Received: 14 March 2023

Revised: 19 May 2023

W) Check for updates

Accepted: 26 May 2023

DOI: 10.1111/ffe.14072

ORIGINAL ARTICLE

rdi #m E?\igi?::eﬁnzif\';zig{s & Structures Wl L E Y

A modified energy-based fatigue parameter for short fiber
reinforced polymers: Performance analysis with varying
thicknesses, load ratios, and fiber orientations

Francesco E. Fiorini'? |

Andrea Bernasconi?

lCompetence Center Mechanics,
thyssenkrupp Presta AG, Eschen,
Principality of Liechtenstein

“Department of Mechanical Engineering,
Politecnico di Milano, Milan, Italy

Correspondence

Francesco E. Fiorini, Competence Center
Mechanics, thyssenkrupp Presta AG,
Essanestrasse 10, 9492 Eschen,
Principality of Liechtenstein.

Email: francesco.fiorini@thyssenkrupp-
automotive.com

Luca M. Martulli’?® |

Philippe Steck' |

Abstract

The durability of short fiber reinforced polymers (SFRPs) is affected by several
variables. Accurate unifying fatigue parameters are thus essential for an effi-
cient characterization campaign. This research investigated the fatigue behav-
ior of a Polyphtalamide PA6T/6I reinforced with 50% of glass fibers. Two
thicknesses (1.6 and 3 mm), two orientations from the injection molding direc-
tion (0° and 90°), and three load rations (—0.5, 0.1, 0.5) were investigated. A
new fatigue parameter, called alternating energy density (AED), was pre-
sented; its ability to correlate the fatigue tests results was compared to other
known fatigue parameters—cyclic mean strain rate and cyclic creep energy
density. All the fatigue parameters were found to be independent of specimen
thickness. Furthermore, the prediction of the fatigue lifetime based on AED
showed greater accuracy with respect to the other known investigated
methods. AED could thus be used for accurate and efficient lifetime prediction
of SFRPs.
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Highlights

« A new unifying fatigue parameter for SFRPs called AED is proposed.

« AED proved higher unifying capabilities than other known methods.

« A new SFRP fatigue database including thickness, orientation, and load
ratio is provided.
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FIORINI ET AL.

1 | INTRODUCTION

Increasingly restrictive regulations concerning global
warming and greenhouse emissions have forced car man-
ufacturers to prioritize the development of fuel-efficient
and lightweight vehicles. Lightweight design and wide
application of reinforced plastic materials, such as short
fibers reinforced polymers (SFRPs), are thus becoming of
primary importance. In the design of automotive compo-
nents, the use of SFRPs can offer several benefits. Their
high strength-to-weight ratio can help reduce the overall
weight of vehicle components, leading to an improved
overall efficiency. They provide design flexibility, where
molding SFRPs into complex shapes allows more
freedom in the design of automotive components.
Furthermore, SFRPs can provide a cost-effective solution
for automotive components as they can be manufactured
using low-cost molding processes.

Accurately predicting the fatigue behavior of SFRPs is
essential for their successful adoption into automotive
components. Predicting the fatigue behavior of SFRPs
can be challenging due to several variables, including the
material behavior (type of the fibers, orientation of the
fibers,"™ matrix material, fiber-matrix interface), the
inhomogeneous and anisotropic nature of the material
structure (heterogeneous orientation and the three layer
structure'®), loading conditions (mean stress,” '® strain
rate,'"'? loading frequency'"), influence of environmen-
tal effects such as temperature and humidity."?

Due to all the listed variables, the orientation of the
fibers plays an important role. It determines the degree of
anisotropy and has a crucial influence on the stress state
or triaxiality and its distribution within the component.
In the thickness of the specimen, the fiber orientation
varies. This microstructure has been widely discussed in
the literature and is commonly known as a skin-
shell-core microstructure."**> Due to the thermal shock,
the skin layer is between the injected material and the
mold walls. The fibers are frozen in their position and
orientation, leading to randomly oriented fibers. The
shell layer is the largest layer, where the shear stress of
the material flow orientates the fibers in the injection
molding direction. The core layer is located in the center
part of the specimen. Contrary to the shell layer, the
fibers here are perpendicular to the injection molding
direction. This fiber orientation is due to an extensional
flow during the injection molding process.’

As listed previously, the environmental effects and
loading conditions are variables that must also be consid-
ered in the fatigue failure assessment. For example, the
effect of the mean stress on the fatigue response of SFRPs
was studied by Mallick and Zhou.” They performed
tension—tension fatigue tests at different stress ratios. A
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significant effect on the SN diagram was observed. The
fatigue strength decreased with increasing mean stress
ratio. Additionally, the mean strain during the fatigue
increased, which was attributed to the creep caused by
constant mean stress applied during the fatigue cycles. It
is concluded that the stress amplitude mean could be
fitted by a parabolic relationship. The equation called
modified Gerber equation appears to represent the mean
stress effects well.

