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fibers (PA6-20CF) material were investigated by means of static and fatigue tensile tests on both unnotched and
notched specimens. SEM pictures were also taken on the fracture surface of specimens tested under static, low
cycle failure (LCF) and high cycle failure (HCF) conditions, allowing to correlate the cycles to failure with the de-
formation pattern of the polymer matrix. Accordingly, two strain-approach-based fatigue models were developed
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static failure, LCF and HCF. To account for the variation of mechanical properties with fiber orientation, Autodesk
Moldflow Insight simulations were performed, and the resulting fiber orientations were mapped into Abaqus
via the mapping program Autodesk Helius. The model was validated by utilizing it for the prediction of the fatigue
life of a complex shape part, showing a maximum error equal to 13.7%, in comparison to experimental results.
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1. Introduction

Fiber filler thermoplastic polymers, and the injection molding pro-
cess, are largely utilized in several industrial compartments thanks to
their lightweight, low cost and high productivity [1-3]. However, both
static and fatigue mechanical properties of components made of fiber-
reinforced thermoplastic polymers are strongly influenced by the fiber
orientation, as a result of the polymer flow during the injection molding
process. Hence, the complex fiber orientation distribution (FOD) caused
by the injection molding process has been investigated by many
scholars in order to define its influence on the mechanical properties
of short glass fibers (SGF) reinforced polyamide [4-7] and short carbon
fiber (SCF) reinforced polyamide [8,9]. Moreover, also the fiber length
distribution ought to be properly accounted for due to their influence
on the effectiveness of the fibers in reinforcing the base polymer
[10-12].

In injection molded specimens, the mechanical properties along the
injection flow direction present higher failure stress and a lower failure
strain, in comparison to the direction orthogonal to the injection one
[13]. This effect increases with the fiber volume fraction [14-16] and it
is influenced by the thickness of the specimen. Moreover, in injection
molded parts, the fiber orientation along the thickness of the specimen
is not constant but it develops in a sort of shell-core structure where, in
the shell, the fibers are strongly aligned along the polymer flow direc-
tion whereas, in the core, are transversally aligned [4,17,18]. From the
analytical and numerical point of view, the utilization of a anisotropic
rotary diffusion model [19,20] combined with a fiber length degradation
model based on buckling force and hydrodynamic loading of the fiber
[20,21] allow a precise estimation of the fiber orientation and length
distributions according to the geometry of the considered component.
Hence, both models have been adopted in the injection molding process
simulation presented in this paper.

As concerns fatigue life models for reinforced thermoplastic poly-
mers, different interpretations for this phenomenon have been pro-
posed in the literature considering the influence of fiber length, fiber
content and FOD as well as variable amplitude loading and multiaxial
stress effect [22]. Most of the literature works focus on the influence
of the fiber orientation on the mechanical properties and fatigue life
by mean of strain-based approaches [4,5,15,24] and stress-based ap-
proaches [6,7,23]. Regardless of strain- or stress-based approach, most
of the literature contributions seem to deal with SGF reinforced poly-
mers and only a few papers account for the static mechanical properties
of SCF polymers [9]. In addition to that, the stress concentration theory
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[25] seems to be applied for the estimation of the fatigue life in case of
geometrical irregularities [26,27] but, for the case of complex shape,
the estimation of the fatigue stress concentration factor might be com-
plicated and lead to estimation errors. In fact, for the case of simple-
geometry specimens, the fatigue life can be easily estimated on the
basis of the notch geometry [28,29] but, for more complex shapes the
application of the stress concentration theory is not straightforward be-
cause a combination of rounded and sharp edges may be present in the
area surrounding the fracture onset.

Although several literature contributions dealt with the definition of
models for the estimation of the fatigue life of polymers, no contribution
seems to approach it from the perspective of utilizing either the stress
triaxiality or the strain concentration as criteria for the evaluation of
the fatigue life of injection molded parts. In addition to that, due to the
large utilization of SGF reinforced materials in the industry, in compar-
ison to SCF ones, only a few literature contributions seem to deal with
the mechanical properties characterization of SCF reinforced polymers.

Thus, the aim of this paper is to provide a solid material characteri-
zation background for the PA6-20CF material and, based on the results
of the SEM image analysis, interpret the different material behavior at
LCF, including the static failure, and HCF, highlighting the lower, or
higher, capability of the PA6 base polymer of deforming, thus of absorb-
ing damage, before the final failure. In addition to that, attention has
been also focused on the debonding and pull-out mechanisms between
fiber and thermoplastic matrix, and the results of this analysis are re-
ported in the paper as well. Based on these results of the material prop-
erties characterization and image investigation, the two fatigue life
prediction model are proposed and are based on the concept that the
strain, or stress, concentration, arising in case of local geometries irreg-
ularities, have a decreasing effect from static failure to LCF and finally to
HCF.

