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ABSTRACT

A new natural fiber composite made of high density polyethylene (HDPE) and short birch fibers (SBF) was
developed to replace high-performance thermoplastics (Polyamide) commonly used in gears manufacturing.
3-point flexural quasi-static tests were achieved on bending specimens to assess mechanical properties.
Comparison between these results and those of polyamide (PA) and neat polyethylene has showed that the
polyethylene reinforced with 40%wt of SBF presents tensile and flexural mechanical properties that are
higher than those of the PA11 or the neat polyethylene. After static characterisation, fatigue tests were
performed to determine &-N curves and the evolution of residual strength. Then, the fatigue behavior of the
studied composite has been compared with that of PA66 and of ultra-high molecular weight polyethylene
(UHMWPE). It has been noticed that polyethylene reinforced with 40%wt of SBF presents a high cycle
fatigue strength (HCFS) that is more important than that of PA66 and UHMWPE. Consequently, the studied

composite represents a good alternative to replace Nylon in spur gears manufacturing.
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1 INTRODUCTION

Many research projects in engineering show a very high interest towards composite materials. These
materials represent an essential ingredient of the design process in many sectors, including automotive,
marine and aircraft industries. Over the past decades, there has been an increasing demand for natural-fiber—
reinforced composites. Natural fibers present many advantages over synthetic fibers, including low density,
reasonable mechanical properties, and environmental benefits [1]. These fibers come from three sources:

vegetal, animal and mineral. Fibers from a vegetal origin are the most commonly used in this research field



and they originate from plants or wood. These fibers are mainly composed of three constituents: cellulose,
hemicellulose and lignin [2-4]. Cellulose is the main constituent of most natural fibers, and it is also the
component responsible for its excellent structural properties. Cellulose is also hydrophilic, and it is the main
cause of water uptake in this type of fibers. Hemicellulose is an amorphous polysaccharide, and it is partially
soluble in water. Finally, lignin is a complex polymer which acts as a binder for the other components

(cellulose, hemicellulose and others) in natural fibers and it is considered as a hydrophobic component.

Several research projects focused on quasi-static mechanical properties of plant fibers composites based
on a thermoplastic matrix such as polyethylene or polypropylene. These studies involved tensile, flexural
and impact loading [5-11]. Among these studies, Hassan et al. [7], and S. K. Nayak et al. [6] worked on the
effect of fibers content on the mechanical properties of this type of composites. They have respectively
shown that an increased rate of short fibers (jute and sisal) provides improved tensile and flexural rigidity of
composites made with a polypropylene matrix. S. K. Nayak et al. [6] have also worked on the effect of the
maleate polypropylene (MAPP) coupling agent on the mechanical properties of polypropylene reinforced
with short sisal fibers. They showed that increasing the MAPP rate induces an increase of tensile and
flexural moduli. In the literature, research work is also focused on the dynamic and thermogravimetric
response of short plant fibers composites. We respectively mean here response in dynamic mechanical
analysis (DMA) [6, 12-15] and thermogravimetric analysis (TGA) [6, 10, 15, 16]. DMA assesses
storage/loss modulus and damping factor of the studied composite, while TGA help to investigate on
decomposition and thermal stability of the material, under nitrogen atmosphere. Durability of plant fibers
composites has also been studied by several authors such as Fotouh et al. [17]. They investigated the effect
of short hemp fibers content on the fatigue behavior of a composite based on a HDPE matrix. Experimental

results show that an increase of the fiber rate brings about an interesting increase of tensile fatigue life.

Researches about short vegetal fibers composites also investigated using wood fibers as reinforcements
with polyethylene or polypropylene matrices. Several authors have characterized this type of composites in
terms of quasi-static mechanical properties [18-29]. Most of these authors have investigated the influence of
the fiber rate and of the coupling agent rate on tensile, flexural and impact properties. They showed that an
increase in fiber or coupling agent content causes an increase of elasticity modulus and strength in the case
of tensile or flexural tests. They also demonstrated that the additional use of these components in the
thermoplastic matrix, increases the Charpy impact strength. Durability studies on thermoplastic matrices
reinforced with short wood fibers were also carried out by several researchers. Park et al. [26], Sain et al.
[30], Bledzki et al. [21] and Bravo et al. [31] studied the effect of temperature and fibers/coupling agent rates
on the creep behavior of wood fibers composites. They showed that the increase of fibers/coupling agent
rates and temperature respectively cause increase and decrease of the creep strength. Bledzki et al. [21] and
M.D.H.Beg et al. [32] have also investigated the effect of hygrothermal aging on mechanical properties of