The influence of the loading frequency to the fatigue
strength was studied by Bernasconi and Kulin."' Tensile-
tensile fatigue tests at a frequency ranging from 1 to 4 Hz
were performed. The authors concluded that an increase
in frequency is related to a decrease in fatigue strength.

All these variables together increase the complexity in
predicting the fatigue response of SFRP materials and
components. Moreover, achieving a comprehensive char-
acterization of an SFRP necessitates a substantial number
of tests involving variations in parameters such as fiber
orientation, testing temperature, load ratio, specimen
thickness, among others. Therefore, it becomes crucial to
identify a fatigue parameter capable of correlating the
experimental fatigue data. Such a parameter can be
experimentally determined for a specific testing configu-
ration. Together with a constitutive model describing the
cyclic behavior implemented in a finite element tool, an
accurate lifetime prediction for a component could be
performed. This approach would significantly reduce
the number of fatigue tests required for a complete char-
acterization, thereby minimizing associated costs and
time requirements. To predict the fatigue response of
SFRP and identify such correlating parameter, several
approaches are available in the literature. These
approaches can be classified in various categories. The
first category comprises the stress-based approaches
where the stress components are the inputs. The failure
parameter is determined by normalizing the operating
stress by the ultimate tensile stress results obtained from
quasi-static (q.s.) uniaxial tensile tests."® This improved
parameter has been found to give good results in predict-
ing material failure under cyclic loading. Additionally,
using this parameter does not require extensive experi-
mental testing of the material under cyclic loading condi-
tions, which can be time-consuming and expensive. The
limitation of stress-based approaches is that a single set
of parameters cannot fully describe the influence of the
load ratio. To address this limitation, the model needs to
include additional parameters and functions that can
capture the material's behavior under various load ratios,
effects of ratcheting, and cyclic creep failure.”'*

Part of the second category of failure prediction are
parameters based on strain and parameters based on
the energy. The cyclic quantities used for the failure
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prediction are typically calculated during cyclic loading
in the stationary state.’*'> The evolution of these quanti-
ties such as secant modulus, cyclic energy density, hyster-
esis energy density, and dissipated energy density are
stabilized. The fatigue prediction parameters such as
cyclic creep increment,’ elastic strain energy,'®'” and dis-
sipated energy'® ' are typically based on one of the men-
tioned cyclic quantities. The fatigue prediction, based on
the mentioned parameters, is quite good and it was found
that the data was independent of the orientation and
environmental conditions. A limitation for the men-
tioned parameters is their ability to describe negative and
positive load ratios. This limitation is in the nature of the
mentioned parameters. For example, a fatigue failure pre-
diction parameter based on the creep increment will not
be able to describe negative load ratios (no creep occurs),
while parameters based on the cyclic loop will fail to
describe high load ratios.

Raphael et al.** proposed the strategy for mixed
fatigue prediction parameters. The approach was to com-
bine the hysteresis energy density and the cyclic mean
strain rate. The hysteresis energy density was able to
unify results for the negative load ratios and, on the other
hand, the cyclic mean strain rate for positive load ratios.
To optimize the transition between negative and positive
load ratios, Raphael et al.?? introduced a second variant
of the previous fatigue failure parameter where a weight
function was used. This enabled a smooth transition
between the areas governed by the cyclic mean strain rate
and the hysteresis energy density. An increase in accu-
racy (scatter band 3) in fatigue failure prediction from
84% to 92% could be established.

Santharam et al.,"* after an intensive study of differ-
ent fatigue failure parameters, applied the strategy to
combine two fatigue failure parameters. They proposed
two energy-based mixed parameters. The first fatigue fail-
ure parameter combines the creep energy density and the
hysteresis energy density. The second variant combines
the creep energy density and the cyclic energy density.
The advantage of the second variant was that the cyclic
energy density, compared to the hysteresis energy den-
sity, requires simpler mechanical models for the calcula-
tion. This approach enables an improvement in the
fatigue failure prediction. The database took into account
the influence of the fiber orientation, stress ratio, and
environmental conditions. The mentioned studies show
that there is a requirement of a fatigue failure method,
which is able to predict the fatigue response indepen-
dently of the influencing parameters (fiber orientation,
load ratio, environmental conditions). However, none of
the above-mentioned authors'>** considered the influ-
ence of the wall thickness of the specimens on the fatigue
performance of SFRPs.

In this investigation, an extensive database of fatigue
data was created and evaluated, and the evolution of dif-
ferent mechanical properties, such as cyclic mean strain
rate and energy-based quantities, were monitored. Based
on these results, a modified different fatigue clustering
parameter for fatigue curves of SFRPs was identified.

