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Abstract:

Composites of polyamide matrix reinforced by short glass fibers are increasingly used as replacement
for metal parts in the automotive industry, especially because they are light weighted and easy to
manufacture. Automobile parts are usually subjected to fatigue loadings during their service life, which
makes it necessary to have a reliable or predictable durability life. Short glass fiber reinforced (SGFR)
thermoplastics are used in structural parts such as top strut and motor mounts wherein they are
subjected to complex positive and negative loads. As they are injection-molded, they exhibit a complex
fiber orientation distribution, which clearly has an effect on their mechanical properties. Moreover, the
polyamide matrix in SGFR thermoplastics is sensitive to ambient humidity and temperature. Therefore,
a fatigue criterion for this material should unify different load ratios, fiber orientation distributions for
the given atmospheric conditions. In literature, a wide variety of fatigue criteria has been proposed;,
nevertheless, single unified fatigue criterion yet has space for improvement. This article proposes an
energy-based fatigue criterion that tends to take into account a load ratio and fibers orientation effects.
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1 Introduction

The recent success of the short glass fiber reinforced
(SGFR) thermoplastics over metal parts among automotive
manufacturers is due to their durability resistance and their

lower weight (~50% than metal parts), accounting also with
reduced price. Thanks to the injection molding process,
complex automobile parts with multiple ribs such as motor
mounts are made possible, as illustrated in Fig. 1. The  Fig. 1. Injection molding SGFR thermoplastic
motor mounts made in SGRF polyamide 6.6 (PA66) consist part

of a mounting bracket and a supporting arm that are responsible to transfer/reduce the vibrations

Motor mount by
Vibracoustic

produced by the motor into a damping element. These motor mounts are subjected to complex cyclic
loading conditions, including tension and compression, and are exposed to temperatures around 80°C
and humidity ratios of approximately 50%. Their resistance to fatigue in such conditions is thus an
important issue. Furthermore, due to the injection molding process, SGFR thermoplastic parts show a
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complex fiber orientation distribution which has an effect on their mechanical properties. A unified
fatigue energy criterion which could be applied to various loading ratios and could consider both the
complex anisotropic microstructure and thermomechanical behavior of the material is needed. Among
several energy-based criteria in the literature, the dissipated energy criterion based on infra-red (IR)
temperature measurements is relevant for PA66 thermoplastics reinforced with 50 wt. % of glass fibers
(PA66-GF50) [1-5].

In this article, we propose to take into account the load ratio effect by considering Creep Energy
(Wcreep), which is introduced in this paper, Dissipated Energy (A*) deduced from IR measurements
and Hysteresis Loop Energy (AE}y) for PA66GF50 (50% of glass fibers). Here, the material is exposed
to atmospheric conditions reading 50% humidity and 80°C temperature (RH50 T80°C). In section 2, the
geometry description of the sample, the experimental procedures and the database are presented. In
section 3, fatigue lifetime indicators are discussed along with their evolution during the cycling. In the
final section, we discuss about the formulation of possible fatigue criteria which are capable of
predicting the fatigue lifetime according to the database presented in section 2.

2  Experimental procedure

2.1 Material and samples

The PA66GF50, provided by Solvay is the TR
used material. The dimensions of the
injection molded 3mm-thick plate are
shown in Fig. 1. The line gate and flow
length are optimized to provide planar
orientation of the specimen. The useful
region is carefully selected making sure it
is neither too close nor too far from the gate.
The dog-bone specimens are machined
from this plate so that their main loading
direction during the tests are oriented at 0°, 45° and 90° from the injection direction, as shown in Fig.1.
Due to injection molding process, the material shows a heterogeneous microstructure. In particular, a
strong through-thickness gradient of fibers orientation is observed (this gradient is also referred as "skin-
core" effect in literature) [6, 7].

POSITION 2 I POSITION 3

Fig. 2. Injection molding of dog-bone samples.