short wood fibers composites. They found that the presence of moisture in composites induces a decrease of



tensile mechanical properties and impact strength. Some other authors have studied the durability of
thermoplastic matrices reinforced with wood flour by performing cyclic tests to determine the fatigue life.
Yang et al. [29] showed that coupled composite, which made from HDPE, pine wood flour and coupling
agent, performed better than the uncoupled composite (without coupling agent). Using these experimental
results, Yang et al. [29] have proposed a new non-dimensional fatigue model which predict the fatigue life of

these composites.

Despite all this research work about short wood fibers composites, the range of applications involving
these materials in engineering design is still limited due to a lack of knowledge about long-term behavior of
these composites, especially under cyclic loading. In this context, this work focuses on studying the flexural
fatigue behavior of a promising short wood fibers composite. The objective is replacing high-performance
thermoplastics commonly used in spur gears manufacturing, like Polyamide for example, by Polyethylene
reinforced with 40%wt (in weight) of short birch fibers (SBF). Indeed, using this type of composites for spur
gears manufacturing may allow a very significant decrease in manufacturing costs, from 5.5 CAN$/Kg (for
Polyamide) to 1.6 CAN$/Kg (for Polyethylene) [25]. Moreover, using birch fibers would also bring about a
reduction in the use of oil-based plastic materials. The choice of the type and rate (40%wt) of fiber is based
respectively on the significant presence of birch in Canada and on results obtained by Bravo et al. [24, 31].
These authors have notably shown that using 40%wt of short birch fibers, as reinforcement, brings about
quasi-static mechanical properties that are similar to those of some plastic materials such as Polyamide (PA6

and PA11), better known under its industrial name “Nylon”.

This paper is organized as follows: in section 2, materials used are introduced, which is followed by a
presentation of the manufacturing procedure and of the methodology applied in experimental testing. In
section 3, flexural mechanical properties of polyethylene reinforced with 40%wt of SBF are measured,
discussed and compared with those of some plastic materials used in spur gears manufacturing. Then, the
bending fatigue life of the material is presented as a e-N curve. This curve is plotted for two load frequencies
(10 and 15 Hz). Fatigue damage of polyethylene reinforced with 40%wt of SBF is then evaluated and
discussed based on the evolution of residual strength. Finally, the fatigue behavior of this composite is
compared to that of classical materials as Nylon 66. This comparison is made based on &-N curves and on

the evolution of residual strength.

2 EXPERIMENTAL TESTS
2.1 Materials

The thermoplastic used in this work is high density polyethylene (HDPE Sclair 2909, donated by NOVA
Chemicals). Short wood fibers from white birch (TMP 20-60 mesh) were used with HDPE to manufacture

composite specimens. The aspect ratio (mean length-to-mean diameter ratio, L/D) of birch fibers was 19.8,



with 0.49 mm mean length and 24.7 um mean diameter [25]. MAPE (maleated polyethylene, G2010) was
used as a coupling agent in the composite material to improve quality of the interface between HDPE and

short birch fibers.
2.2 Samples manufacturing

The manufacturing process used involved two consecutive steps, which are blending and molding (Figure
l.a and Figure 1.c). Blending consists in melting polyethylene with the coupling agent on rollers at a
temperature between 170 and 190 °C and mixing them with fibers. After mixing all constituents, peeling of
this mixture from the roller is done before re-blending it several times. The aim of peeling and subsequent
re-blending of the mixture is to ensure isotropy of the composite sheet. When blending is completed, the
composite sheet is removed from the roller and it is cut into strips (using a knife) according to the molder
size. The second step is molding, which consists in filling a mold with material and putting it in a
thermopress at 170°C and at a pressure of 10 to 15 metric tons. After 10 to 15 minutes of thermic

compression, the mold is cooled to 60°C, by circulating cold water with 43°C.min"! as constant cooling rate.

