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Abstract: Short glass fiber reinforced plastics (SGFRP) offer superior mechanical properties compared
to polymers, while still also enabling almost unlimited geometric variations of components at large-
scale production. PA6-GF30 represents one of the most used SGFRP for series components, but
the impact of injection molding process parameters on the fatigue properties is still insufficiently
investigated. In this study, various injection molding parameter configurations were investigated on
PA6-GF30. To take the significant frequency dependency into account, tension—tension fatigue tests
were performed using multiple amplitude tests, considering surface temperature-adjusted frequency
to limit self-heating. The frequency adjustment leads to shorter testing durations as well as up to
20% higher lifetime under fatigue loading. A higher melt temperature and volume flow rate during
injection molding lead to an increase of 16% regarding fatigue life. In situ X-ray microtomography
analysis revealed that this result was attributed to a stronger fiber alignment with larger fiber lengths
in the flow direction. Using digital volume correlation, differences of up to 100% in local strain values
at the same stress level for different injection molding process parameters were identified. The results
prove that the injection molding parameters have a high influence on the fatigue properties and thus
offer a large optimization potential, e.g., with regard to the component design.

Keywords: fatigue testing; X-ray microtomography; short glass fiber; polyamide 6; injection molding;
self-heating; testing methodology; digital volume correlation

1. Introduction

Due to their lightweight potential combined with good mechanical properties, injection-
molded short glass fiber reinforced plastics, hereinafter referred to as glass fiber reinforced
composites (GFC), are being used in ever-increasing areas of application. GFC are now also
implemented in components exposed to high loads, which were originally reserved for
metallic materials. The largest market is the automotive industry, where fiber reinforced
plastics are increasingly popular to achieve the required weight reduction and thus a reduc-
tion in emissions [1,2]. They are mainly used in paneling parts, but also covers, connector
systems, tank systems, bodywork, and structural components [3].

The low weight, cost savings, and simple production of geometrically demanding
components in large quantities are leading to a rapid increase in the use of short glass fiber
reinforced thermoplastics in the processing and substitution of metallic components [4-7].
The use of glass fiber reinforced polyamide for, e.g., oil pans, bearings, and under-the-
hood applications allows a weight reduction of up to 50% compared to a metallic series
component [3]. By reinforcing the polyamide with glass fibers, an increase in stiffness
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and strength is achieved while at the same time reducing the creep tendency. The density
of the fiber reinforced polyamide is only up to approx. 20% higher than that of the pure
thermoplastic, preserving the excellent use for lightweight components.

Since the performance of such components can be a key aspect, the mechanical prop-
erties need to be known for the component design. GFC have been investigated for their
static behavior in a large number of publications [8-10]. However, most GFC components
are subjected to cyclic loads in their applications [5,6,11]. To achieve the same degree of
reliability as with metallic components, it is necessary to carry out suitable tests to estimate
the durability and investigate the fatigue behavior and underlying mechanisms. This
becomes significantly more important because unforeseen material degradation can lead to
catastrophic failure of components subjected to higher loads. In order to be able to predict
the fatigue and failure properties using, e.g., a fatigue model [12,13], it is necessary to iden-
tify the properties of GFC under cyclic loading. In this context, the boundary conditions,
e.g., the influence of injection molding parameters on the GFC fatigue performance and
the testing method for fatigue behavior characterization, should not be neglected and have
rarely been investigated. This is also due to the high amount of time required for fatigue
testing. Therefore, a resource-and time-efficient testing method is necessarily required
to investigate

(i) the influence of injection molding parameters
(ii) improve the reliability and comparability of the gathered information regarding the
fatigue properties of GFC.

Short glass fiber reinforced thermoplastics, in particular, must be investigated with
regard to (i) the influence of injection molding parameters. They show locally differ-
ent microstructures and fiber orientations due to the processing influences, which have
been extensively characterized by various methods [14-17]. These differences in the (mi-
cro)structure can have a significant influence on the mechanical properties and fatigue
capability [6,18-27]. Therefore, a defined characterization of the process influences on the
fatigue properties of the GFC is of great importance [18,28]. In various publications, the
influence of fiber orientation in injection molded composites [20,25,29,30] as well as the in-
fluence of matrix material and different crystallization states on the fatigue properties have
been characterized [24,31,32]. With regard to the process influences in injection molding, a
significant influence of the melt and mold temperature as well as the volume flow on the
dynamic strength and stiffness of the resulting GFC was demonstrated [15,33]. It becomes
apparent that a detailed investigation regarding the influences of injection molding param-
eters on the fatigue properties of GFC is feasible with current testing methods only in a
highly time-consuming manner for such a high number of parameters.