2.2 Experimental set-up

The tests were performed at Solvay Engineering Plastic, France. The atmospheric condition experienced
by the motor mount during its lifetime is approximated to be RH50 T80°C. Since the material is sensitive
to humidity and temperature [8], the above-mentioned atmospheric conditions (RH50 T80°C) were
maintained during the tests, thanks to a Weiss climatic chamber. Two servo hydraulic machines (MTS
319.02 and MTS 370.10) were used to perform classical cyclic fatigue tests until failure. Either a contact
extensometer or digital image correlation (DIC) based on images obtained from a 3D optical camera
were used to measure the displacements within the sample gauge part and then to calculate the strain.
To provide the contrast needed two correlate images, a random speckle patterns was applied by black
and white paints sprays. The strains obtained from DIC and from the contact extensometer gave similar
results for dog bone sample in fatigue test. Temperature fields at the surface of the specimen in the
climatic chamber were measured using a FLIR X6540SC camera. For the IR measurements, the
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variations of the atmosphere in the chamber were taken into account by subtracting the temperature
experienced by a virgin specimen placed inside the chamber to the temperature of the loaded sample.
The entire experimental set-up is shown in Fig. 3. The IR camera and the 3D optical camera were
synchronized to capture images only for specific cycles to limit the size of the database.

0° R =0.1 RH50 T80°C cyclic test

——Primary loading
—=—5th cycle

©-100th cycle

Normalized stress 6 [MPa]

©-1,000th cycle

—4—10,000th cycle

0 0.2 0.4 0.6 0.8 1 12 1.4 1.6
Normalized strain € [Percentage]

Fig. 3. Xperimental set-up at Solvay Engineering

Plastics, France. Fig. 4. Hysteresis cycles during a fatigue test.

2.3 Database at RHS0@T80°C

The entire extensive database consists of 343 classical fatigue tests with various load ratios R (0.7, 0.5,
0.3, 0.1, -0.2, -0.5), with approximately 58 tests (0°, 45°, and 90° orientations included) for each load
ratio. All the tests were conducted at 3Hz frequency. Only five cycles were recorded for each log base
10 cycles increment during the test. An example of normalized engineering nominal stress versus strain
plot is shown in Fig. 4 for a 0°-oriented sample, for a load ratio of 0.1. Mechanical phenomena such as
strain ratcheting associated with reduction of the area of the hysteresis loop between loading and
unloading are noticed as the number of cycles increases.

The following thermomechanical data can be obtained for each recorded cycle:
*  Minimum, maximum values and evolution of local (Green-Lagrange ) strain, €;
*  Minimum and maximum temperature values, 8 =T — T,.

In turn, this gives access to the evolutions of the following characteristics as a function of the number
of cycles:

»  The secant modulus, E;

=  The elastic energy, AE;;

»  The hysteresis loop energy, AEy;

= The dissipated energy obtained from IR measurement, A* [1].

In this paper, we focus only on AE;,, A* and the creep energy defined in section 3.2 (Wcreep). All the
graphs presented in this article are normalized for confidentiality purpose.
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3  Fatigue lifetime indicators
3.1 Hysteresis loop energy

The hysteresis loop energy (AE;,) is the area of the loop observed on the nominal stress-strain curves,
as shown in Fig. 4. The evolution of the hysteresis loop energy against the number of cycles is shown
below in Fig. 5, wherein one example is plotted for each orientation (0°, 45° and 90°) and each load
ratio (0.7, 0.5, 0.3, 0.1, -0.2 and -0.5). In most cases the stabilization occurs within the first few cycles.
Nevertheless, for some tests, especially for load ratios of 0.1 and below, the evolution fluctuates before
reaching the stabilization point. In the same graph, vertical lines are used to indicate the location of mid-
life (half of the number of cycles to failure). On closer observations, it is evident that for all the tests,
the stabilization of the hysteresis loop is almost reached after 10 cycles.

Normalized hysteresis loop Energy Vs Number of cyeles
T | s T

3
“

Lot Normali teresis energy at mid-life Vs Number of cycles to failure

|®—= 0°R=0.7 #—4% 0°R=0.5 & 0°R=0.3
&4 0°R=0.1 0°R=-0.2 =+ 0°R=-0.5

Normalized hysteresis energy at mid-life A8 [MJ m ™)
Normalized hysteresis energy at mid-life AE), |M.J m

Number of cycles Number of eycles to failure

Fig. 5. Hysteresis loop energy vs number of cycles. Fig. 6. Hysteresis loop energy vs number of cycles to failure.

Therefore, values of AE}, at mid-life are plotted against number of cycles to failure in Fig. 6, for the
different tested load ratios and sample orientations. For all tested load cases, AE} does not depend on
the orientation of the sample. In addition, solid lines in Fig. 6 indicate the power law fit obtained for the
different load ratios. Furthermore, the parameters of the power law follow a logical ranking order as a
function of the load ratio between R =-0.5 and R = 0.7, as shown in Fig. 6. It appears that the hysteresis
loop energy has the ability to group the data obtained for negative load ratios (-0.5, -0.2) and R = 0.1 to
certain extent, showing larger dissipation than for positive load ratios (0.5 and 0.7).