To investigate the static and fatigue mechanical properties of the
PA6-20%CF material, ASTM-D 638-02a-TYPE I specimens have been in-
jection molded in a specimen shot, where bending and impact tests
specimens (not utilized in the research presented in this paper) are
also present. In order to investigate the effect of local strain concentra-
tion, notched specimens have been machined from the unnotched
ones (injection-molded ASTM-D 638-02a-TYPE I) in order not to alter
the original fiber orientation and have been tested under static and cyclic
loading conditions. In addition to that, to account for the different mate-
rial properties resulting from different FOD along 0° (injection direction),
45° and 90° direction, plates have been injection-molded and ASTM-D
638-02a-TYPE IV specimens have been machined on their centers.
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Fig. 1. (a) Specimen shot, with the runner, and ASTM-D 638-02a-TYPE I tensile specimen dimensions. (b) Plate specimen, with the runner, 0°,45° and 90° directions-cut specimens and

ASTM-D 638-02a-TYPE IV tensile specimen dimensions.
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Fig. 2. Static mechanical properties of the PA6-20%CF material for the ASTM-D 638-02a-TYPE I (a, b) and ASTM-D 638-02a-TYPE IV (c, d) specimens.

From the numerical point of view, the fiber orientation in the
specimens has been accounted for by means of finite volume simula-
tions implemented in the commercial software Moldflow Insight and
the results have been mapped into the relevant ABAQUS/Standard fi-
nite element simulation models by means of the Autodesk Helius
program. The combined utilization of process and structural simula-
tions allows a precise estimation of the effect of the local fiber orien-
tation and length distributions on the mechanical properties of the
material, also for complex geometries and real industrial compo-
nents [30]. The proposed mapping procedure and fatigue models
have been utilized for the estimation of the fatigue life of a complex
injection-molded U-shape geometry showing that the proposed ap-
proach allows predicting the cycles to failure with a reasonable
error, equal to 13.7%.

(a) (b)

Case | r[mm] | a[mm]
#1 41555 0
#2 2.5 0
#3 1l.5 1.5
#4 2.5 1.5

#1 #2 #3 #4

2. Specimen characteristics

The pellets utilized for the manufacturing of the tensile and bending
specimens employed for the mechanical properties characterization of
the PA6-20CF material have been manufactured utilizing a mix of
Kolon Plastic KN111 polyamide-6 (PA6) [31] and the Torayca T700S
short carbon fibers [32]. By means of the injection molding process,
two different parts have been injection molded and the relevant images
and specimen dimensions are reported in Fig. 1a, for the specimen shot,
and in Fig. 1b, for the plate specimen, respectively. From the specimen
shot (Fig. 1a), only the tensile specimen has been utilized in the research
presented in this paper.

On the other hand, from the plates, tensile test specimens have been
cut along 0° (injection flow direction), 45° and 90° directions according
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Fig. 3. (a) Notched specimens cut from the tensile ones, (b) notch dimensions and locations and (c) load-stroke curves of the unnotched and notched specimens.
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to the ASTM-D 638-02a-TYPE IV specification and the specimen marked
with “%” (central one) have been utilized, as shown in Fig. 1b. The
direction-dependent material properties obtained from the ASTM-D
638-02a-TYPE IV (Fig. 1b) have been utilized as input for the numerical
simulation model whereas the tensile specimen on the specimen shot
(Fig. 1a), have been utilized for both static and fatigue tests and for
the manufacturing of the notched specimen.

3. Characterization of the static mechanical properties

The static mechanical properties of the PA6-20CF material have been
characterized by means of tensile tests carried out at the speed of 2 mm/
min, under room temperature conditions of 20 °C, and by utilizing the
Instron 3367 testing machine. Before the experiments, the specimens
have been dried for 6 h at 120 °C by means of the HanKook System
Co. Ltd. HKOD-50 oven dryer where a heat flow of 12 m>/h has been uti-
lized in order to remove the humidity absorbed after the injection mold-
ing process and before the test. After the drying operation, the weight of
the specimens have been checked, prior to the tensile tests, in order to
assure the proper removal of the humidity, finding the specimen weight
in the range 10.3 g + 0.1 g, measured with a precision balance with a
resolution of 0.1 g.

During the tensile test, the stroke has been measured by means of
Instron 2630 extensometer with a calibrated gauge length of 50 mm,
for the ASTM-D 638-02a-TYPE I specimen, and 25 mm, for the ASTM-
D 638-02a-TYPE IV specimen. The load-stroke and true stress-strain
curves for both specimen geometries reported in Fig. 2. The slight differ-
ence in the mechanical properties of the 0° (polymer flow direction) be-
tween the TYPE I and TYPE IV specimens is explained by the different
fiber orientation distribution throughout the specimens’ thicknesses,
as it will be shown in Section 8 of the paper. This difference is properly
accounted for in the injection molding numerical simulation as well as
during the mapping procedure, as detailed in Section 7 of the paper.

As previously mentioned, in order to investigate the influence of a
complex stress-states on the static and fatigue failures, notched speci-
mens have been manufactured by performing CNC operations on the
injection-molded ones (specimen shot, ASTM-D 638-02a-TYPE I), con-
sidering different notch geometries, as shown in Fig. 3a. The dimensions
of the notches manufactured on the specimens have been measured
after the CNC operation and all have been found in a range of +
0.05 mm in comparison to the theoretical ones, reported in Fig. 3b.
Due to the presence of the notches, neither the engineering stress-
strain nor the true stress-strain curves can be precisely calculated di-
rectly from the experimental load-stroke curves alone, due to the stress
concentrations on the tip and on the notch. Hence, in this section of the
paper, only the load-stroke curves resulting from the experiments are
reported in Fig. 3¢ (case#1 to case#4). For the sake of comparison, in
Fig. 3¢, the unnotched specimen curve EXP.2 (Fig. 2a), is reported and,
as expected, the higher the depth of the notch the lower the stiffness
as well as the failure stroke.