Bending specimens were manufactured using 40%wt (in weight) of short birch fibers (SBF), 3% of MAPE
and 57% of HDPE, according to the dimensions and geometry that are specified in ASTM-D638 and ASTM-
D790 standards (Figure 1.d). The dimensions of the mold, used in the molding step, are 127 mm (length),
12.5 mm (width) and 3.3 mm (thickness) .

Figure 1: Sample manufacturing machines: a) Blending machine; b) Rollers of blending machine; c)

Molding machine (thermopress); d) bending specimens

2.3 Quasi-static bending tests



Three-point flexural tests were performed in accordance with the ASTM-D790 standard. These tests were
carried out on an Instron model LM-U150 electromechanical testing machine, equipped with a 10 kN load
cell (Figure 2.a). The parameters used for these tests were a 1 mm/min speed and a 55 mm distance between
flexural supports. The objectives of these quasi-static bending tests were assessing quasi-static properties of
polyethylene reinforced with 40%wt of SBF and comparing these properties with those of neat polyamide
(Nylon) and polyethylene.

2.4 Bending fatigue tests

Flexural fatigue tests were conducted using a MTS servo hydraulic testing machine equipped with a 100

KN load cell (Figure 2.b). They were performed using sinusoidal displacement control. The displacement

ratio(R = gm—i”) was 0. Two loading frequencies were used in these flexural fatigue tests: 10 and 15 Hz. The

objective is evaluating the effect of loading frequency on the fatigue behavior of polyethylene reinforced
with 40%wt of SBF. The choice of these frequencies was made considering frequencies used with
experimental fatigue tests on Nylon spur gears [33] which were conducted with a rotation speed between 600
RPM and 1200 RPM, corresponding respectively, to 10 Hz and 20 Hz. Seven displacement levels were used
with, at least, three tests at each displacement level (as specified by ASTM-D7774) to calculate a mean value
of the number of cycles to failure (fatigue life). The choice of these displacement levels was done based on
previous quasi-static bending tests. This allowed us considering only three displacement levels, among the
seven used, for which bending stress was slightly higher than the elastic limit. The other four levels used
were in the elastic part of quasi-static behavior of the studied composite.
These fatigue tests allowed us assessing the evolution of fatigue life versus the displacement (or strain) level
of the studied composite. Fatigue damage was then evaluated by assessing the evolution of residual strength
along fatigue tests. This evolution represents the variation of maximum stress along fatigue cycles until
specimen failure.
A CCD camera (Figure 2.b) was used along fatigue tests with the MTS machine. This camera was mainly
focused on the middle zone of the transverse surface of bending specimens during fatigue tests. The CCD
camera field of view covered around 18 % of specimen length and 100% of specimen thickness so that the
progress of macro-cracks can be followed across the entire thickness. Images were captured until complete
failure of the specimen. Generally, this type of images is used to determine strain fields in specimens along
mechanical tests. These fields are calculated using the Digital Image Correlation technique. In this case,
CCD camera images were used to follow the evolution of macro-cracks across specimen thickness along
fatigue tests.

Another bending fatigue test was performed using a ‘Type K’ calibrated thermocouple (shown in Figure
3). A 15 Hz frequency was used for this test along with the same maximum displacement level used in the
previous fatigue tests. Temperature was measured in the middle of the specimen lower surface. A gum was

fixed on the thermocouple to ensure that there is no interference with the MTS machine temperature itself.



The aim of this test was measuring self-heating of the composite along the fatigue test. This measurement
allows us assessing if self-heating is important enough to affect dynamic behavior of the composite or not.
As done with quasi-static bending tests, a comparison was made, in terms of HCFS and residual strength,
between results presented below and results found in literature about the bending fatigue behavior of
polyethylene and polyamide (Nylon). This comparison allows assessing the benefit, on the fatigue behavior,

of adding 40%wt of SBF in the polyethylene matrix.