In addition to the deviating structures of the GFC due to injection molding parameters,
the parameters of the cyclic loads also show an influence on the fatigue properties [17,25,34],
whereby, among other aspects, different amplitudes were used [5] or tests were carried
out in the range of very high cycle fatigue (VHCF) [25]. This demonstrates the need
for a comparative testing method to (ii) improve the reliability and comparability of the
gathered information regarding the fatigue properties of GFC. The dominant fatigue testing
method factors influencing the performance of composites, including short fiber reinforced
plastics, are applied load and testing frequency. One major reason is self-heating, which
is why a separate consideration of load dependency and testing frequency (hereinafter
referred to as frequency) dependency needs to be taken into account. The reason for self-
heating is the thermoelastic effect, caused by material damping associated with viscoelastic
dissipation and friction [35-37]. To identify the self-heating behavior, thermography plays
a significant role as it is possible to detect the formation of a frequency and load-dependent
temperature plateau after a comparative short testing duration (N >> 10%) at loads markedly
below ultimate tensile strength (UTS) [34,35,38]. Due to a higher energy input, the self-
heating increases with advancing load level [37,39]. In addition to specimen geometry [34],
the frequency not only has a sensible influence on the self-heating but also regarding
the lifespan of short fiber reinforced plastics. Regarding this, two opposing effects are
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considered: On one side, a high frequency leads to higher energy input and thereby to a
rising self-heating until the melting or disintegration of matrix polymer material causes
early failure. On the other side, a beneficial effect is gained through the avoidance of
ratcheting, which is a great challenge at low frequency testing of polymers [36,38,40]. For
an optimal consideration of both effects, a frequency-adjusted testing method based on
the inducted energy rate has been proposed shortly. With this procedure, it is possible to
shorten the testing duration by use of a thermal-applied optimized frequency for each load
step while minimizing the occurring ratcheting at the necessarily low frequency for high
load testing. As a result, a load step and load ratio-dependent limit frequency based on
energy input is introduced in such a way that the self-heating remains constantly under
AT <2 K [37]. This enables a comparative characterization method while still reducing the
overall testing duration; however, the feasibility of applying such an approach to short
fiber reinforced plastics is still unknown.

For the characterization of the injection molding parameter and fatigue damage
induced changes in the microstructure, the non-destructive radiographic examination by
X-ray microtomography (uCT) is groundbreaking. Since failure occurs as a process of a
sum of interaction between local damage spots [41], rather than a dominant crack, pCT
enables a holistic analysis. The reliable qualitative and quantitative visualization of inner
structures such as fibers, agglomerations, and voids enable expanded ways of damage
characterization [42—-45]. Further improvement is possible by extending uCT with in situ
testing. By using this technique, it is possible to execute uCT recordings at applied load to
identify damage mechanisms [46] without crack closure effects. In combination with fatigue
testing, sequential or intermittent tests can be conducted, and the material state recorded
to establish an understanding regarding damage initiation and propagation occurring in
the material inner. With the use of digital volume correlation (DVC), deformation and
strain in the material inner can be analyzed and correlated to the damage state recorded
through uCT, extending the possibilities even further. In this regard, relaxation and creep
of the material need to be taken into account, since uCT scans can take several hours and
therefore lead to a blurred image and inaccurate representation of the material state [45,46].

In this study, short fiber reinforced polyamide 6 is investigated regarding the influence
of injection molding parameters on the fatigue behavior using a constant temperature
approach, which limits self-heating for comparable and reliable results. The three injection
molding parameters melt temperature, mold temperature and volume flow rate were
considered and varied to establish a comprehensive overview regarding their influence.
Multiple frequency tests were used to determine the self-heating behavior of the investi-
gated material, leading to a mathematical description of the temperature, testing frequency
and fatigue load relationship. For the fatigue tests, metrology was used to measure tem-
perature and strain development to conclude on the specimens’ self-heating and damage
state using stress—strain hysteresis values. Changes in microstructure were determined
using in situ pCT combined with digital volume correlation to conclude on the injection
molding parameter-dependent fiber orientation and fiber length distribution, as well as the
resulting local strain distribution after the fatigue load.

2. Materials and Methods
2.1. Materials

For the manufacturing of test specimens, polyamide 6 (PA6) with a glass fiber con-
tent of 30 wt.% (BASE, Ultramid B3EG6, Ludwigshafen am Rhein, Germany) was used.
According to the manufacturer, this material for injection molding processing offers high
mechanical strength, stiffness, and thermal stability at a density of 1.36 g/cm?® and is
therefore particularly suitable for components and machine elements as well as high-grade
electrical insulation. The melting temperature of the material T;;, = 220 °C and the melt
volume rate (MVR) is 35 cm® / 10 min (275 °C / 5 kg) according to ISO 1133. The glass
fibers show a diameter of approx. df = 12 pm and a mean glass fiber length of approx.
ly=400 pm.
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2.2. Injection Molding

For experimental investigations regarding the influence of injection molding parame-
ters on the fiber distribution/alignment and corresponding mechanical properties of the
composites, tensile test specimens were manufactured with the injection molding process.
The specimens show a geometry that is suitable for the in situ stage of the X-ray uCT. An
image of a representative specimen and its dimensions are shown in Figure 1.
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Figure 1. (a) Image of a tensile test specimen from Ultramid B3EG6 and (b) technical drawing with dimensioning.