Table 1
Results of the fatigue experiments on unnotched specimens (experimental results).
Case Mean Stroke Oym.max R Emax Emin & Ny
stroke amplitude [MPa] -1 [-] [—] [—1
[mm]  [mm]
#1U 0.5 03 142.8 0.40 0.018 0.005 0.007 8217
#2U 0.6 0.3 149.1 0.52 0.020 0.006 0.007 8140
#3U 0.6 0.4 156.1 036 0.023 0.005 0.009 1049
#4U 0.7 0.25 152.1 0.70 0.022 0.010 0.006 112,497
#5U 0.7 0.2 149.1 0.76 0.020 0.011 0.005 198,936
#6U 0.7 0.3 156.1 0.64 0.023 0.009 0.007 3386
#7U 0.8 0.35 163.4 0.66 0.027 0.010 0.009 2066
#8U 0.6 0.25 146.1 0.60 0.019 0.007 0.006 92,286
#9U 0.5 0.2 1354 058 0.015 0.007 0.004 1,127,661

Table 2

Fatigue experiment conditions for the notched specimens.
Case Geometry Mean stroke [mm] Stroke amplitude [mm] Ny
#IN #1 0.30 0.10 5214
#2N #1 0.36 0.11 367
#3N #2 0.30 0.10 2400
#4N #2 0.30 0.15 130
#5N #3 0.28 0.07 490
#6N #3 0.26 0.04 12,630
#7N #4 0.23 0.13 1500
#3N #4 0.25 0.05 91,220

4. Characterization of the fatigue properties

In this section of the paper, the results of the fatigue experiments
carried out on both unnotched and notched tensile specimens (ASTM-
D 638-02a-TYPE 1), are reported. In order to characterize the fatigue be-
havior of the PA6-20%CF material, an € — Nyapproach has been utilized
thus, as reported in Table 1, each experiment is characterized by a mean
stroke and stroke amplitude. For sake of a clear understanding, the fa-
tigue experiments of the unnotched specimens, Table 1, are named
with their relevant case number followed by the letter “U” and have
been designed, taking as reference the load-stroke curve of the
unnotched specimen EXP.2 (Fig. 2a), in order to obtain a spectrum of cy-
cles to failure ranging from approximately 10° to over 10° cycles. During
the experiments, the stroke has been measured by means of Instron
2620 extensometer with a 50 mm gauge length. The results, in terms
of strain amplitude, maximum stresses and cycles to failure are reported
in Table 1 where the parameter &, is defined as half of the strain ampli-
tude as (&max — Emin)/2- As concerns the fatigue experiments on notched
specimens, the notches dimensions reported in Fig. 3b have been uti-
lized and the experimental conditions, as well as the cycles to failure
(Ny), are reported in Table 2. For the notched specimens the letter “N”,
preceded the case number, has been utilized to differentiate them
from the unnotched specimens.

5. SEM microscopic image analysis

In order to understand the different effects of static failure, LCF and
HCF on the PA6-20%CF material, scanning electron microscope (SEM)
images have been taken on the fracture surface of specimens after the
final failure. For the investigation, the JSM-7100F/JEOL FE-SEM machine
with a resolution equation to 3.0 nm (at 15 kV) and a Pt coating have
been applied to the specimen surfaces before the test. The proposed im-
ages are all relevant for the unnotched specimen but similar conclusions
can be drawn also for the notched specimen.

Firstly, the locations for the images have been selected by consider-
ing the results of the injection molding simulations on the tensile spec-
imen of the specimen shot (Fig. 1a). Although the injection molding

Fiber orientation Injection
tensor on elements » direction
' 0.9
0.8
I 0.7
#1
0.6 #3 #2

Fig. 4. Fiber orientation tensor on elements for the unnotched tensile specimen (ASTM-D
638-02a-TYPE I) in the middle cross-section.
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Fig. 5. (a) Matrix failure surface and (b) detail of the fiber top surface location #1, #2 and #2 in case of static failure (SF), low cycles fatigue (LCF) and high cycles fatigue (HCF).
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process simulation is detailed in Section 7 of the paper, for sake of
explaining the reasoning behind the choice of the location for the SEM
picture analysis, the results of the fiber orientation tensor on the mesh
elements for the tensile specimen of the specimen shot (ASTM-D 638-
02a-TYPE I) is reported in Fig. 4.

According to the fiber orientation tensor results reported in Fig. 4,
three different locations for the SEM analysis have been chosen and
are identified as #1, #2 and #3. The #1 location is placed at the center
shell region of the specimen, where the fiber orientation is highest,
thus where a significant amount of fibers are aligned with the injection
flow direction. The point #2 is located in the transition zone between
the shell and the core of the specimen whereas the #3 at the center of
the specimen, where the amount of fibers aligned with the plastic
flow direction is the lowest, for the considered section. The SEM images
have been taken in these three locations and are relevant for: i) static
failure (EXP.2, Fig. 2a), ii) LCF (CASE #2U) and iii) HCF (CASE #5U). De-
tailed pictures of the polymer matrix failure surfaces are reported in
Fig. 5a. In addition to that, in Fig. 5b, the surface of a single fiber for
the three above-mentioned locations and loading conditions are re-
ported as well. In Fig. 5, SF, LCF and HCF stand for static failure, low
cycle failure and high cycle failure, respectively. For the case of the static
failure, the clean fracture surface and the clean holes left by the pullout
of the fiber clearly show the absence of matrix deformation before the
fracture for point #1 and #2 whereas point #3 shows a more irregular
surface, standing for a higher deformation of the base polymer before
the final fracture.