3.2 Creep energy

The purpose of the creep energy (Wcreep) is to find a relation between creep and mean-stress in order
to account for the load ratio effect. As shown in Fig. 7, the minimum and maximum strains
measured/calculated in the region of interest either by DIC or contact extensometer continuously
increase during cycling until failure. No direct correlation was observed between the fatigue life and the
minimum strain (€, ), the maximum strain (€,,5 ) or the mean strain (€, ) Values. In order to
include the effect of creep, equation (1) is used to express the mean strain increment during one cycle
as function of its corresponding cycle, as illustrated in Fig. 7. This strain increment was calculated for
all the recorded cycles in the test (except for the first and last cycles). The evolution of the strain
increment as a function of the number of cycles is shown in Fig. 8 along with the corresponding power
law fit, for each load ratio (0.7, 0.5, 0.3, 0.1, -0.2, -0.5), with 0°-orientation.
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Fig. 7. Normalized strain vs number of cycles. Fig. 8. Normalized strain increment vs number of cycles.

Vereep 1s then calculated by using a power law fit for all the tests in equation (1). In consistency with the
analysis presented in section 3.1, mid-life value of V¢, is plotted against the number of cycles to
failure in Fig. 9, for the various sample orientations and load ratios tested.

On one hand, as observed for AEy
against number of cycles to failure
(Fig. 6), mid-life Ve, does not

14 Strain incrcmgnt at mid-life ¥s Number of cycles to failure

1077 |y
depend on the orientation of the
sample (Fig. 9). On the other hand, in
contrary to AEp, Vereep is able to group

10"

R
R
R
R
R
R

data for most of the positive load ratios
(0.7,0.5,0.3) and load ratio R =0.1 up
to certain extent. Indeed, a logical
ranking order is noticed as a function
of the load ratio (Fig. 9), as observed
for AE},, while it is reversed (Fig. 6).

Strain increment at mid-life [V, ]

1wl @

101! <
30 A9 X A8 A0
In order to compare strain increment Number of cycles to failure
indicator with other indicators such as Fig. 9. Normalized strain increment vs number of cycles.

AEy,, the following expression (equation (2)) is proposed to calculate the so-called creep energy
(Wcreep) from Veep, Where Opeqn is the mean stress.

VVcreep = Omean * Vcreep 2
3.2 Dissipated energy

The robustness of dissipated energy (A*) calculation using heat build-up protocol for the cyclic tests
was shown in the literature for PA66-GF50 [2, 3]. Fig. 10 shows the evolution of mean temperature of
the sample during cycling, for the 0°-orientation case (one test illustrated for each load ratio). The mean
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temperature tends to stabilize after a few hundreds of cycles. The intrinsic dissipated energy per

cycle (A") is calculated using the mean stabilized temperature 6,,.,, and characteristic time 7 as in
equation (3).

= Pop  Zmean 3)

Where p the density of PA66GF50, C,, is its heat capacity C, properties of and f is the loading

frequency. B,eqn and T are identified for all the tests by fitting the sample mean temperature data
measured using the IR camera with the expression given in equation (4) where t is time, assuming that
the mean temperature has a stabilization point. This assumption is reasonable only if the cyclic heat
source (dissipation energy) is constant during the test. This hypothesis is consistent with the results
presented in section 3.1 and Fig. 5. The fits obtained are shown in Fig. 10.

_(t—to)
Omean = Omean (1 —e T ) 4
5o Evolution of mean temperature Vs Number of cycles : Normalized dissipated energy Vs Number of eveles
: T T 107 : . e .
R=-0.5 0° RH50 T80°C| R=-05
R=-0.2 0° RH50 T80°C R=-02:
= R=0.3 07 RH50 TED'C R=01 *
+ R=0.50° RH50 TBO"C R=0.3
© R=0.7 0° RH50 TS0°C R=0.5
™ T 10%) R=0.7

Normalized mean temperature # [°C]

Normalized dissipated energy A ' [M.J.an %)

1oL By b T Crid
N @ K3 A 3

Number of cycles Number of cycles to failure

Fig. 10. Evolution of mean temperature vs number of

cycles. Fig. 11. Dissipated energy vs number of cycles to failure.