Prior to the injection molding process, the glass fiber reinforced PA6 was dried using
an air dryer (TORO-systems, TR-Dry-Jet EASY 15, Igensdorf, Germany) until a moisture
content of approx. 0.2% was achieved. The test specimens were manufactured using a
hydraulic injection molding machine (Arburg, Allrounder 320C Golden Edition, LoSburg,
Germany), with a screw diameter of 25 mm and a clamping force of 500 kN.

Depending on the volume flow rate, the cycle time was approx. 45 s, including a
packing time of 8.5 s and a cooling time of 30 s. The melt temperature, the volume flow rate,
and the mold temperature showed the greatest influence of all injection molding parameters
in previous tests and were varied in the experimental design. Considering the properties
of the used material, the values of the injection molding parameter configurations can be
seen in Table 1.

Table 1. Injection molding parameter configurations.

Configuration [-] Melt Temperature [°C] Mold Temperature [°C] Volume Flow Rate [cm®/s]
1 250 60 20
2 250 60 28
3 250 90 20
4 250 90 28
5 290 60 20
6 290 60 28
7 290 90 20
8 290 90 28

The packing pressure was constantly set to 400 bar. The feasibility of the extreme
values of the considered injection molding parameters was characterized by filling and
packing pressure studies in preliminary tests.

Each of the eight configurations of the injection molding parameters was used to
manufacture ten process cycles with four specimens each. Prior to the production of the test
specimens considered here, about 10 cycles of each parameter configuration were produced
to stabilize the injection molding process and thus create constant processing conditions.
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2.3. Tensile Testing

Quasi-static tensile tests were carried out at a speed of 5 mm/min according to EN
ISO 527 using a universal testing machine (UPM 1446, Frax = £ 10 kN, Zwick Roell, Ulm,
Germany). During the tests, stress—strain curves were recorded and Young’s modulus,
the tensile strength, and the elongation at break were evaluated. The stroke strain values
represent the strain derived from the measured change in stroke relative to the specimens’
measuring length of 7 mm (Figure 1b). Five specimens were tested for each parameter
configuration of the experimental design.

2.4. Fatigue Testing

For fatigue testing, a servo-hydraulic testing system (EHF-EV50, Fnax = £ 50 kN,
Shimadzu, Kyoto, Japan) was used. Preliminary to the investigations of the mechanical
properties, the polymer related self-heating effect, influenced by load level and frequency,
was examined, since a reliable and comparative testing methodology needed to be es-
tablished. Therefore, multiple frequency tests (MFT) at maximum stresses of omax = 30,
50, 70, 90 MPa with start frequencies (fstart) and frequency increase steps (Af) according
to Table 2 for each maximum stress level were conducted with a sinusoidal load-time
function under tension—tension loading (R = 0.1). Each frequency step was held for a
time of £ =900 s to allow temperature stabilization. Tests were conducted up to a lim-
ited increase in surface temperature (AT};y,) of 5 K, which enabled the description of the
relationship between frequency and load level as a function of the desired maximum
increase in surface temperature. Due to the required consistent high control accuracy of the
testing machine, frequencies of 24 Hz were not exceeded. The temperature measurement
was carried out with thermocouples type K, using one reference element on an unloaded
specimen and one applied to the center specimen section as shown in Figure 2. Stress—
strain hysteresis measurement for the detection of material degradation by the dynamic
Young’s modulus (E4yn,) was executed using a tactile extensometer (EXA 5-0.5,1p = 5 mm
£ 10%, Sandner-Messtechnik, Biebesheim, Germany). The desired maximum increase in
surface temperature was set to 2 K to achieve a negligible impact of self-heating on the
mechanical properties while attaining acceptable testing duration compared to a constant
frequency of f = 5 Hz. Using multiple amplitude tests (MAT), the adjusted frequencies,
which are reduced with increasing maximum stress, are compared to testing with constant
frequency to demonstrate the significance of this aspect. In the MAT, the maximum starting
stress (Omaxstart) is set to 40 MPa and increased stepwise by Aomax = 2.5 MPa after every
AN = 2500 cycles until failure.

Figure 2. Mechanical testing setup: (a) servo-hydraulic testing frame with mounted custom CT specimen clamping

adapter, (b) diagonal view of clamping adapter with mounted extensometer and thermocouples with reference specimen,

(c) side view.
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Table 2. MFT parameters for self-heating investigation.