These irregularities of the fracture surface of the base polymer in-
crease with increasing number of cycles with an increasing effect from
point #1 to point #3. This fact is correlated to the higher capability of
the polymer matrix to redistribute the strain, thus to deform more, for
HCF rather than static failure or LCF, which also results in a high defor-
mation, in the matrix, after the failure.

In addition to that, according to the results presented in Fig. 5a, the
lower the fiber orientation tensor, the lower the fiber alignment along
the plastic flow direction (same as loading direction), the higher the ca-
pability of the matrix of deforming during the load application. For high
fiber orientation tensor values, a large percentage of the load is carried
by the fibers whereas, for low fiber orientation tensor values, more
load is applied to the matrix, a fact which increases its deformation.
The phenomenon increases for HCF, resulting in an increased deforma-
tion of the matrix starting from the top left picture to the bottom right
one.

Another interesting aspect is related to the analysis of the fiber top
surface, as reported in Fig. 5b. For the static failure, the top surface of
the fiber presents an increasing polymer matrix residual from point
#1 to point #3 and this effect becomes increasingly evident from SF to
LCF to HCF. For the case of LCF point #3, a clear shear fracture surface
is visible on the top of the fiber but, due to the mixing operation oper-
ated by a twin-screw in the pellet extrusion process and in a single
screw in the injection molding process, it is not possible to define
whether this failure has been caused by the manufacturing process or
by the experiment. According to the differences of the fracture surface,

—_—
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0 0.5 1 15 2 25
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of the nominal cross-section

a clear variation from absence, or low, deformation to diffuse and
large deformation of the polymer matrix is identified and is aimed to
be accounted for by the two fatigue life estimation models presented
in the following section of the paper.

6. Fatigue model formulations

As previously mentioned, two different fatigue life models are pro-
posed in this paper and their details are described in this section of
the paper. Both models have been developed considering an € — Nrap-
proach utilizing, as a starting point, the Manson-Coffin model, Eq. (1).

(Sp, max;sp, min) _ AEP :A(Nf)c 1)

In the original Manson-Coffin model, only the plastic strain contri-
bution is considered whereas, in the proposed models, the total strain
is accounted for. In order to directly compare the proposed models
with that of Eq. (1), the model constants have been defined as A and
c and, for the original Manson-Coffin model, represents the true strain
at fracture & and the slope of the fatigue life curve c. The first of the
two proposed models is shown in Eq. (2) and, as previously men-
tioned, static failure and LCF are accounted for by Eq. (2.1) whereas
HCF by Eq. (2.2).

_ (1—=my) m
€ max.,i € min,i Oy o c
(mg) (@) e e

6VM

(1—=my) my
€ max,i —€ min,i OH C
—_— = =Ax(N 2.2
( 2e ) <0vm> 2(Np)" @22)

@)

The reasoning behind the choice of separating these two contribu-
tions resides in the analysis of the SEM analysis of the fracture surface
of the matrix polymer, as presented in the previous section of the
paper, as well as in the interpretation of the results of the fatigue exper-
iments. For static failure and LCF, the polymer matrix has a low capabil-
ity of redistributing strains, and stresses, during the loading application,
a fact which results in less deformation of the polymer matrix of the
specimen. This fact is clear in the clean fracture surface 5a. On the
other and, for HCF, the matrix is highly deformed, a fact that suggests
the progressive strain of the polymer before the fracture.

In order to account for these two different phenomena, two equa-
tions, with the threshold between LCF and HCF set at 10* cycles, have
been developed. In Eq. (2), the first term represents the ratio between
the strain amplitude and the static failure strain for a considered geom-
etry and allows accounting for the mean strain correction. In this paper,
the mean strain is utilized as a sort of stress ratio (R) correction and al-
lows accounting for the mean stroke effect on fatigue life Ny,

On the other hand, the second term represents the ratio between the
hydrostatic stress and the von Mises equivalent stress and is defined as
the stress triaxiality. The stress triaxiality is utilized to account for the
influence of the geometry on the fatigue life and, for instance, for the
case of a notched specimen, the stress triaxiality is highest at the tip of

(b) Cyclic test Static tensile
o curve test curve
v
gnotch
~ ~ MaxvM equivalent strain
at the tip of the notch
€ in.i Enaxi €1 8

Fig. 6. (a) Progressive reduction of the strain concentration at the tip of the notch for increasing Nyand (b) schematic cycling loading test for the explanation of the terms of Eq.(3).
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Fig. 7. (a) Numerical simulations implementation procedure and (b) mapping operation flow in the Advanced Material Exchange Helius module.

the notch which also corresponds the onset point for the fracture. The
two exponents m; and m, allows calibrating the relative influence of
the stress triaxiality, with respect to the mean-strain-corrected strain
amplitude, for LCF and HCF separately. As it will be shown in the
Results section, separately accounting for LCF and HCF allows obtaining
a good correlation between the regression line and experimental data as
well as to reasonably predict the fatigue life of the U-Shape validation
part. As concerns the second proposed model, presented in Eq. (3), its
formulation is more compact thanks to the inclusion of the third term,
which allows accounting for the progressive reduction of the influence
of the strain concentration for an increasing number of cycles to failure,
as shown in Fig. 6a.