2.5 Acoustic emission

Acoustic Emission (AE) measurements were also conducted in parallel with fatigue tests (Figure 2.c),
using devices provided by Physical Acoustics Corporation (PAC) and equipped with two PCI cards. Two
sensors (type Micro-80 PAC, wideband 100—-1000 kHz) were mounted on the surface of bending specimens,
with an 88 mm distance between the two sensors. An acoustic threshold level set at 33 dB was used to filter
the background noise. A silicone adhesive gel was used as a coupling agent between the sensors and
specimens. Before each test, quality of this coupling was verified using a Nielsen-Hsu pencil lead break.

The quality of measured AE data mainly depends on the choice of the waveform system timing parameters,
namely, the peak definition time (PDT), hit definition time (HDT) and hit lockout time (HLT). The
employed values of these timing parameters are PDT = 40 ps, HDT = 80 pus and HLT = 200 ps [31, 34].
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CCD Camera

AE sensors

Figure 2: Experimental testing machines: a) Quasi-static testing machine; b) MTS fatigue machine with

CCD camera; c) zoom on bending specimen with AE sensors
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Figure 3: Multimeter and ‘Type K’ thermocouple used for self-heating monitoring
3 RESULTS AND DISCUSSION
3.1 Quasi-static bending tests

Figure 4 presents stress-strain curves recorded during 3-point flexural tests performed on specimens made
of polyethylene reinforced with 40%wt of SBF. These tests were performed using four specimens and they
show that the quasi-static flexural behavior is similar. This behavior is almost brittle and it is characterized
by a linear elastic domain, a nonlinear viscoelastic domain and a short plastic plateau. Results obtained from
these quasi-static bending tests are summarized in Table 1. These results notably show that the specimens

used in these tests present good measurement reproducibility with low standard deviation.
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Figure 4: Bending stress-strain curves of polyethylene reinforced with 40%wt of SBF



Table 1: Bending mechanical properties of polyethylene/40%wt of SBF

Specimens Elastic Maximum Strain at

modulus stress (MPa) failure (%)
(GPa)

1 2.64 56.98 6.25

2 2.35 55.80 6.48

3 2.51 57.59 6.61

4 2.68 54.38 5.47

Mean value 2.54 56.19 6.20

STD DEV 0.15 1.42 0.51

Cov 0.06 0.03 0.08

Polyethylene reinforced with 40%wt of SBF presents a 2.54 GPa mean flexural elastic modulus, a 56.19
MPa mean maximal stress and a 6.2 % mean strain at failure. Figure 5 shows a comparison between the
mechanical properties of this composite material with those of virgin thermoplastics (HDPE, polypropylene
(PP), Nylon 6 and 11). The mean tensile modulus of the studied composite (Figure 5.a) has been assessed
using an acoustic impulse device [35, 36]. This device makes in the specimen an excitation created by
automated tapping. The vibration is then recorded by a microphone and analyzed using the ‘“Resonant
Frequency & Damping Analyzer (RFDA)” software from the IMCE society. Vibration analysis allows the
determination of resonant frequency. Based on that, tensile modulus E is calculated according to the relation
mentioned in the ASTM-E1876-09 standard. It is important to note that these measurements have also been
used as a criterion for validating flexural specimens. Indeed, some of the manufactured specimens were
discarded, based on their tensile modulus. Specimens for which tensile modulus showed a deviation from
mean results found by Bravo et al. [24] that was higher than 7% (in absolute value) were discarded. This
specimen validation criterion ensures that specimens with very similar fiber content and distribution are only

considered.
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Figure 5: Comparison between mechanical properties of some plastic materials [31, 37-47] and
thermoplastic polymers [24, 31, 39, 48-55] and those of the polyethylene reinforced with 40%wt of SBF: (a)
Tensile modulus (b) Flexural modulus (c) Flexural strength

According to Figure 5.a, polyethylene reinforced with 40%wt of SBF presents a higher stiffness than that of
Nylon 6/66, Nylon 11 and chosen thermoplastic polymers. The addition of 40%wt of short birch fibers in a
polyethylene matrix brings about a 447% increase in tensile modulus, if compared to neat HDPE. Moreover,
this new composite presents a 403% and 74% increase in tensile stiffness, if respectively compared with
Nylon 11 and Nylon 6/66. Figure 5.b presents flexural modulus of materials considered in Figure 5.a. This
Figure shows that the flexural stiffness of polyethylene reinforced with 40%wt of SBF is higher than that of
all materials used for comparison. The increase in flexural stiffness is 9.64%, 84.1%, 181.2% and 227.04%

compared respectively with Nylon 6/66, Nylon 11, polypropylene and neat HDPE.

