()) —i—wB(WO) (20)
For this variant, it has been chosen to follow the recommendations of the
authors to set the initial values. The adjusted parameters values of the first
criterion variant (Eq. were used as initial values for the identification of
the variant 2. The identification was then performed over the set of parame-
ters without any sequenced analysis or weight functions, in a similar manner
to other mixed criteria. Fig. shows the prediction of this criterion. A

significant improvement over the first variant is noticed, with 92% of the
data within a scatter band of factor 3. Nevertheless, the weight function also
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Figure 20: Performance of the second variant (based on the continuous criterion) of the
mixed criterion proposed by Raphael et al. [23]: (a) comparison between the predicted
fatigue life and the experimental one, (b) shape of the fatigue lifetime isolines.

induces non-physical evolutions for high hysteresis energy density values (see
Fig. |20b)).

4.2.2. New proposals of mized formulations: IDAFIP criteria

In this section, two variants of an original energy-based mixed criterion
called IDAFIP are proposed and confronted to the extensive experimental
database available.

Variant 1. The first variant of the criterion is based on the creep energy
density and on the hysteresis energy density according to

*\ b1 *\ a1

5 () (@) ey

N f Al C 1
The energetic quantities W2 and W} are evaluated at mid-life. A; and C; are
normalizing parameters and b; and c¢; are dimensionless parameters. These
four parameters are identified based on the entire experimental database and
the results are presented in Fig. More specifically, Fig. shows the
comparison between the computed fatigue lives and the experimental ones.
The predictions are very good, with 92% of the data within a scatter band
of factor 3. Moreover, the fatigue life isolines presented in Fig. exhibit
smooth and consistent evolutions.
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Figure 21: Performance of the proposed criterion based on the creep and hysteresis en-
ergies: (a) comparison between the predicted fatigue life and the experimental one, (b)
shape of the fatigue lifetime isolines.

Variant 2. The second criterion is based on the creep energy density and
on the cyclic energy density. The advantage of this criterion is that the
calculation of cyclic energy density requires simpler mechanical models than
hysteresis energy density. The same form is kept:

1 W* b2 W* da
Il cr c 29
Ny ( A ) " <Cz > 22)
Fig. shows that this criterion provides the best results, with 97% of data

within a scatter band of a factor 3. It also exhibits fully consistent results in
terms of fatigue life isolines (see Fig. [22b)).

5. Criteria performance and discussion

5.1. Comparison of the criteria

A large number of criteria was investigated in this study and this section
is dedicated to discuss their performances. To ease the comparison, only
the percentage of data within the scatter bands of factor 3 are kept and
plotted simultaneously in Fig. Considering first a global identification,
i.e. a single set of parameters is used to fit the whole database. Fig.
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Figure 22: Performance of the proposed criterion based on the creep and cyclic energies:
(a) comparison between the predicted fatigue life and the experimental one, (b) shape of
the fatigue iso-lifetime.

clearly shows that criteria based on a single variable are not able to take into
account, with a single set of parameters, the effects of load ratio, orientation
and environment. The modified Gerber criterion and the criteria based on
the cyclic strain rate differ from the rest of this kind of criteria. In the case
of the Gerber model, a multi-identification is used, which biases the results.
Considering the criteria based on the cyclic mean strain rate, their good
behavior is only apparent as they are not able to capture the load ratio effect
for negative load ratios.

A possible way to enhance these criteria is to adjust their parameters
depending on some variables (mainly the load ratio). Fig. sums up
what can be done with these criteria. The dependency of the parameters to
the variables is indicated in brackets. With more numerous parameters, the
predictions are of course improved and single variable cyclic strain rate and
creep energy criteria could reach the performance of mixed criteria.