Omax 50 MPa 60 MPa 70 MPa 80 MPa 90 MPa
fstart 3 Hz 2 Hz 1.5 Hz 1Hz 0.5 Hz
Af 3Hz 2Hz 1.5 Hz 1Hz 0.5Hz

MAT with such testing parameters were used further for examination of the fatigue be-
havior and differences in performance and damage development with respect to changing
injection mold parameters.

2.5. X-ray Microtomography Analysis of the Composite Structure

In order to explain the deviations in the mechanical properties resulting from different
injection molding parameter configurations based on the inner structures (fiber orientation
and fiber length distribution), X-ray microtomography measurements were carried out.
These were realized on specimens of parameter configurations 1 and 8 to cover the largest
difference in properties.

In situ uCT measurements were performed before testing and after defined MAT steps.
This enables visualization and analysis of the injection molding parameter-dependent
composition of the inner structures regarding fiber distribution, orientation, and agglomer-
ations as well as digital volume correlation for deformation and strain measurement. This
can be correlated to the recorded measurement data during the fatigue tests. These in situ
uCT scans were recorded with a pCT (Nikon XT H 160, Nikon Corporation, Tokyo, Japan)
in combination with an in situ CT testing stage (see Figure 3) (CT5000, Deben UK, Bury
Saint Edmunds, UK), which was used to apply 90% of omax according to the MAT during
the CT scan to overcome crack closure effects. CT acquisition parameters were defined as
follows: tube voltage 60 kV, tube current 117 pA, exposure time 1000 ms, 1583 projections,
4-fold projection superimposition at a voxel size of 7 um. The volumes were reconstructed
using the software Nikon Inspect-X-XT4.4.2.

(b)

Figure 3. (a) In situ CT testing stage (b) implemented in CT chamber.

To enable a highly detailed analysis of the molding parameter-dependent fiber orien-
tation and fiber length distribution, an additional characterization was conducted using
an X-ray microscope (Zeiss Xradia Versa 520, Carl Zeiss, Oberkochen, Germany). The
measurements were performed at a voltage of 80 kV and a current of 87 pA using the low
energy filter LE2 and a magnification of 4x. A total of 1601 images were acquired with a
voxel size of 2.64 um, binning setting 1, and an exposure time of 8 s for each image. The
single images were reconstructed using the Zeiss XMReconstructor software.
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Further image processing was carried out utilizing a 3D data visualization and analy-
sis software system and the XFiber extension (Avizo 9.4, Thermo Fisher Scientific, Waltham,
US) for the quantitative analysis of fiber properties. Cylinder correlation was used to char-
acterize the fiber orientation in the specimens. To segment the fibers, a tracing algorithm
was applied to the resulting correlation lines. The detected fibers can be quantitatively
evaluated with regard to their fiber length and orientation in the test specimen. XFiber
extension settings for cylinder correlation and the tracing algorithm settings are shown in
Table 3.

Table 3. XFiber extension settings (Avizo 9.4) depending on the origin of uCT 3D data (Nikon/Zeiss
microtomograph).

X-ray Microtomograph Zeiss Xradia Versa 520 Nikon XT H 160

Cylinder length [um] 38 100
Angular sampling 5 5

Mask cylinder radius [um] 10 10
Outer cylinder radius [um] 6 6

Minimum seed correlation 200 150/144

Minimum continuation quality 80 80

Direction coefficient 0.2 0.2
Minimum distance [um] 10 12

Minimum length [um] 38 100

The fiber orientation is specified with the parameter ® (theta), which describes the
angle between the z-axis and the xy-plane and therefore indicates the degree of orientation
in the flow direction. A value of ® = 0° indicates an orientation in the flow direction and a
value of ® = 90° indicates an orientation transverse to the flow direction [47].

3. Results
3.1. Tensile Properties

Exemplary stress—strain curves for each investigated parameter configuration (Table 1)
are shown in Figure 4. The curve colors differentiate between mold temperatures, while line
types individually assign different volume flow rates. All curves follow a similar course,
showing that the general tensile behavior of PA6-GF30 is not affected by the injection
molding parameters, rather than the mechanical properties. The melt temperature seems
to have the most impact, visible at the separation of the curves 1 to 4 (250 °C) and 5 to 8
(290 °C), resulting in the highest change in stiffness as well as tensile strength.