The paper is organized as follows—Section 2
describes the material, specimens, and testing conditions,
as well as the experimental procedures used in this study.
In addition, the cyclic mechanical characteristics (cyclic
mean strain rate, cyclic creep energy density, and alter-
nating energy density) observed during the tests are men-
tioned. Section 3 illustrates the evolution of these
parameters during the fatigue testing and provides a sum-
mary of the fatigue endurance determined for the tested
material. Furthermore, g.s. tests were conducted and the
microstructure of 1.6 and 3 mm plates was compared and
discussed. In Section 4, fatigue failure parameters
from the literature are presented together with a new
alternating energy based fatigue parameter. Finally, the
performance of the different fatigue failure parameters is
discussed.

2 | MATERIAL AND METHODS

2.1 | Material and specimens
manufacturing

The material under investigation is a PA6T/61, filled with
50% weight short glass fibers, supplied under the trade
name of Ultramid® Advanced T1000HG10 by BASF SE.*
To investigate the influence of the thickness in combina-
tion with the fibers orientation on the mechanical prop-
erties, dog bone specimens were extracted from injection
molded plates with two different thicknesses t (1.6 and
3 mm). One specimen per plate was machined out by
milling at 0°and 90° with respect to the main flow direc-
tion as shown in Figure 1A. The shape of the specimens
was designed with large radii to avoid failure in proxim-
ity of the grips. Figure 1B showcases the specimen's
shape and dimensions.

2.2 | Experimental methods

2.2.1 | pCT measurements

Micro-computed tomography (pCT) scans were per-
formed on Phoenix V|tome|x M300 computer tomogra-
phy from Waygate Technologies® to measure the fiber
orientation in the specimens. The tube voltage and cur-
rent were 150 kV and 50 nA. A 0.5 mm aluminum filter
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FIGURE 1 (A)Molded plate
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dimension, dog bone cutting position, and
cutting sample position for fiber orientation
analysis. (B) Specimen shape and
dimensions. Dimensions are in (mm).
[Colour figure can be viewed at

wileyonlinelibrary.com]

Injection gate

Main flow direction

114 —

150

directly before the x-ray tube was used. The samples were
projected on a Dynamic 41|200p + detector of
2048 x 2048 pixels, having a 200 nm pixel pitch. The 3D
image was reconstructed from 2300 projections with an
exposure time of 100 ms for each projection. The voxel
resolution of the resulting image is 8 ym. The rendering,
visualization, and determination of the fiber orientation
were done in the software VG Studio Max. 3.2 from
Volume Graphics.®> Figure 2A shows the simultaneous
scanning procedure of three dog bones extracted at vari-
ous angles from an injection molded plate that had the
same thickness. The measured area was divided in three
sections to maximize the scan resolution (Figure 2B).

222 | Q.. and fatigue testing methods

The testing campaign was performed at thyssenkrupp
Presta AG. The test temperature was 80°C. The relative
humidity (RH) was kept under 0.1% wt., and the speci-
mens were sealed in individual bags after being manufac-
tured, to prevent any change in RH prior to the
experiment.

The q.s. tests were conducted with an Inspect 300-1
Hegewald and Peschke test rig. To measure the deforma-
tion of the specimens during the g.s. experiments, a 3D
optical measurement system GOM ARAMIS was used.
For this purpose, a random speckle pattern was applied
on the specimens. Since the specimens had a gloss black
finish, they were first painted with matt black. Once the
paint was dry, white speckle pattern were sprayed on
them. The displacement rate was 1 mm/min. Five speci-
mens per orientations and thickness were tested. To carry
out tests at 80°C, a temperature chamber equipped with
a digital temperature controller was used.

For the fatigue characterization, an Instron 8802 uni-
axial servo hydraulic fatigue testing machine with an

(A) (B)

environmental chamber was used. A sinusoidal load
function with constant amplitude at a frequency of 4 Hz
was chosen. To track the evolution of strain, a contact
extensometer (Instron, model 2620-603) with a gauge
length of 10 mm was utilized. During testing, a Fluke
thermal camera was used to track the specimen's surface
temperature. This made it possible to guarantee that the
surface temperature did not exceed the chosen test
temperature by more than 5°C. Complete specimen sepa-
ration was the failure criterion. If a specimen did not
break after 1E+6 cycles, it was considered a runout.
Runouts were excluded for the computation of the
parameters of the SN curve equation. Tension—tension
and tension—compression tests were conducted while
maintaining a constant load ratio R, (= 6min/0max) = 0.1,
0.5, and —0.5, respectively. To prevent buckling during
the compression phase of the tension-compression
testing, a steel anti-buckling device (ABD) was used.
Figure 3 shows how the ABD was installed. The ABD
was not fixed within the machine clamps. Teflon sheets
were installed between the specimen and the device to
avoid friction effects.

2.2.3 | Mechanical quantities

Several mechanical parameters were calculated and mon-
itored during the fatigue tests. These were evaluated from
the measured strain and the nominal stress.