€ max,i —€ min,i EFS_UN A N N
< ng_i > < &5 ) [1 + lng(Sf_I/S max,l)} =As (Nf) (3)

The effect of the argument of the logarithmic function, defined as the
ratio between the static failure strain for the unnotched specimen and
the maximum strain for a considered case, is to account for the progres-
sive capability of the polymer matrix of deforming for HCF, rather than
LCF or static failure. To better explain the role of the various parameters
shown in Eq. (3), they have been all summarized in the schematic dia-
gram reported in Fig. 6b whereas & s_yn represents the static failure
strain of the unnotched specimen, namely (EXP.2, Fig. 2a). Finally, the
effect of the second term of Eq. (3) is to allow to compute a single
value for the model constant A for all the static failure for both
unnotched and notched specimens, thus increasing the accuracy of the
regression function.

If the static failure of the considered component (& ;) is not known,
as for the case of an on-going design, this value can be estimated from
the results of a numerical simulation by means of an anisotropic failure
criterion. In this case, the failure strain is estimated, from the results of
the numerical simulation, as the total equivalent von Mises strain of
the mesh element which reaches first the critical damage.

The model constants for the two proposed models have been deter-
mined on the basis of the experimental and numerical results in terms
of stress and strain fields arising on both unnotched and notched and
have been subsequently applied for the estimation of the fatigue life of
a U-Shape part. The results concerning the two proposed models are re-
ported in the Results section of the paper.

7. Numerical model implementation

Numerical simulation models have been implemented in order to in-
vestigate the effect of the fiber orientation on the mechanical properties,
as well as to define the stress-strain evolution for the notched specimen
and the validation (U-Shape) part. In this research, three different com-
mercial software have been utilized, namely: i) Autodesk Moldflow In-
sight/Synergy 2019 (AMI) for the plastic injection molding process; ii)
Advanced Material Exchange Helius 2019 (AME) for the mapping oper-
ation and iii) ABAQUS 2017 for the structural simulation, Fig. 7.

In the first phase, the plastic injection molding simulation has been
implemented in AMI considering the thermo-mechanical material
properties of the base polymer and fiber [31,32], also available in the
AMI material library.

The model has been meshed with tetrahedral elements of 1 mm side
length for a total count of 1.12 x 10 © elements. The simulation has been
set, as in the specimen production process, considering a molten mate-
rial temperature (at the nozzle) of 285 °C, a mold temperature of 85 °C,
and a cooling time of 25 s. The whole injection system is modeled with
cold runners. In order to account for the fiber orientation and fiber
length distributions, as a consequence of the shot specimen geometry
and injection molding process, the anisotropic rotary diffusion model
[19] combined with the fiber length degradation model [21] have
been employed.

In the second phase, the result of the injection molding simulation
has been inputted in the AME program [33] along with the mechanical
properties obtained from the material characterization of the ASTM-D
638-02a-TYPE IV specimens (Fig. 1d). In order to account for the

Table 3
Model constants and definitions for the Ramberg-Osgood flow stress model and for the
modified Hill'48 yield function.

Parameter Definition Value

K Strength coefficient 80.6 MPa
n Hardening exponent 10.16

En Polymer matrix elastic modulus 4.25 GPa
E¢ Fibers elastic modulus 105.6 GPa
[o'™y Weight factor for the fiber direction 2125

Bm Weight factor for the direction normal to the fibers 1.214
Ao First eigenvalue of the fiber orientation matrix in the 085

region with strong fiber alignment with the polymer flow
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Fig. 8. Mapping operation of the fiber orientation of the unnotched specimen on the geometry #3 notched specimen.

variation of the mechanical properties according to fiber orientation dis-
tribution developing in the part, the Ramberg-Osgood flow stress
model, Eq. (4), has been utilized in combination with a modified
Hill'48 yield function, Eq. (5), where the avand 3 parameters act as scal-
ing factors to the yield function. o accounts for the fiber direction
whereas ffor the two directions transversal to the fibers, making
Eq. (5) to be an orthotropic yield function.

o = EVMK) DM (g, o) V" (4)

$ (@011 —B0R)* + (Bonz—P03)* + (Boz—aom)* + 6{(‘712)2 +(03)* + ((731)2}
Oof = 5

(5)

The v and 3 parameters are calculated for each element of the mesh
on the basis of the local FOD, taking as reference the values on the region
of the model where the first eigenvalue of the fiber orientation tensor is
maximum, as shown in Eq. (6). In Eq. (6), A; defines the first eigenvalue
of the fiber orientation tensor of the considered element. The reference
values, defined as oy, 3, and A, |, are calculated in the AME module
and, along with the Ramberg-Osgood model constants for the PA6-
20CF material, are reported in Table 3.