160 =
N 160 - Configuration
< 140+ S =
o P oW 1
S 1201 = g U )
=] o
% 100 o 140 — 3
2 N 2
g 804 R « |\ 7z S| 4
(7)) 2]
< 604 o 5
8 £ 1204/ 47| 6
g 40 g ;
Z 0] PA6-GF30 Z PA6-GF30
v =5 mm/min v=5mm/min| 8
0 T T T T T T 100 T T T
0 1 2 3 4 5 6 3 4 5 6
Stroke strain g, (102 Stroke strain g, (10)

Figure 4. Exemplary stress—strain curves of PA6-GF30 for various injection molding parameter configurations.
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To obtain an overall impression about the quantitative differences in mechanical
properties, the mean values and standard deviations of Young’s modulus (Ey), tensile
strength (o), and elongation at break (en) resulting from all quasi-static tensile tests are
shown in Figure 5. The results show that parameter configuration 1 has the lowest mean
values of Young’s modulus and tensile strength but the highest values of elongation at
break, while parameter configurations 7 and 8 show the highest mean values of Young’s
modulus and tensile strength and the lowest elongations at break.

I Young's modulus E, [ |Tensile strength o,, /7 Elongation at break ¢,

7000 - 180

] (=] —~~
£ 60002 = 1170 GRS
) ' S -
~ 5000 ¥ L1160 &
A f ¢
S 40002 1150 £ 8
5 - & 2
3 30004 140 § ®
g | } 5 ¢
» - n 9
‘o 20004 | 10 v £
5 ™ o 2 ¥

n %
>9 1000_ % = 7 7 7 7 7 ﬁ ,5

0_ I I T T I I T T 0

Parameter configuration

Figure 5. Quasi-static tensile properties of different injection molding parameter configurations.

Based on the results of the quasi-static tests, it is obvious that especially a higher
melt temperature (as seen in [33] for a PA6,6-based nanocomposite) and higher mold
temperature (as shown by [31] for polycarbonate and [32] for polypropylene), but also
a higher injection volume flow rate can lead to higher mechanical properties. It can be
assumed that these effects will be more evident in the results of the fatigue tests.

3.2. Self-Heating—Adjusted Frequency for Constant Change in Temperature

Multiple frequency tests (MFT) were conducted using the parameters given in Table 2.
Figure 6a exemplarily shows the frequency-dependent change in temperature measured
during MFT at omax = 70 and 80 MPa. The used testing methodology enables the mea-
surement of stable temperature plateaus during the fatigue load for a characterization
of the relationship between frequency and change in the temperature of PA6-GF30. For
70 MPa, the change in temperature appears in constant increases with the establishment
of temperature plateaus up until approx. f = 14 Hz. This is for 80 MPa only the case up
until approx. f =9 Hz. At higher frequencies, higher relative increases in temperature
are visible, indicating more complex causes such as material degradation due to excessive
strain rates. Therefore, only data acquired before these irregular changes in temperature
were considered. Figure 6b visualizes this relationship of frequency and the change in
temperature for omax = 50, 60, 70, 80, and 90 MPa, which appears to be linear for each
investigated stress level. This relationship will be denoted in further discussion by the
function ffrequency-
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Figure 6. (a) Results of multiple frequency test at omax = 70 and 80 MPa; (b) linear temperature—testing frequency relationship
visualized for omax = 50, 60, 70, 80 and 90 MPa.
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Slope of linear function fgeqyency (AT)

Considering the linearity of fgequency for each investigated stress level, a function can
be described which approximately represents the slope of fgequency for each omax desired.
Figure 7a shows a curve based on the determined slopes from the linear functions in
Figure 6b, which describes the slope of ffequency With regard to omax by using a power
function. This power function can be utilized to describe a function for a defined limit
frequency fjimit, leading to Equation (1). This equation, considering the values A and B
from Figure 7a, describes the resulting change in temperature of PA6-GF30 under fatigue
load with a stress ratio of R = 0.1 at room temperature without additional cooling. It is
valid for specimens with the geometry shown in Figure 1b. For different surface-to-volume
ratios, this may change significantly with specific investigations.
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Figure 7. (a) Results of multiple frequency test at omax = 70 and 80 MPa; (b) linear temperature—testing frequency relationship
visualized for omax = 50, 60, 70, 80 and 90 MPa.

Using Equation (1), the relationship between the maximum stress and frequency can
be described for defined changes in temperature, as shown by Figure 7b for AT =2, 3, 4, and
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5 K. Since the measured values in Figure 6b do not start in the origin at 0 K, the resulting
curves in Figure 7b determined by Equation (1) lead to a conservative approximation of
frequencies. However, this difference is considered negligible given the magnitude, which
is justifiable when considering the multiple amplitude test (MAT) results shown below.