Cyclic mean strain and cyclic mean strain rate
According to previous studies,'****° the minimum and
maximum strain values for each cycle were first mea-
sured. Figure 4 depicts the trend of the minimum and
maximum strain during fatigue testing. Based on these
values, the cyclic mean strain evolution was determined
according to Equation (1).
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FIGURE 2 (A) Scanning procedure.
(B) Specimen scanning area. (C) Three
[ ] Total scanned area dimensional fiber orientation of the section 1
samples for (left) and section 2 (right) for the specimen with
FO study 1.6 mm thickness. [Colour figure can be viewed

at wileyonlinelibrary.com]|
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FIGURE 4 Axial strain evolution during a fatigue
characterization. [Colour figure can be viewed at

wileyonlinelibrary.com]
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2
FIGURE 3 Anti-buckling device and application on a dog
bone a specimen. [Colour figure can be viewed at The slope of the evolution of the cyclic mean strain
wileyonlinelibrary.com] defining the cyclic mean strain rate. Finally, the fatigue
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parameter is calculated by averaging the cyclic mean

strain between 45% and 55% of the lifetime (Figure 4).
Each test is assessed according to the following

fatigue parameter, which is determined as follows:

. Emeanssy, — Emeanysy,
Emean = —————— frequency. (2)
NSSUO - N4500

To investigate the effect of alternative intervals, we
conducted a parametric study examining cyclic mean
strains between 47% and 53% of the lifetime, as well as
between 42% and 58% of the lifetime.

Cyclic creep energy density

The influence of the mean stress on fatigue behavior has
been studied earlier.”'° A parameter, called cyclic creep
energy density, calculated by multiplying the cyclic
mean strain rate &p,.q, with the mean stress ceqn (see
Equation 3) was suggested by Santharam et al.'® It
combines the cyclic energy to a parameter related to
cyclic creep. The authors used the cyclic creep energy
density parameter for the lifetime estimation for short
fiber reinforced polymers.

W or = Omean€mean (3)

AED—alternating energy density

High cycle fatigue is usually caused by alternating loads
in the elastic range. Due to the influence in high cycle
fatigue of the alternating stresses, a modified expression
of Equation (3) is proposed, named alternating energy
density, which combines the cyclic mean strain rate
parameter to the alternating stress. The proposed fatigue
parameter, depending on the alternating stress, is
expressed as follows:

AED = épyoanGa. (4)

Considering the Equation (3), the cyclic creep energy
density can also be expressed as follows:

_ R e ()

(1 _Ra)

The parameters AED and W, are interchangeable by
using Equation 6:

AED = Wk, (6)

where it is easy to demonstrate that the parameter k is
calculated according to Equation (7).
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(1+R5) (7)

Figure 5 shows how the parameter k varies as a func-
tion of the load ratio, R,. As shown, the value of k is
smaller or greater than 1 if the load ratio is positive or
negative, respectively.

3 | EXPERIMENTAL RESULTS

3.1 | Microstructure—Fiber orientation
analysis

In Figure 6A,B, for the scanned position b (center of the
plate), the measured orientation tensor components Qyy,
ayy, and a,,”’ are plotted against the position through the
specimen's thickness. The coordinate system considered
is reported in Figure 1, that is, the x-axis is along the flow
direction and z-axis points in the thickness direction of
the plate. For the scanned positions b, the off-diagonal
components of the matrix ranged between 0.07 and
—0.03 for the 1.6 mm specimen and between 0.03 and
—0.04 for the 3 mm specimen and were thus considered
negligible.

According to Figure 6, the width of the non-oriented
zone grows as the thickness increases and the fibers'
alignment with respect to the flow direction becomes less
prominent. Proportionally to the thickness of the entire
specimen, the thickness of the core layer grows from
around 1/8 at t = 1.6 mm to 1/4 at t = 3 mm. In the skin

ol
o

Parameter, k
o — N w B (6} (@)} ~ o] o

|
=
o

-0.5 0.0 0.5 1.0
Load Ratio, Ry

FIGURE 5
[Colour figure can be viewed at wileyonlinelibrary.com]

The parameter k as a function of the load ratio R,.
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component in injection molding

Fiber orientation tensor

direction a,, for two specimen
thicknesses (A) 1.6 mm and (B) 3 mm.
Six scanned locations according to
Figure 1A. [Colour figure can be viewed
at wileyonlinelibrary.com]

"~0.8 -0.4 0.0 0.4 0.8 -1.5 -1.0 -05
Thickness, t (mm)

(A)

layer, contrary to the shell layer where fibers are mainly
aligned in flow direction, many fibers exhibit a transverse
orientation (y-axis). Similar results were reported by De
Monte et al.*

In Figure 7A,B, the orientation tensor component a,,
as a function of the thickness for the 1.6 and 3 mm sam-
ple thickness is plotted, respectively.