Figure 5.c shows that polyethylene reinforced with 40%wt of SBF also presents a higher flexural strength if
compared with Nylon 11, polypropylene or neat HDPE. Indeed, the increase in flexural strength is
respectively 24.9%, 38.44% and 140.5%. However, Nylon 6/66 presents a flexural strength that is much
higher than that of the studied composite. Nylon 6/66 flexural strength is 114.8 MPa, which is 104.3% more
than that of polyethylene reinforced with 40%wt of SBF.

3.2 Fatigue bending tests



3.2.1 Durability of material

Experimental results obtained for fatigue life (displacement-N and &-N) of polyethylene reinforced with
40%wt of SBF, are plotted in Figure 6. As previously mentioned, two frequencies have been used for these
tests: 10 and 15 Hz. These &-N distributions (Figure 6.b) are based calculating maximal strain at the outer
surface, which occurs at mid-span. As shown in Figure 4 and consistently with the work of Bravo et al.[24],
all displacement levels applied induce strains that remain in the elastic and viscoelastic parts of quasi-static
behavior of the studied composite. The strain level is obtained using the following formula, as specified by

the ASTM D-7264 standard:

_ 66h

£E=—- (N

L2

Where

&: maximal strain at the outer surface
o: displacement level (mm)

h: thickness of specimen (mm)

L: support span (mm)

On the graphs in Figure 6.a and Figure 6.b, points with an arrow indicate that the specimens were not broken
when reaching the maximum number of fatigue cycles, which has been set at 5 million cycles. Analysis of
these results shows that the high cycle fatigue strength of the studied material is the same for both
frequencies. It means that, regardless the applied frequency, the HCFS is always reached at a 0.91% strain

level.

10



23
a)
E - 9 L] .
E 2 % W 90 mun
?>J mou g B &l
2 = wmee
=5
o HCFS —
g
[}
Q
a1
% . —
g + Fatigue life (15 Hz) &
=
g b5 ® Fatigue life (10 Hz)
0
1.00E+05 1.00E+06 1.00E+07
Number of cycles to failure
1.60
b)
1.40 e+ =
o = 44 man
F 120 SeNes HE B
T
i 1.00 mE W0
= HCFS Y —
© 0.80
7
£ 0.60
= [
o
= 040 "
+ Fatigue life (15 Hz)
0.20
= Fatigue life (10 Hz)
0.00
1.00E+05 1.00E+06 1.00E+07
Number of cycles to failure

Figure 6: Fatigue life of polyethylene reinforced with 40%wt of SBF: a) Fatigue life with each displacement
level at 10 and 15 Hz; b) e-N curves at 10 and 15 Hz

3.2.2 Weibull statistics analysis

The 2-parameter Weibull distribution is commonly used to describe the cumulative probability of failure.

This probability is defined as [56]:

Pa(N) =1 - Exp (—)" @

In this equation, N is the number of cycles, Pr is the probability of failure in N cycles or less, m is Weibull

modulus (or coefficient) and Ny is characteristic life.

To determine these Weibull distribution parameters (m and Ny), the evolution of Bernard’s median rank with

the number of cycles to failure is calculated. Bernard’s median rank is defined as: [57]

MR = 1203 3)

T n+0.4

i represents the number of data point (in an ascending order) and n is the total number of data points.

Table 2 summarizes these parameters for each strain level used and for the two frequencies applied.