The calculated limit frequencies fjjni; for omax from 40 to 100 MPa, in respect of a
constant change in temperature of 2 K, are given in Table 4 and are hereinafter used for
adjusted frequency fa1 - ok in MAT. Additionally, the test durations of MAT with adjusted
frequency are shown, illustrating the large differences in duration between different steps
of the MAT due to the stress level-dependent frequency changes. Considering a conven-
tional testing method with a constant frequency of 5 Hz, significant time savings can
be achieved. Comparing MAT with a constant frequency of 5 Hz to adjusted frequency
from Table 4 up to omax = 90 MPa (2500 cycles per step), adjusted frequency results in a
reduction in test duration by approx. 37%. Therefore, the result of the constant temperature
approach is not just a temperature-controlled fatigue test, but rather a more efficient testing
methodology itself.

Table 4. Calculated frequencies for fatigue loads at given omax with AT up to 2 K according to Equation (1). Test duration
shown for multiple amplitude test steps with length of 2500 cycles, individually and accumulated over test steps.

omax [MPa] 40 425 45 475 50 525 55 575 60 625 65 67.5 70
far—ox [Hz] 24 24 24 24 24 227 191 162 138 119 103 9 7.8
tNo2se0  [s] 104 104 104 104 104 110 131 154 181 210 243 278 321
taccumat.  [s] 104 208 312 416 520 630 761 915 1096 1306 1549 1827 2148

Omax  [MPa] 725 75 775 80 82,5 85 87.5 90 925 95 975 100
far-ok  [Hzl 69 61 54 48 43 38 34 3.1 2.8 25 2.3 2.1
tNo2seo  [s] 362 410 463 521 581 658 735 806 893 1000 1087 1190
tacumul.  [S] 2510 2920 3383 3904 4485 5143 5878 6684 7577 8577 9664 10,584

3.3. Fatigue Properties

The fatigue behavior was investigated for the injection molding parameter configu-
rations via a constant frequency f of 5 Hz and adjusted frequency fat - 7k for a change in
temperature of AT =2 K. Figure 8a visualizes the different frequencies for each MAT step
during the test. The numbers of cycles to failure N¢\ar with regard to MAT (Figure 8b)
give an impression about the fatigue capability of the injection molding parameters since
differences up to 15% are visible for f =5 Hz and up to 16% for fat - ox. The results achieved
by parameter configuration 8 show the highest values, representing a melt temperature
of 290 °C, a mold temperature of 90 °C, and a volume flow rate of 28 cm3/s. Parameter
configurations 1 and 2 (melt temperature = 250 °C, mold temperature 60 °C) show the
lowest values. Increasing the melt temperature increases the fatigue life the most with
up to 16%, while still significant gains up to 7% can be achieved through increasing the
volume flow rate. Since the impact of the volume flow rate does not seem to be significant
for the investigated lower mold temperature of 60 °C and a melt temperature of 250 °C,
the overall temperature achieved by the polymer in the mold plays an important role
which needs to be investigated in the future more in depth. The relative difference between
the performance of the investigated injection molding parameters stays nearly the same
between the used frequencies f = 5 Hz and fat - 5k, but the absolute difference between
overall fatigue life during MAT varies up to 20%. This demonstrates how immense the
influence of frequency is on PA6-GF30 and why it has to be taken into account when
comparing results between different testing methodologies.
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Figure 8. (a) Multiple amplitude test parameters visualized with constant testing frequency and
adjusted frequency for a constant change in temperature AT =2 K; (b) according numbers of cycles
to failure N a7 for all injection molding parameter configurations.

The effectiveness of adjusted frequency for AT = 2 K is visible in Figure 9. Withf =5Hz,
exponential increases in the change in temperature over 10 K occur for each investigated
parameter configuration. For foT - px, the change in temperature is kept constant at around
2 K after omax = 52.5 MPa, where the adjusted frequency is fully applied for the first time
in the MAT. Close to specimen failure, an increase in AT up to 5 K is visible, which is
attributed to the damage but most likely does not significantly affect the number of cycles
to failure.

120 : 12
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|
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Figure 9. Change in temperature in multiple amplitude tests with (a) constant testing frequency of 5
Hz and (b) adjusted testing frequency for a constant change in temperature AT of 2 K.

The measured dynamic Young’s modulus Eqy,, (see Figure 10, plotted normalized
using initial stiffness Eqyno) shows different curve progressions according to the tempera-
ture change of the investigated frequencies f = 5 Hz and fat - ox. Regarding the dynamic
Young’s modulus Egyy,, the influence of the melt temperatures of 250 and 290 °C is more
evident, which could indicate an influence on the fiber orientation, which in turn signifi-
cantly affects the stiffness of short glass fiber reinforced polymers. For for - ok, an almost
linear decrease in Eqyy, is present, which changes to an exponential behavior shortly before
failure. In the case of constant frequency, the decrease in Egy,, occurs far earlier (starting at
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around N = 3E4 cycles). Since the change in temperature until this point is below AT =2 K,
temperature-induced processes that result in a change of Eg4y,, are excluded.