The mean through the thickness fiber orientation
tensor components a, ayy, and a, for the scanned
samples are presented in Table 1A,B,C. For the two
thicknesses considered, the a,, displays a consistent dis-
tribution of the computed mean values at the scanned
positions a, b, and c. Stadler et al.*® made a similar
consideration when the FO along the flow direction
was nearly constant. For the thicknesses 1.6 and 3 mm,
the range of the mean value for the orientation tensor
component a,,, considering all the extracted samples,
was equal to 0.05 and 0.06, respectively. Comparing a..,
a difference of 7.5% and 13% between scanned position
c and f was detected for the 1.6 and 3 mm thickness,
respectively.

Moreover, it is interesting to note that the scanned
positions d, e, and f show a lower fiber alignment in the
core only. An analysis of the off-diagonal matrix

0.0 0.5 1.0 1.5

Thickness, t (mm)

(B)

components for the above mentioned scanned positions
shows that the a,,, ranged between 0.22 and —0.03 for the
1.6 mm specimen and between 0.02 and —0.19 for the
3 mm specimen. In Figure 8, the orientation component
a,y, for the six scanned positions is plotted.

3.2 | Q.s.and fatigue material
characterization

Figure 9 compares the engineering stress versus the engi-
neering strain behavior between the analyzed fiber orien-
tation for the two thicknesses. The strains at failure vary
between 1.5% and 2.4%, depending on the FO angle. To
protect the confidentiality of the experimental results, a
normalization approach for calculating stress values were
used. All stresses shown in the qg.s. and fatigue data are
dividing by the same constant factor. This approach
allowed us to report the results in a meaningful way
while safeguarding the confidentiality of the
experimental data.

Each curve has an initially linear strain response,
which is thereafter followed by a nonlinear response
until failure.
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TABLE 1 Evaluation of the average
o . Average a,, Average a,, Average a.,
Gy @y, and a, distribution for six
samples, scanned at six different Scanned position 3 mm 1.6 mm 3 mm 1.6 mm 3 mm 1.6 mm
positions according to Figure 1(A) for a 0.54 0.69 0.31 0.20 0.15 0.11
two plate thicknesses.
b 0.55 0.7 0.31 0.20 0.14 0.1
c 0.54 0.66 0.31 0.22 0.15 0.12
d 0.60 0.68 0.25 0.20 0.15 0.12
e 0.58 0.71 0.29 0.19 0.13 0.10
f 0.61 0.71 0.26 0.18 0.13 0.11
A 0.06 0.05 0.07 0.04 0.02 0.02
0.4 0.4
Z 02 Z 02
5 5
2 2
2 o0 2 o0
8 s
g 8
] R25 <
: : . 5 -0.2 45> b 5 -0.2
FIGURE 8 Fiber orientation tensor il Wy
components a,, for two specimen ¥ g
thicknesses (A) 1.6 mm and (B) 3 mm. 0.4 o
Six scanned locations according to —08 —04 04 08 -15 -1.0 -05 00 05 1.0 15
. Thickness, t (mm) Thickness, t (mm)
Figure 1(A). [Colour figure can be
viewed at wileyonlinelibrary.com] (A) (B)
100 . . thickness increases. The varied FO distribution is consid-
ered responsible for the anisotropy's decrease with
o thickness. pCT measurements show that the plate with
80| e 1 1.6 mm thickness has well aligned fibers in main flow
= st direction and a small relative thickness of the core, while
o the 3 mm plate has less aligned fibers and a larger core
= 60 - layer. A similar observation was reported by De Monte
J? L et al.* and Friedrich.?
g a0t // gl | Figure 10 shows the fatigue results in nominal stress
t;:’ /4 e amplitudes against the number of cycles to failure N
[ The number of cycles to failure Ny is interpolated using
! /7 ] i
20 // t=3 mm It = L6 mm Basquin law,
I/ - w=0° [|[— w=0°
== w=90°||— w=90° G =aN®, (8)
O I n
0 1 2 3
Enormalized (%) .
where a and b are fitting parameters.
FIGURE 9 Comparison of the quasi-static (g.s.) behavior for Figure 11 shows the normalized ultimate tensile

two different orientations and two thicknesses t = 1.6 mm and
t = 3 mm. [Colour figure can be viewed at wileyonlinelibrary.com]

The t = 1.6 mm specimen displays a substantial level
of anisotropy. According to samples with t = 3 mm, this
anisotropy becomes less noticeable as the specimen

strength (UTS) and the normalized fatigue strength
(residual strength at Ny = 10E + 6) as a function of speci-
men thickness with respect to the load ratios. The plotted
UTS and fatigue strength for the specimen extracted at
w=0° and w = 90° were normalized by the UTS and
fatigue strength of the t = 1.6 mm specimen. The influ-
ence of the thickness on fatigue strength is more
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significant when compared to its influence on
g.s. strength. In Figure 11A, the results for R, = — 0.5 are
plotted. The failure strength remains constant (increase
of 1%) for the specimen milled at w=90°. A decrease in