The mixed criteria present a significant improvement over the single vari-
able criteria, with a single set of parameters for each criterion. Recent criteria
from Raphael et al. [23] provide a very good description of the full database
but the evaluations of the fatigue life isolines have to be considered carefully
as detailed in Section 4.2.1] The two IDAFIP criteria presented in this arti-
cle lead to a very good description of the full database. Variant 2 (Section
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Figure 23: Percentage of fatigue life predicted by the criteria within a scatter band with
a factor 3 by using (a) constant parameters (i.e. without additional dependency to ©, R,
and T — T,) and (b) parameters depending on some variable(s) (additional dependency
indicated in parentheses).

4.2.2)) requires a less complex constitutive model, as a simple linear elastic ap-
proach with a capability to capture the cyclic ratcheting is enough, whereas
a complex model able to capture the cyclic response is needed for variant 1.

5.2. Minimal experimental database

From an industrial point of view, the generation of such an extensive ex-
perimental database cannot be systematically performed for every material.
The question of the minimum experimental database needed to identify the
parameters is therefore of high interest. In this section, the variant 2 of the
IDAFIP criterion will be used to investigate the optimal downsizing of the
identification database for various combinations of different load ratios and
orientations. The percentage of data within the scatter bands of factor 3 is
evaluated for each configuration.

Fig. compares the accuracy of the predictions obtained for several
combinations of two load ratios. The intuition would lead to consider at least
one positive and one negative load ratio. The results actually show that this
condition is relevant but is not mandatory, as long as a good balance between
the evolutions of the cyclic and creep energies is provided by the selected load
ratios. This is especially illustrated by the good results obtained for the load

ratios {—0.5, —0.2} (Figs. 22b] and 24)).
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Figure 24: Percentage of fatigue life (all data included) predicted within a scatter band
with a factor 3 by variant 2 of the IDAFIP criterion identified over a reduced database
including three orientations and only one atmospheric condition (RH50% T80°C) and two
load ratios (put into braces) (the horizontal line at 96.5% corresponds to the prediction
obtained when parameters identification is based on all the database).

Fig. investigates the accuracy of the predictions obtained when a lim-
ited amount of orientations is considered. The best combination of load ratios
selected from the previous study are considered, i.e. {0.1, 0.3}, {—0.2, 0.3},
{-=0.5, 0.3} and {—0.5, —0.2}. Performing an identification for only one
sample orientation reduces sensibly the accuracy of the predictions. Per-
forming the identification on two orientations {0°, 90°} or {45°, 90°} leads
to almost the same accuracy than an identification performed over the three
orientations (i.e. including the results on 0°, 45° and 90° samples).

6. Conclusions

In this paper, an extended fatigue database (480 tension-compression
tests) obtained on Polyamide 66 reinforced with 50% of glass fibers (PA66
GF50) is presented. The fatigue results are obtained for a wide range of load
ratios (from -0.5 to 0.7), three orientations (0°, 45° and 90°) and two envi-
ronmental conditions (RH50%, T80°C and RH80% T23°C). Beyond sharing
these experimental results, another objective of this paper was to compare
the ability of numerous fatigue criteria to provide a robust description of the
fatigue database, possibly with a unified set of parameters. Additionally to
existing criteria, this paper also defined two original models, based on the
combination of the creep energy density and of an evaluation of the cyclic
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Figure 25: Percentage of fatigue life (all data included) predicted within a scatter band
with a factor 3 by variant 2 of the IDAFIP criterion identified over a reduced database
including only one atmospheric condition (RH50% T80°C) and one, two or three orien-
tations, for several sets of two load ratios (the green line at 96.5% corresponds to the
prediction obtained when parameters identification is based on all the database).

(elastic or anelastic) energy. Most of classic criteria were not able to describe
accurately the whole database. In the discussion section, the performances
obtained for a single set of parameters and for different sets of parameters
(i.e. the highest criterion’s performance) are presented. The main observa-
tions are the following:

e Criteria based on stress components manage to unify rather well the
orientations and environments effects as soon as they are formulated
with a ratio to the ultimate stress at break. Nevertheless, they clearly
fail to unify the influence of load ratio with a single set of parameters.
When leaving some freedom on the dependency on load ratios, results
improve but stay below 80% of data points unified within a scatter with
a ratio of 3.

e Models based on ratcheting effect (cyclic creep increment or creep en-
ergy density) can give indeed very good results (almost 90% of unifica-
tion for a scatter within a factor by 3 for creep energy density) but fail
systematically to unify the tests performed for negative load ratios.

e Criteria based on the cyclic loop energy densities (elastic or anelastic),
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can give good results but fail to describe high positive load ratios,
exhibiting a significant ratcheting and inducing an earlier failure.