120

MAT f=5Hz R=0.1

Maximum stress o, ., (MPa)

:l |III|I§0-4
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Number of cycles N (10%) Number of cycles N (10%)
(a) (b)
Figure 10. Normalized dynamic Young’s modulus in multiple amplitude tests with (a) constant testing
frequency of 5 Hz and (b) adjusted testing frequency for a constant change in temperature AT of 2 K.

Norm. dyn. Young's modulus E4y./E g

Besides the change in temperature, the test duration also needs to be considered when
interpreting the mechanical properties of PA6-GF30. Due to the use of fo1 - ok, which leads
to higher frequencies up to omax = 77.5 MPa of the MAT, the duration until the start of omax
= 80 MPa is 3383 s, which is nearly 60% less compared to 8000 s when using the constant
frequency of 5 Hz. This directly affects the creep behavior, which significantly affects
lifetime as shown by [36,38,40]. The total mean strain ¢, ; can be used as an indicator for
creep and is shown in Figure 11 for both investigated frequencies. The quantifiable as well
as qualitative differences are visible, explaining the different progressions of Eqy,, discussed
earlier. With regard to the investigation of the influence of the injection molding parameters,
especially for the parameter configurations 1 to 4, representing the melt temperature of
250 °C, creep seems to take place to a greater extent compared to the melt temperature
of 290 °C. This affirms the assumptions made regarding the parameter configuration-
dependent fiber orientation.

120 : 22
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& 100{—1 L19 S
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Figure 11. Total mean strain in multiple amplitude tests with (a) constant testing frequency of 5 Hz
and (b) adjusted testing frequency for a constant change in temperature of AT =2 K.
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3.4. X-ray Microtomography Analysis of Composite Structure

X-ray microtomography images of the specimens were obtained to provide evidence
for the suspected structural differences of the materials and their influence on the fatigue
behavior of the specimens produced with different parameter configurations during in-
jection molding. Due to the high differences in properties, configurations 1 and 8 were
characterized here as those with the lowest and highest performance in the fatigue tests
(see Figures 10 and 11).

For this purpose, the specimen areas, marked in blue in Figure 12, were first charac-
terized with the X-ray microtomograph Nikon XT H 160, as described in Section 2.5, to
determine differences in fiber length distribution and fiber orientation for configurations 1
and 8 with the results of the fiber tracing algorithm. However, the results of these microto-
mography images and the resulting detection and visualization of the fibers by the XFiber
tracing algorithm (see Figure 13a,b) show that the resolution of the microtomography was
not sufficient to adequately and representatively visualize the fibers.

ot o
> ' L >
Figure 12. Area of the specimen characterized with X-ray microtomography (blue).

@ 6 120 >18 00 6 120 18

1000 um 1000 pum

Figure 13. Results of fiber tracing from X-ray microtomography analysis and representation of angle
O (theta) by a color scale in lower-resolution volumes (Nikon XT H 160) of configuration 1 (a) and 8
(b) and in high-resolution volumes (Zeiss Xradia Versa 520) of configuration 1 (c) and 8 (d).

For this reason, images were also generated on specimens of parameter configurations
1 and 8 using the X-ray microtomograph Zeiss Xradia Versa 520 with a significantly higher
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resolution (see Section 2.5), followed by an analysis using the XFiber tracing algorithm. It
can be seen from Figure 13c,d that the uCT analysis with higher resolution led to a more
precise detection of significantly more fibers and thus to much more meaningful analysis.

The fibers in the specimens detected by the XFiber tracing algorithm in the high-
resolution X-ray microtomography images (Figure 13c,d) were subsequently used to calcu-
late the fiber length distribution and the fiber orientation with angle ® (theta) using the
parameters listed in Section 2.5.

In Figure 14, the normalized fiber length distribution resulting from parameter con-
figurations 1 and 8 is shown as a bar graph, while the line shows the difference between
1 and 8. From this difference, it can be seen that parameter configuration 8 shows fewer
short fibers (< 350 um) and more long fibers (> 350 pm) than parameter configuration 1.
Based on the correlation of higher mechanical properties with higher fiber lengths [48-52],
Figure 14 provides a first explanation for the improved fatigue properties of parameter
configuration 8.
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Figure 14. Normalized fiber length distribution of specimens with parameter configurations 1 and 8.

Figure 15 shows the normalized distribution of fiber orientation for parameter config-
urations 1 and 8 with angle © (theta) as a bar graph and the difference of 1 and 8 as a line
graph. From this, it can be seen that for both parameter configurations most of the fibers
are present with angles ® from 5 to 15°. The difference of the values shows that parameter
configuration 8 has a larger number of fibers with angles ©® < 20° and fewer fibers with
angles ® > 20°. Thus, more fibers with an orientation closer to the loading direction (0°)
are present in parameter configuration 8.
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Figure 15. Normalized distribution of fiber orientation with angle ® (theta) of specimens with
parameter configurations 1 and 8.
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The correlation of higher mechanical properties with a fiber orientation in the loading
direction [29,49,52-57] thus provides a further explanation for the better fatigue properties
of parameter configuration 8 and confirms the assumptions about the process—structure—
property correlation in Section 3.3.