50 T T - -
t=3mm | t=1.6mm
. R, 0.1 0.5 -05/0.1 0.5 -0.5
0° e g 3 e VvV =
40} 90° © o v O/
‘% a
’8 : Pl ?.
o g ’
= 30} Y W
o g \\.'\.,,
g 0 $
E AT M |
520} >oa. g ¥
< x %VDD' S o -
o \v%,ﬁ & '?‘Un:‘i:‘ﬁﬂ.‘_
: ?img'g%ﬁ
10} ?% = CQQ% fﬁsl
B A

0 1 1 1 1
102 103 104 10° 10° 107
Nf

FIGURE 10 Normalized SN curves for three load ratios, two
specimen thicknesses, and two orientations (dashed lines
correspond to power-law fits, using Equation (7)). [Colour figure
can be viewed at wileyonlinelibrary.com]

failure strength of 11% was measured for the specimens
extracted in main flow direction. For the experimental
tests performed with a load ratio of R, =0.1 (Figure 11B),
the fatigue strength increases up to 9% for the specimen
extracted at w=90°. On the other hand, a decrease in
fatigue strength of 16% was detected for the specimen
milled at w=0°. Figure 11C shows an increase in fatigue
strength of 33% for specimen milled at w=90°. For the
longitudinal extracted specimens, a 22% decrease in
fatigue strength was detected.

Figure 9 have shown that the quasi-static (UTS) prop-
erties of the material depend on specimen thickness. In
particular, while the t = 3 mm specimen exhibited only
slight anisotropy, the t = 1.6 mm specimen demonstrated
significant anisotropy. This finding is consistent with the
observed microstructural changes in thicker specimens,
which have a higher relative core layer and reduced fiber
alignment in the main flow direction, as confirmed by
pCT analysis. The influence of the thickness on the
fatigue strength differs significantly from the conclusions
reported for the q.s. results. Furthermore, it appears that
the effect of thickness may also vary depending on the
specific loading conditions, with different trends observed
for tension-compression (Figure 11A) and tension-
tension (Figure 11C) loading. The findings suggest that
failure mechanisms vary depending on whether the

-~ 00, fatigue
-4~ 090, fatigue

2.4

Plate thickness, t (mm)

15 R, =-0.5 1.5
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FIGURE 11
on normalized fatigue strength

Influence of thickness

parameters for (A) R, = — 0.5,

(B) R, =0.1, and (C) R, = 0.5 compared
to corresponding trends under quasi
static loading. [Colour figure can be
viewed at wileyonlinelibrary.com]|
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material is subjected to q.s. or cyclic loading. These
observations agree with the findings reported by other
authors.** As reported by Horst and Spoormaker,*
during g.s. loading, the damage occur in the matrix, in
the fibers, and at the fiber-matrix interface, while
fatigue-loading causes damage mainly in the fiber-matrix
interface.

4 | DISCUSSION ON THE FATIGUE
PARAMETERS

41 | Fatigue parameters and
performance

Figure 12 show the (Figure 12A) cyclic mean strain rate,
the (Figure 12B) cyclic creep energy density, and the
(Figure 12C) alternating energy density parameters calcu-
lated for the different specimens, respectively.

A thickness independency for the three analyzed
fatigue parameters could be visually detected. Addition-
ally, it is visible that the cyclic mean strain rate and
the cyclic creep energy density fatigue parameters
were able to cluster the data independently from the
orientations, while they were dependent on the applied
load ratio. This is coherent with the findings of
previous studies.'>** The alternating energy density

1074

= . 3381
ﬁi m E:g?::eﬁnzﬁ;;erizfs & Structures _WI L E Y

fatigue parameter managed to group visibly almost all
data regardless of the orientations, thicknesses, and
load ratios.

To assess the parameter performance of clustering the
data, a quantitative analysis was performed.

The following power law is used to express the rela-
tionship between the number of cycles to failure and the
considered fatigue parameter:

Fatigue parameter = AN}. (9)
Equation (9) can be reformulated for the evaluation

of the calculated lifetime as follows:
Ny, catcutate = C(Fatigue parameter)?, (10)

with:

1
C=A7 and p:a. (11)

The coefficients, A and q, are material dependent. The
coefficient set identification was carried out on the 3 mm
specimen, extracted longitudinal to main flow direction,
and tested with a load ratio of R, =0.1. The used coeffi-
cients are reported in Table 2.