A" was calculated for 102 tests equipped
with IR camera, for load ratios (0.7, 0.5,
0.3, 0.1, -0.2 and -0.5) and orientations
(0°, 45° and 90°) combined. The
obtained values of A* are plotted against
number of cycles to failure for the
various sample orientations and load

|

ratios in Fig.11. Similarly to AE;, in
section 3.1, A* does not depend on the
orientation of the sample. Moreover,
grouping is observed for the negative
load ratios, similarly to the observations _ _
made forAE;,. In Fig. 12, AEy, is plotted — e

Normalized dissipated energy A* [M.J. m ™|

against A" for its corresponding tests, Normalized hysteresis energy at mid-life AE, [M.J.m ]

for all the tests discussed in Fig. 11. - - .
Fig. 12. Dissipated energy vs hysteresis loop energy.

The hysteresis loop area observed during fatigue test is related to the viscoelastic and/or (visco) plastic

nature of the material [2, 8]. Energy dissipated by the hysteresis loops (AE}) is not completely turned
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into heat or dissipated energy (A*) as shown in equation (5), where dissipated energy is D; and
hysteresis loop energy is Wy, ¢, and Wy, W, are stored energy and elastic energy respectively [9,10]. In
accordance with this equation, Fig. 12 shows that only a fraction of the hysteresis loop energy is turned
into dissipation (~58%).

Wy = Weer —We' — Dy )

4  Fatigue criterion

The purpose is to determine a fatigue criterion efficient over a wide range of load ratios, by combining
two of the energy indicators discussed in section 3. First, A* is combined to Weyep according to equation
(6), where Acreep, Adiss) Acreepr Aaiss are the parameters to be identified on the basis of the database
including 102 tests results, in order to predict the number of cycles to failure N,.

Fig. 13 compares experimental and predicted number of cycles to failure. The solid blue line indicates
perfect prediction and the red and the blue regions respectively represent errors of half and full decades
away from the blue line. The agreement between experimental and predicted number of cycles to failure
is satisfactory.

Second, A" in equation (6) is replaced by AE, to obtain equation (7) where
Acreeps Anys: Qcreep Anys are the parameters to be identified.

i _ <M/Creep)acreep n ( A* )adiss ©)
Nr Acreep Adiss
i _ <M/Creep>acreep N <AEh )ahys (7)
Nr Acreep Ahys

The parameters were identified on the basis of 343 tests with different orientations and load ratios. The
experiment against predicted number of cycles to fatigue is shown in Fig. 14. A satisfactory correlation
is observed. A majority of the tests are within the acceptable region of error (red region — half decade
error). On the whole, only few points, for negative load ratios (-0.2 and -0.5), are above one-decade
error.

Experimental Vs Predicted number of cyeles to fai

J (H,:W)“cn:w +( A )ﬂem
.An'ss'p Agiss

Experimental Vs Predicted number of cyeles to failure

R (Wmee)a”m + (“E!*
Nr Acrwp Ahys

)ﬂk;.vs RN

108}

107}

104},

Predicted number of cyeles to failure
Predicted number of cycles to failure

10k

4 R=01 * = &= R=-0.5

. = L g s i " 5 i
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Experimental number of eyeles to failure Experimental number of eycles to failure
Fig. 13. Dissipated energy and creep energy criterion. Fig. 14. Hysteresis loop energy and creep energy criterion.
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4 Conclusions

A wide database of fatigue tests, including various load ratios (between -0.5 and +0.7) and loading
directions with respect to the injection direction (0, 45 and 90°), was derived for PA66GF50 at RH50
T80°C. Three types of energy calculations are presented for prediction of fatigue lifetime: hysteresis
loop energy AEy,, creep energy Weep and dissipated energy A*. Grouping between negative load ratios
is possible using AEy, and A" as criteria. Wereep allows grouping between positive load ratios. By
combining Wepeep With AEy, or A" in a criterion, it is possible to predict the fatigue lifetime for both

positive and negative load ratios.

Though prediction of fatigue lifetime for PA66GF50 has already been achieved by different energy-
based criterion in the literature, grouping for wide range of load ratios was not yet addressed. The
proposed criterion has opened possibilities to challenge this issue, by proposing a criterion able to group
a wide range of load ratios for various loading directions from the injection direction.
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