11



Table 2: Parameters of Weibull distribution in each frequency and strain level

Frequency Strain level No m
(Hz) (“o)
10 1.04 1.83E+06 4.46
1.17 1.23E+06 1.83
1.30 6.04E+05 3.34
1.43 3.39E+05 1.79
15 1.04 2.30E+06 3.70
1.17 9.46E+05 4.11
1.30 4.31E+05 2.49
1.43 2.88E+05 1.72

As mentioned previously, Ny stands for the characteristic life, which represents the number of cycles
corresponding to a 50% cumulative failure probability. Figure 7 presents three different zones related to high
(Zone-1), low (Zone-III) and intermediate stain levels (Zone-1I). In Zone I, for which the strain level is
higher than 1.15%, Figure 7 shows the effect of frequency on the characteristic life No and it illustrates that
No decreases with the increase of frequency. In Zone III, three strain levels where used (0.39%, 0.52% and
0.91%). However, for these three strain levels, the fatigue life of polyethylene/40%wt of SBF exceeds
5E+06 cycles, which is the maximum number of fatigue cycles used, as introduced above.
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Figure 7: Evolution of Characteristic life with the strain level and frequency
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Zone I and Zone III are separated by Zone II, which features data with 1.04% strain level. At this level, the
fatigue life of specimens is less than the SE+06 cycles limit mentioned above. In Zone II, the characteristic
life does not represent the same trend as seen in Zone 1. Indeed, in Zone 11, Ny increases with the increase of
frequency. This trend can be explained by the fact that, for the two applied frequencies, fatigue lives are so

close to each other that it distorts the characteristic life trend obtained.

According to the work of Toubal et al. [56], the dispersion of the fatigue life of polyethylene reinforced with
40%wt of SBF decreases when the Weibull modulus increases. As shown in the results presented in table 2
and with 10 Hz of frequency, Weibull modulus decreases with the increase of strain level, except for 1.17%.
This evolution of parameter m shows that the dispersion of the fatigue life increases with the rise of strain
level. The same behavior is observed with a 15 Hz frequency but the values of Weibull modulus were lower
than those obtained with 10 Hz. Based on that, we can deduce that the dispersion of fatigue life increases
with the increase of the frequency. As seen previously, with the two frequencies used and at a 1.17% strain
level, the values of parameter m were contradictory to the trend. For this reason, these two values will be out

of consideration in this section.

The determination of the two Weibull distribution parameters allowed comparison between Weibull and
experimental evolutions of cumulative failure probability as a function of the number of cycles. The
experimental evolution characterizes the variation of median rank as a function of the number of cycles to

failure for polyethylene reinforced with 40%wt of SBF.

Figure 8 shows that the fatigue behavior of the studied composite perfectly fits the evolution of cumulative
Weibull failure probability. Moreover, considering the results mentioned above and at a given strain level,
we can observe a reduction of the fatigue life dispersion with the decrease of frequency. Concerning the
effect of the strain level on the dispersion, it cannot be observed in Figure 8 because the number of

experimental points with 1.43% of strain level (3 points) is lower than that with 1.30% (5 points).
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Figure 8: The cumulative Weibull failure probability compared with experimental data: a) 10 Hz frequency
and 1.30% strain level; b) 10 Hz frequency and 1.43% strain level; c) 15 Hz frequency and 1.30% strain
level; d) 15 Hz frequency and 1.43% strain level

3.2.3 Monitoring self-heating

As mentioned previously, self-heating of the composite has been monitored, with a thermocouple, to
assess if temperature rise exceeds or not 10°C. This 10°C threshold is specified in the ASTM-D3479
standard. As defined in this standard, if self-heating exceeds 10°C, the dynamic mechanical properties of the
composite are likely to be affected, which corrupts fatigue tests. In this case, extreme conditions (15 Hz
frequency and 2.2 mm displacement level) have been used in this fatigue test to assess maximum self-
heating. The evolution of temperature at the location of the thermocouple (where bending strain is
maximum) showed that temperature rise reached a plateau after 4.10° cycles. In this test, self-heating
reached a 3.3 °C plateau which is lower than the upper limit as specified in the ASTM standard. Thus, we
can conclude that fatigue tests, presented in this work, are not affected by self-heating phenomena, which

means that fatigue damage is purely mechanical.
3.2.4 Fatigue damage

Residual strength was determined to detect the fatigue damage of high density polyethylene reinforced
with 40%wt of SBF. The MTS machine data, processed with MATLAB®, allows computing the evolution of
maximal load versus the number of cycles. As shown previously in section 3.2.1, all displacement levels
applied induce strains that remain in the elastic and viscoelastic parts of quasi-static behavior of this
composite. Then, the evolution of residual strength can be obtained using the formula mentioned below, as

specified by the ASTM D-7264 standard for 3-points flexural tests.