-5 N \
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107

1077
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107°
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10? 103 10*

FIGURE 12
rate, (B) cyclic creep energy density, and

(A) Cyclic mean strain

(C) alternating energy density calculated
at mid-life versus cycles to failure for the
investigated load ratios, two orientations
and two thicknesses (dashed lines
correspond to power-law fits, using one
set of parameters for each thickness and
load ratio). [Colour figure can be viewed
at wileyonlinelibrary.com]
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To determine and compare the fatigue parameter
performance, the Ny ucutaed aNd Ny experimental are com-
pared. The estimated lifetime Ny cqcuqrea is calculated
according to Equation (10). Scatter bands of factor two
and three are marked in dashed and dotted lines,
respectively.

Figure 13 compares the number of cycles to failure
calculated using the cyclic mean strain rate (Figure 13A),
the cyclic creep energy density (Figure 13B), and the

TABLE 2 Material dependent coefficients for the accuracy
calculation of the considered fatigue parameters.

alternating energy density (Figure 13C) material coeffi-
cients to the experimental number of cycles.

4.1.1 | Cyclic mean strain rate

By only using a single set of parameters, 69% of the calcu-
lated lifetime lays within scatter band two, whereas 93%
are within scatter band three. For the tests performed at
R, =0.5, an underestimation can be detected. However,
in the case of the negative load ratio, the &, based
fatigue parameter tends to overestimate the cycles to fail-
ure. A further investigation was performed to evaluate
the dependency of the used interval for the fatigue

t=3mm Coefficients for accuracy analysis . . . .
p ol parameter calculation. Figure 14 illustrates the cyclic
R, =01 b W, AED mean strain rates evaluated within two additional dis-
tinct intervals: (Figure 14A) 42% to 58% and (Figure 14B
A 215 215.52 176.32 (Figure 14A) 42% o and (Figure 14B)
47% to 53% of the lifetime. The results are graphically
9 —1.637 —1714 —1714 represented as a function of the cycles to failure. Detailed
107
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E £
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FIGURE 13 Calculated fatigue lifetime using Equation (10) versus experimental number of cycle to failure based on a single set of

material coefficients for (A) &mean, (B) Wer, and (C) AED calculated on the specimen (t = 3 mm) extracted longitudinal to main flow direction
and tested with a load ratio of R, =0.1. [Colour figure can be viewed at wileyonlinelibrary.com]
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Cyclic mean strain rate evaluated between (A) 42% to 58 and (B) 47% to 53% versus cycles to failure for the investigated

load ratios, two orientations, and two thicknesses (dashed lines correspond to power-law fits, using one set of parameters for each load

ratio). [Colour figure can be viewed at wileyonlinelibrary.com]

Accuracy results for different ranges

TABLE 3  Accuracy results for the
) ) t=3mm
cyclic mean strain rate evaluated w = 0°
between 42%-58%, 45%-55%, and R.—01
> =0.
47%-53% for scatter band two and
scatter band of three. Scatter 2 63%
Scatter 3 93%

accuracy findings are reported in Table 3. As shown, the
45% to 55% interval proved the highest accuracy; this is
also the interval most widely used in the literature.'>**%¢
Taking these results into account, this interval was
consistently applied throughout the study.

4.1.2 | Cyclic creep energy density

The accuracy analysis for the fatigue parameter based on
the cyclic creep energy density yields results that are
comparable to those of the cyclic mean strain rate fatigue
parameter. As shown in Figure 13B, 47% of the calculated
lifetime lays within scatter band two, whereas 68% are
within scatter band three. However, there is a significant
average discrepancy between the predicted and empiri-
cally determined cycles to failure. In comparison to the
cyclic mean strain rate fatigue parameter, the tendency to
overstate the negative load ratio is higher.

4.1.3 | AED—alternating energy density

In Figure 13C, the performance analysis results are
presented. The quantitative performance analysis shows
that 81% of the calculated lifetime lays within scatter
band two, whereas 95% are within scatter band three.

Emean (42%-58%)

Emean (45%—55%) Emean (47%—53%)
69% 69%
93% 89%

4.2 | Comparison of performance

The cyclic mean strain rate (&meqn), the cyclic creep
energy density (W,,), and the alternating energy density
(AED) based criteria are used to predict fatigue failure.

The newly proposed AED parameter showed higher
prediction capabilities than the other tested parameters.
This is explained in the following.

First of all, it must be noticed that R, is directly pro-
portional to the mean stress oy, but inversely propor-
tional to the alternating stress o,: for increasing R, 6mean
increases and o, decreases. The opposite occurs for
decreasing R,. Moreover, &y, iS a parameter that is
mainly affected by the mean stress o,,.q,. Indeed, curves
relative to higher R, ratios, where o6,., is generally
higher, show higher values of the &, parameter
(see Figure 12A).

The cyclic creep energy density (W) multiplies &yean
by 6mean, thus increasing the differences between the
curves and considering the effects of the mean stress
twice (both via &peqn and opmen) While neglecting the
effects of the alternating stress o,. Indeed, the W, is less
accurate than é&eqn.