Criteria mixing ratcheting and cyclic features are clearly the best ones
to provide a very good description of the full database for a unified set
of parameters. Within this family, two variants of a criterion published
very recently [23] that combines cyclic strain rate and hysteresis energy
density were first considered. Both variants are giving good results
(over 80% of the database unified within a scatter of a factor by 3).
However a plot in the space of (cyclic strain rate; hysteresis energy
density) exhibited that the shapes of the iso-lifetime curves are either
too sharp (variant based on the minimum of the two components) or
leading to unphysical evolutions for more negative load ratios (variant
with nonlinear coefficient).

Two original criteria called IDAFIP were defined in this paper. The
first variant is combining the creep energy density (defined as the prod-
uct of the mean stress multiplied by the stabilized cyclic strain rate) to
the hysteresis energy density. The second one is combining the same
creep energy density to the cyclic energy density (defined as half the
product of strain amplitudes times the stress amplitude). Both variants
lead to a very good unification of the database for only 4 parameters
(over 90% of the database is unified within a scatter of a ratio of 3).
The variant using the creep energy density and the cyclic energy density
gives the best results and is moreover very interesting from a design
point of view because it requires less complex models to predict the
cyclic energy density rather than the anelastic one.

This study allowed identifying the set of parameters for the fatigue criteria

over a very wide database. The generation of such an experimental database
clearly requires huge efforts on samples generation, conditioning, tests dura-
tion and data treatment. Taking advantage of this extended database, an
interesting question is dealing with downsizing the database needed for the
relevant identification of the criterion parameters. A last section therefore
investigates the minimum experimental database (various orientations, load
ratios, orientations) needed for the parameters identification, to describe ac-
curately the full database. The investigations were achieved with the IDAFIP
criterion based on creep energy density and cyclic energy density. The con-
clusions are the following:
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e In this range of temperature [T, + 30°C; T, + 45°C], it seems that one
of the atmospheric condition is enough to get a good evaluation of the
parameters for the other one.

e Performing an identification for only one sample orientation reduces
substantially the accuracy of the predictions. Performing the identifi-
cation on two orientations {0°, 90°} or {45°, 90°} leads to almost the
same accuracy as an identification performed over the three orientations
(i.e. including the results on 0°, 45° and 90° samples).

e As illustrated previously, the most difficult parameter to identify is
the influence of the load ratio. The results obtained showed that an
identification performed on only two load ratios can give very good
results (comparable to the identification on the full set of load ratios),
provided that the two load ratios lead to reasonable combined variations
of creep and cyclic energies. Very good results were therefore obtained
for combinations of one positive and one negative load ratio, which was
somehow expected, but also for the couple of load ratios {—0.5, —0.2}
because they provide a good balance of the variations of creep and
cyclic energies for the range of fatigue lifetime investigated.

Perspectives to this work are numerous. The first ones would be to inves-
tigate the extension of these conclusions to other materials (filled or unfilled
polymers) or to other environments (closer or below 7). Then, this study
only considered uniaxial loading, which is of course a limited field for struc-
tures design. It will therefore be necessary to extend the IDAFIP criterion
to multiaxial cases. If cyclic energy density should not be too much of an
issue as illustrated by some studies [21], the computation of the creep en-
ergy density will require careful considerations on the norms used to evaluate
both stress and cyclic strain rate components. The last perspective would
be to use the criterion identified to design a structure (complex sample or
industrial parts) and to check how well the approach applies in the case of
complex microstructure and loading.
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