: )\(f;";e/)z)} N—1/2)

(6)

al\) =0+

%} N=1/2) . PO =6+

At this stage, the mechanical properties have been calculated for
each element of the mesh on the basis of its fiber orientation tensor,

taking as reference the global coordinate system of the injection mold-
ing simulation. The same element-based fiber orientation-dependent
mechanical properties shall be mapped onto the ABAQUS input file
mesh. The mapping operation is carried out aligning the tensile speci-
men (ABAQUS inp. file model) on the same location of the same speci-
men in the specimen shot (AMI) as shown in Fig. 7b, for the case of
the U-Shape part.

This procedure is of high importance for the case of the notched
specimen where the portion of material removed by the CNC operation
can be accounted for without altering the original fiber orientation and
length distributions originated during the injection molding process.
This is clearly visible from the result mapping shown in Fig. 8, where
the fiber orientation of the unnotched specimen is mapped into geom-
etry #3 (Table 2).

The Abaqus numerical model for the ASTM-D 638-02a-TYPE I spec-
imen has been modeled considering the C3D10 element, for a total
count of 17,438 elements, and by setting as rigid the two jig regions
(gray part of the model in Fig. 9a). Also the U-Shape part has been
meshed with the same element type for a total count of 30,480 elements
and has been set by considering as rigid only the portions of the part
where the tensile jigs have actually left indentation signs (Fig. 9b).

Due to the concavity of the impact specimen surface, the jigs are not
able to close on the whole surface, as highlighted in Fig. 9b, as also
accounted for in the numerical simulation.

8. Results
By means of the injection molding numerical simulation imple-

mented in AMI, the fiber orientation in the tensile specimen of the
specimen shot (Fig. 1a) and the plate specimen (Fig. 1b) have been

Fig. 9. (a) Numerical model implementation for the ASTM-D 638-02a-TYPE [ specimen, (b) for the U-Shape specimen considering the tensile jigs indentation signs on the specimen surface.
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Fig. 12. Experimental and numerical results for the load-stroke curve of tensile specimens (static experiments).

investigated. The cutting location for the ASTM-D 638-02a-TYPE IV ten-
sile specimens on the plate specimen, along 0° (injection direction), 45°
and 90°, Fig. 10a, have been chosen considering that the fiber orienta-
tion in the center location, Fig. 10b, is the most similar one with that
of the tensile specimen, of the tensile shot (Fig. 10d). As concerns the
tensile specimen, from the specimen shot, (Fig. 10c) its fiber orientation
in the 0.4 mm plane is almost completely aligned with the injection flow
direction but, as for the case of the plate specimen (Fig. 10b), it is not
constant throughout the thickness, Fig. 10d. The shell-core structure of
the fiber orientation, presented in Fig. 10, is typical of the injection
molding process, as also highlighted in the previous research results
[4,17,18]. This variation of the fiber orientation along the cross-section
of the specimen results in a variation of the local mechanical properties,
properly accounted by means of the mapping procedure reported in the
previous chapter of the paper. The results presented in Fig. 10 are orga-
nized starting from the surface of the specimen to its central axis (mid-
dle) considering the results to be symmetric and have been plotted
considering, as a reference, the material flow direction. The variation
of the fiber orientation, throughout the thicknesses of the parts, for
the plate specimen and the tensile specimen are reported in Fig. 11a
and b, respectively and have been interpreted as the reason for the
slight difference in the mechanical properties previously shown in
Fig. 2b (TYPE I specimen) and Fig. 2d (TYPE IV specimen). By means of
the numerical simulation frame presented in the previous section of
the paper, a single set of mechanical properties for the PA6-20%CF ma-
terial has been calculated, as presented in Table 3. Accordingly,
structural numerical simulations for both unnotched and notched
specimens have been implemented utilizing the mapping procedure
detailed in Fig. 7 and allows accounting for the notch geometry
influence, as shown in Fig. 8. The accuracy of the inverse calibration of
the mechanical properties is shown in Fig. 12, where the experimental
and numerical load-stroke curves for the static experiment of
unnotched and notched specimens are reported. In addition to
that, the results of stress and strain amplitudes for the notched experi-
ments, for both static and fatigue experiments, calculated by means of

the implemented numerical simulation procedure, are summarized in
Table 4.

The progressive reduction of the mean load, for increasing number
of cycles, for four different cases, two unnotched (#3U and #5U) and
two notched (#3N and #8N) specimens, are shown in Fig. 13. Similar re-
sults have been obtained for the other cases and, for this reason, are not
included in the manuscript.

As concerns the U-Shape part, utilized for the validation of the pro-
posed fatigue models for the case of complex geometries, it is has
been manufactured by cutting it from the specimen shot and has been
subjected to both static and cyclic tensile test, as shown in Fig. 14a.

The fiber orientation distribution, mapped onto the ABAQUS input
file by the procedure detailed in chapter 7, is reported in previous

Table 4
Results of the static and fatigue experiments on notched specimens (from FEM).