Conversely, the AED parameters multiplies épeq, by
o4, which is higher for lower values of R, and vice versa.
Therefore, the curves tend to cluster rather than separate.
In addition, both the effect of the mean stress (via &eqn)
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for the data presented in a previous
study"? (solid lines correspond to
power-law fits, using one set of
parameters for each load ratio). [Colour
figure can be viewed at
wileyonlinelibrary.com]
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and the alternating stress o, are considered in the AED
parameter.

In conclusion, the AED parameter is more accurate
than W, because it is able to take into account both the
effects of the mean and alternating stress on the fatigue
life of the material.

To further check the accuracy of the AED parameter,
results published in a previous study'® were used. The
database was generated for dog bone specimens extracted
from three different orientations (w = 0°, 45°, and 90°) to
the injection molding direction and for two environmen-
tal conditions. For the environmental conditions RH50%
and T = 80°C, the load ratios used were R, = —0.5, —0.2,
0.1, 0.3, 0.5, and 0.7. For tests performed at T = 23°C and
RH80%, the load ratios used were R, = —0.5, —0.2, and
0.1. In Figure 15A, the cyclic creep energy density results
are plotted against the cycles to failure Ny. The solid lines
represent the power law for one load ratio, three orienta-
tions, and two environmental conditions. Even if the
results were normalized, the previously presented param-
eter k allows us to calculate the AED independent of the
real mechanical properties such as o,. Figure 15B shows
the AED parameter calculated according to Equation (6)
and Equation (7).

Data in Figure 15B are clearly more clustered. From a
qualitative point of view, the fatigue parameter was able
to group the data independently from parameters such as
thickness, load ratio, environmental conditions, and ori-
entation. To be able to perform an accuracy analysis on
the results of a previous study,'® the experimental results
would be needed.

Based on our tests, in terms of a quantitative fatigue
prediction accuracy, the alternating energy density
fatigue parameter shows good results. Additionally, the
application of the AED requires a minimum experimen-
tal effort.

At present, AED lacks the capability to predict SN
curves. To achieve this, a constitutive model describing

10° 10° 107
N

(B)

the cyclic behavior (see for example Launay et al.*') is
required to evaluate the mean strain rate. Future
research should prioritize the development of such a
method. The input parameters for this model would
include the mean strain rate, stress amplitude, and the C
and p parameters (whose identification requires only
one SN curve, as demonstrated in this paper). The
desired output would be the number of cycles to failure.

5 | CONCLUSIONS

In this work, the fatigue behavior of a PA6T/6I-GF50
material was investigated using specimens of two differ-
ent thicknesses (1.6 and 3 mm) and two orientations (0°
and 90°) milled from injection molded plates. Fatigue
testing was conducted under three different load ratios
(—0.5, 0.1, and 0.5), monitoring the maximum and mini-
mum strain during characterization. A microstructural
evaluation of the injection molded plate and as a function
of the thickness was also performed using pCT scans.
Based on the presented results, the following conclusions
can be drawn:

« The three fatigue failure parameters considered,
namely, the cyclic mean strain rate, cyclic creep energy
density, and the newly proposed AED (alternating
energy density), successfully clustered the data inde-
pendently of specimen thickness.

« Load ratio dependency was observed for the cyclic
mean strain rate and cyclic creep energy density
fatigue failure parameters.

« The AED parameter effectively grouped 95% of the
data within the scatter band three. The parameter thus
proved to be independent of the main fiber orientation,
specimens' thickness, and load ratio.

« An accuracy comparison proved the newly proposed
AED parameter to be more accurate than the other
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considered parameters. This was likely due to the fact
that the AED is able to consider both the effect of the
mean and alternating stress or strain components.

Further investigations should focus on applying the
fatigue parameter to notched specimens, multiaxial stress
states, or components to determine its applicability to
complex topologies. Additionally, exploring the implemen-
tation of AED in numerical methodologies using existing
Finite Element tools could be a promising approach.

NOMENCLATURE
ABD Anti-buckling device
AED Alternating energy density

CcT Computer tomography

E Young's modulus

Egfeciive  Effective Young's modulus

FO Fiber orientation

HCF High cycle fatigue

k Alternating parameter

Nyso, Cycles to failure at 45% lifetime
Nss9, Cycles to failure at 55% lifetime
Ny Cycles to failure

Ny cate. Calculated number of cycles to failure
Ny op.  Experimental number of cycles to failure
g.s. Quasi-static

RH Relative humidity

R, Load ratio

SFRP Short fiber reinforced polymer
T Temperature

t Thickness

UTS Ultimate tensile strength

Wer Cyclic creep energy density

we. Weight

€ Strain

Emax Maximum strain

Emean Mean strain

Emin Minimum strain

Emean Cyclic mean strain rate

c Stress

0q Alternating stress

Omax Maximum stress

Cmean Mean stress

Cmin Minimum stress

Ae Delta strain

Ao Delta stress
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