_ 3PL A
° 2bh? )

Where:

o: maximal stress (residual strength) at the outer surface at mid-span (MPa)
P: maximal applied load (N)

L: support span (mm)

b: width of specimen (mm)

h: thickness of specimen (mm)

Figure 9 shows the evolution of residual strength versus the number of cycles. This evolution is shown at
two strain levels and at both loading frequencies. The choice of strain levels used in Figure 9 has been made
to have one level in Zone I and one in Zone III. A 1.17% strain level, which is in Zone I, presents a residual

strength evolution with three different stages: rapid decline, gradual reduction and accelerated decline. At a
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0.91% of strain level (Zone III), the evolution of residual strength only presents two stages: rapid decline and

gradual reduction.

The difference between behaviors at these two strain levels is about fatigue life. At a 1.17% strain level, the
sample broke before reaching the SE+06 cycles limit while, at a 0.91% strain level, the test stopped at SE+06
cycles without detection of any macro-crack. Based on this result, we can state that the third stage, as
observed at a 1.17% strain level, is due to the initiation and propagation of macro-cracks. The same
evolution of residual strength was observed with other stain levels. It means that, regardless the imposed
frequency, the evolution of maximal stress presents three stages for strain levels in Zone I and two stages for
strain levels in Zone III.

From Figure 9 and from residual strength results for other strain levels, we observed that the second stage
(gradual reduction stage) dominates these fatigue tests. The evolution along this gradual reduction stage can
be considered as nearly constant due to the small variation of residual strength versus the number of cycles.
Moreover, this gradual reduction stage represents more than 50% of the test for strain levels taken in Zone I
and Zone III. Thus, the effects of loading frequency and of strain level on the residual strength have only
been studied for the gradual reduction stage. Results showed in Figure 10 present an increase in stress along

the gradual reduction stage when increasing frequency and strain level.
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Figure 9: Evolution of residual strength versus the number of cycles: a) 10 Hz frequency and 0.91% strain
level; b) 10 Hz frequency and 1.17% strain level; c¢) 15 Hz frequency and 0.91% strain level; d) 15 Hz
frequency and 1.17% stain level
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Figure 10: Influence of frequency and strain level on the gradual reduction stage stress

Values obtained for stress along the gradual reduction stage can be superimposed with the evolution of
quasi-static bending stress versus the strain level. At a 10 Hz loading frequency, the evolution of stress along
the gradual reduction stage presents the same behavior than that obtained with quasi-static bending test.
Therefore, for a 10 Hz loading frequency and for more than 50% of cycles along a fatigue test, controlling
strain can be considered as equivalent to controlling load. The equivalent stress level of a load control test

can be obtained from the second stage of residual strength evolution.

As introduced in section 2, a CCD camera and an acoustic emission device have been used along these
fatigue tests, at least once for each strain level. Data obtained with the CCD camera and acoustic emission
device allowed us to see respectively the initiation/propagation of macro-cracks and the evolution of acoustic
energy along fatigue tests. Figure 11 presents a superimposition of the evolution of residual strength with
the evolutions of normalized acoustic energy and macro-crack length versus the number of cycles.
Normalization was applied with respect to the maximum value, in order to express the evolution of acoustic
energy and of macro-crack length on the same axis. As shown in Figure 11.a and Figure 11.b and depending
on the other results founded with other strain levels, the acoustic energy curve features four stages: the first
increase stage, the first steady stage, the second increase stage and the second steady stage which
characterizes the failure of specimen. The first increase stage corresponds to the rapid decline stage of
residual strength. Based on that, we can state that rapid decline of the residual strength is due to an increase
of damage mechanisms inside samples. The first stage of the acoustic energy evolution presents a difference

between the two frequencies: with 10 Hz loading frequency, the acoustic energy increases until reaching a
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plateau (around 9.32E+02 pV.s). After 8.2E+03 cycles, the energy increases again to reach 3.73E+03 puV.s,
which characterizes the first steady stage of acoustic energy. With 15 Hz loading frequency, the energy
directly increases to reach the first steady stage. In Figure 11.b, the first steady stage presents no constant
acoustic energy but the evolution is characterized by a slope lower than those in the other stages. As shown
in Figure 11, the first steady stage in the acoustic energy curve corresponds to the gradual reduction of
residual strength. It means that if there is no significant increase in events related to damage mechanisms, the
residual strength remains almost constant. The third stage in the acoustic energy curve (the second increase
stage) begins in the second stage of residual strength evolution and continues in its third stage. At the
beginning of the slope, for both loading frequencies, the increase of damage mechanisms is not sufficient to
cause a decrease in residual strength. After a number of cycles, the accumulation of events in the material
begins the accelerated decline stage in the residual strength evolution.