Static tensile test results

Geometry Failure stroke [mm] Oym_max [MPa] Emax [—] Ny
#1 0.61 231.7 0.104 1
#2 0.52 2134 0.093 1
#3 0.45 220.8 0.074 1
#4 0.42 236.6 0.099 1
Fatigue tests results
Case Mean Stroke O max R €max  €min & Ny
stroke amplitude [MPa] -1 -1 [-1 [-]
[mm] [mm]
#IN 030 0.10 193.7 0.67 0.046 0.013 0.016 5214
#2N 0.36 0.11 220.6 0.67 0.060 0.019 0.021 367
#3N 030 0.10 187.1 0.65 0.038 0.011 0.014 2400
#4N 0.30 0.15 204.9 0.59 0.068 0.015 0.026 130
#5N 0.28 0.07 1944 0.64 0.046 0.012 0.017 490
#6N 0.26 0.04 1763 0.71 0.031 0.012 0.010 12,630
#7N 0.23 0.13 213.5 045 0.061 0.018 0.022 1500
#8N 0.25 0.05 1944 0.77 0.038 0.018 0.01 91,220
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Fig. 7b whereas the stress distribution in the crack onset region and the
comparison between experimental and numerical load-stroke curves
are reported in Fig. 14b and c, respectively. The investigation of the
stress and strain field on the fracture onset section of the U-Shape part

(b)

Rigid regions (jigs)

allowed identifying the node at which these values are maximum, sub-
sequently utilized for the extraction of the data to be inputted in the two
proposed fatigue life models. Same concerning the U-Shape part, three
static tests, and three fatigue experiments have been carried out.
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Fig. 14. (a) On-going experiment and fracture section for the U-Shape part, (b) numerical stress distribution on the fracture section of the U-Shape part and (c) comparison between
numerical and experimental load-stroke curves for the U-Shape part.
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Table 5
Constant for the fatigue life estimation models.
Model Equation validity range Constant Value
my 0.523
Eq. (2.1) 1< Ny 10 A 0.611
o —0.107
my 0
Eq. (2.2) N> 10* Ay 0.542
c —0.151
As 0.496
Ea. (3) N2 1 & —0.084

In order verify the repeatability of the experiments also for the case
of the validation part, two experiments have been carried out with the
same mean stroke and stroke amplitude (2.5 mm, 0.5 mm) whereas
the third one with a higher mean stroke and stroke amplitude
(2.85 mm, 0.85 mm). The target is to achieve an LCF and an HCF, in
order to properly validate the two proposed fatigue models on all the
three failure conditions covered by the models.

Considering altogether the results presented in Figs. 12 and 14c, the
maximum and average errors between experimental and numerical re-
sults, calculated as the ratio between the area integrals of the load-
stroke curves, are equal to 7.3% and 2.6%, showing the reliability of the
adopted procedure for the inverse calibration of the material properties
of short fibers reinforced polymer manufactured by means of injection
molding process.

9. Discussion

Based on the experimental and numerical results on unnotched and
notched specimens, as presented in the previous sections of the paper,
the RMS regression method has been applied separately to models of
Egs. (2.1) and (2.2) for the two sets of constants, one for the 1 < Ny< 10+
range and one for the Ny> 10* range, respectively. The correlation factor
(R?) for the first set is equal to 0.967 whereas 0.945 for the second set,
respectively. Same utilizing the RMS regression method, the constants
for the Eq. (3) fatigue life estimation model have been estimated
along with the correlation factor, equal to 0.972. The model constants
for the above-mentioned three equations are summarized in Table 5
whereas the regression curve, along with the experiment points for
unnotched and notched specimens, as well as for the U-Shape part,
are reported in Fig. 15a, for the Eq. (2) models, and in Fig. 15b, for the
Eq. (3) model, respectively.

As previously mentioned, the reasoning behind the separation of
Eq. (2) into two sub-equations, relevant for LCF and HCF, is represented
by the different influences that the stress triaxiality has at LCF and HCF.

(a) 03
[ ] Static failure & LCF
0.7 ® HCF
A U-Shape
_ 06 — —— Static failure & LCF regression line
LR N ~ HCF regression line
g 05N
g ~ N
E 04 g
£ o3l e 4
£ b ¥
n
02 o
01r '\‘i\.
0.0 i ; i i 1 L
10° 10! 10? 10 104 10° 10¢ 107
N, [cycle]

This fact has been observed, experimentally, by means of the SEM pic-
tures analysis where, for the case of LCF, the polymer matrix presented
a more clean fracture surface with almost no deformation of the poly-
mer matrix, whereas, for HCF the fracture surface presented a more ir-
regular shape with clear signs of a strong matrix deformation.

The two m; and m, constants have been calculated in order to max-
imize the correlation factor and it is interesting to notice how, for LCF,
the m; constant is very close to the slope of the AKy, for long cracks
for the linear elastic fracture mechanics, as presented in Atzori and
Lazzarin [34].

On the other hand, the value of m, which maximizes the correlation
factor is zero, a fact which shows the fainting importance of the stress
triaxiality term oy /0y of Eq. (2) for HCF. In addition to that, the com-
parison between the other two model constants (A1,c; Vs Ay, ¢3) shows
that the starting point (Ny= 1) for the LCF curve has a higher value for
the strain function in comparison to the HCF, but a less negative expo-
nent. In Fig. 153, the curve relevant for static failure and LCF results to
be higher than that of HCF and this effect is conditioned by the local
strain concentration and absence of matrix deformation, especially for
the case of the notched specimens. This fact makes the calculated values
of the strain function to be higher for the former curve than the latter
one. In order to avoid this discontinuity in the curve, the model Eq. (3)
has been developed and the results, presented in Fig. 15b, are hereafter
discussed.