3.5. Volume Correlation

Using digital volume correlation (DVC) realized with the software DaVis 10.0.5.49808
(LaVision, Anna-Vandenhoeck-Ring 19, Géttingen, Germany), a visualization of the de-
formation and strain distribution within the material can be achieved, as it is shown in
Figure 16 for the parameter configurations 1 and 8. The volumes were generated inter-
mittently in MAT, using in situ pCT after the MAT steps omax = 50, 65, and 80 MPa, and
represent the engineering strain in tensile load direction at each of the shown maximum
stress levels. The significant differences in absolute strain values become apparent at first
glance, showing that the lowest performing parameter configuration 1 has locally up to
double the strain values compared to parameter configuration 8 at the same maximum
stress level. In addition, a higher amount of concentrated localizations of higher strain
accumulation can be determined for parameter configuration 1. This in general supports
the findings from Section 3.4.

Engineering strain in tensile load direction: 0 % [ O 4 %

Figure 16. Strain distribution in tensile stress direction at selected omax of 50, 65 and 80 MPa for parameter configurations 1

and 8.
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4. Conclusions

In this study, the influence of injection molding parameters on the fatigue behavior
of short glass fiber reinforced polyamide 6 was investigated with regard to the process—
structure—property correlations and to determine the achievable improvements in terms of,
e.g., components with improved durability. To achieve comparative characterization results,
an adjusted frequency approach for constant temperature realization was successfully
applied. The following conclusions can be drawn:

With multiple frequency tests, the self-heating-dependent change in temperature of
short glass fiber reinforced polyamide 6 can be determined sufficiently to describe the
relationship between frequency and change in temperature. The result of the applied
methodology is a power function, which describes the limit frequency for a defined change
in temperature under fatigue load, considering a stress ratio of R = 0.1 at room temperature
without additional cooling. Further, the test duration is reduced, since significantly higher
frequencies at lower stresses lead to time saving.

The use of a constant frequency proved to be insufficient to determine the mechanical
properties regarding the fatigue behavior, compared to the constant change in temperature.
All tested configurations of injection molding parameters showed a high dependency on
the frequency, leading to, e.g., up to 20% higher fatigue life in multiple amplitude tests
when applying adjusted frequency for a material-dependent suitable constant temperature.

The significance of optimized injection molding parameters should not be underesti-
mated. With a short time testing procedure using multiple amplitude tests, the differences
in mechanical properties during fatigue load were characterized, showing that not just the
fatigue life is affected, but also key properties such as mean strain and stiffness. The melt
temperature showed the highest positive influence on fatigue performance, indicating that
melt temperatures need to be chosen high enough to achieve an optimized morphology in
terms of the resulting mechanical properties. The volume flow rate is the second parameter
having a distinguishable positive impact on fatigue performance, pointing at the beneficial
use of higher volume flow rates to distribute fibers in the material along the flow direction.
Compared to both, the impact of the investigated mold temperatures seems to be negligible.

Analyzing the fiber length distribution and fiber orientation angle distribution be-
tween different injection molding parameters contributes substantially to the understand-
ing of differences in mechanical properties. Comparing the worst with the best parameter
combination regarding fatigue performance showed higher amounts of longer fibers as
well as more fibers oriented in an angle smaller than 15° to the flow and load direction
in the better performing specimen. Digital volume correlation was used to investigate
the strain distribution in the volume inner of the material. The images illustrate injec-
tion parameter-dependent varieties in the amount of strain and local strain distribution,
supporting the general observations made by fiber length and orientation analysis.

In future work, the injection molding parameter-dependent fatigue performance needs
to be investigated thoroughly with an emphasis on further parameter variations and poly-
mers. Even smaller degrees of variations should be considered to establish a well-founded
data basis for setting up a representative model. This model could help to evaluate specific
changes in parameters for the most efficient and best performing short fiber reinforced
plastics, leading to improved quality of parts and/or savings of material due to construc-
tive part optimizations because of the improved mechanical properties. The combination
of conventional fatigue testing methods with non-destructive testing equipment such as
X-ray microtomography is crucial for an in-depth understanding and, combined with
digital volume correlation, is a game changer. Therefore, particular attention needs to be
given to the intersection between those two for a direct transferability between microstruc-
tural properties and mechanical performance. By applying machine learning methods, an
in-depth analysis would enable a comprehensive view of all influencing factors.
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