As concerns the latter proposed fatigue life estimation model,
Eq. (3), the effect of static failure, LCF and HCF have been all accounted
for by means of a single equation. In addition to that, the high strain con-
centration arising in the case of static failure has been also scaled-down,
allowing to obtain a single value-point for Ny = 1.In addition to that, the
logarithmic part of Eq. (3) allows accounting for the reduction of the
strain concentration effect for an increasing number of cycles to failure.
The argument of the logarithmic function, & i/€max, »» represented by the
ratio between the total equivalent von Mises strain at failure (static) and
the maximum value for the total equivalent von Mises strain for a cyclic
loading condition, allows defining the position of the maximum point of
the loading cycle, taking as a reference the static failure strain and acts
as a sort of mean strain correction factor. The value &; ; is not constant
but it varies according to the considered geometry and has to be esti-
mated by means of experiments or numerical simulations.

As shown in Fig. 15b, equation model (3) allows having a smooth
transition between static failure, LCF and HCF. The starting point of the
model, Ny=1 - A = 0.5, is determined by the first and second terms
of the equation, whose role is to scale down the local strain concentra-
tion taking as reference the equivalent total von Mises strain, static fail-
ure, for the unnotched specimen &, s_yn. The results of both strain
functions, Egs. (2) and (3), for the unnotched and notched specimens,
are reported in Table 6.
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Fig. 15. Experimental points, including the U-Shape validation part, and regression curves for the (a) Eq. (2) model and (b) Eq. (3).
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Table 6
Strain functions predictions for the equation models (2) and (3).

Loading Case Geometry Ny Eq. (2) Eq. (3)

condition model model
EXP.2 Unnotched 1 0.581 0.500
Case#1 #1 1 0.619 0.500

Static Case#2 #2 1 0.617 0.500
Case#3 #3 1 0.632 0.500
Case#4 #4 1 0.603 0.500
#4N #2 130 0.369 0.340
#2N #1 367 0.305 0.279
#5N #3 490 0.335 0.303
#3U Unnotched 1049 0.282 0.284
#7N #4 1500 0.333 0.291
#7U Unnotched 2066 0.246 0.237
#3N #2 2400 0.264 0.254
#6U Unnotched 3386 0.226 0.220

Cyclic #1N #1 5214 0.272 0.262
#2U Unnotched 8140 0.230 0.232
#1U Unnotched 8217 0.234 0.241
#6N #3 12,630 0.130 0.222
#8N #4 91,220 0.102 0.189
#8U Unnotched 92,286 0.097 0.205
#4U Unnotched 112,497 0.096 0.187
#5U Unnotched 198,936 0.078 0.158
#9U Unnotched 1,127,661 0.068 0.170

The strain function values for the U-Shape part have been estimated
by extrapolating the results of stresses and strains from the calculation
steps of the ABAQUS numerical simulation relevant for the experimen-
tal minimum and maximum stroke amplitudes and inputting them into
Egs. (2) and (3). Afterward, the resulting non-linear equation with the
unknown quantity Ny has been solved by means of the Newton-
Raphson method and the results have been compared with the experi-
mental ones, as summarized in Table 7. For the case of the Eq. (3) model,
the static failure point of the U-Shape is automatically shifted to that of
the static failure of the unnotched specimen, thanks to the combined ef-
fect of term one and two of Eq. (3). As shown in Table 7, both models
have a good capability of estimating the cycles to failure also for the
complex U-Shape geometry, not utilized in the regression calculation.
However, although the Eq. (3) model is more complex and requires
more input data, its accuracy is higher for both for LCF and HCF. In addi-
tion to that, the Eq. (3) model allows a softer transition between LCF and
HCEF, thus it shall be more accurate for the case of results those happen
to be close to the boundary regions between Egs. (2.1) and (2.2).

10. Conclusions

The research work presented in this paper has shown the possibility
of estimating the fatigue life of components made of short fiber rein-
forced polymer on the basis of the local fiber length and orientation dis-
tributions. Both proposed fatigue models have shown their ability of
properly predicting the fatigue life of the validation part, with reason-
able accuracy. In addition to that, the results concerning the material
characterization and SEM image analysis on the tested specimens fill a
gap in the literature concerning the material characterization of injec-
tion molded components filled by short carbon fibers and the results

Table 7
Results comparison for the fatigue life prediction of the U-Shape part.

Model Ny FEM result Model prediction Variation [%]
1 0.707 0.611 13.7
Eq. (2) 220,000 0.089 0.085 5.6
700 0.342 0.303 112
200,000 0.084 0.086 2.4
1 0.500 0.496 0.7
Eq. (3) 220,000 0.184 0.177 3.6
’ 700 0.281 0.287 2.0
200,000 0.176 0.178 13

of this paper might be of interest of other scholars dealing with this ma-
terial. Finally, the utilized procedure for the mapping of the fiber length
and orientation distributions for the precise estimation of the mechan-
ical properties of injection-molded components has proven its reliabil-
ity and should be therefore utilized if an accurate estimation of the
mechanical performances of these typologies of parts is aimed to be
achieved.
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