The fourth stage in the acoustic energy curve is characterized by another plateau, which is associated with
failure of samples. For the 10 Hz frequency, only the first point of this plateau is plotted (1.25E+06 uV.s)
because the rest of the second steady stage occurs after the failure of specimen. For the second frequency (15
Hz), the value of acoustic energy reached for the final plateau is around 1.19E+07 pV.s. In this case, we can
see the second plateau in the acoustic energy curve in Figure 11.b, because the failure of specimen is

observed after 6E+03 cycles from the beginning of this last acoustic energy stage.
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Figure 11: AE normalized acoustic energy, normalized macro-crack length and residual strength versus

number of cycles: a) 10 Hz frequency and 1.43% strain level, b) 15 Hz frequency and 1.43% strain level

For the evolution of macro-cracks (red curves in Figure 11), the final point in these curves corresponds to the
number of cycle to failure of specimens. In Figure 11.a and Figure 11.b, the image acquisition frequency of
the CCD camera was equal to 50s. Based on these figures, it can be noted that initiation of macro-cracks
always happens in the third stage of the acoustic energy evolution (second increase stage). It means that
increase in the number of micro-cracks in specimens, shown by rise in the acoustic energy, causes the
initiation of macro-cracks.

As mentioned previously, the evolution of macro-cracks causes the accelerated decline of residual strength.
Based on that, we can observe that, in Figure 11.a and Figure 11.b, the initiation of macro-cracks
respectively appears in the second and third stages of the evolution of residual strength. This difference in

macro-crack initiation between the two tests could be caused by the CCD camera location: the camera was
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placed in front of the fatigue machine to detect macro-cracks on the transverse face of specimens. Thus, if a
macro-crack appears on the longitudinal face of a specimen (test in Figure 11.b) its propagation may not be

seen on the transverse face of this specimen due to the location of CCD camera.

3.3 Comparison of results obtained with other related work

The fatigue behavior of polyethylene reinforced with 40%wt of SBF was compared with that of
polyamide 66 (Nylon 66) and of ultra-high molecular weight polyethylene (UHMWPE). As mentioned in the
introduction, this comparison aims at identifying advantages of the studied composite over Nylon and neat
polyethylene. As shown in Figure 10, fatigue tests with displacement control at a 10 Hz loading frequency
can lead to a S-N curve. This is based on using the mean stress in the second stage of residual strength as
stress level. The S-N curve obtained this way is superposed, in Figure 12.a, with S-N curves coming from
the literature. These results were obtained at frequencies (5 Hz for Nylon 66 and 30 Hz for UHMWPE and
another Nylon 66) which are different from those used in this paper. This difference is tolerated due to
results shown in Figure 6 since it illustrates that, for low strain levels (Zone III), the influence of loading

frequency on the HCFS is negligible.

Regardless of frequency used in tests presented in this work, Figure 12.a shows that the studied composite
presents a HCFS that is higher than those obtained for UHMWPE or Nylon 66 for the same stress level
range. The studied composite presents a 22.44 MPa HCFS, which is 69.87% higher than the value obtained
for UHMWPE [58]. For Nylon 66, in [59], specimens broke before reaching the maximum number of cycles
at a 14 MPa stress level, which was the lower stress level in their tests. Based on that, we can state that the
HCFS of Nylon 66 is lower than that of polyethylene/40%wt of SBF. Nylon 66 has also been studied by
M.G.Wyzgoski et al. [60] using a higher stress level (between 60.23 and 155.1 MPa) than that used in this
work (between 12 and 33 MPa). In their work, the HCFS has not been reached at the lower stress level
(60.23 MPa). Thus, we can state that the HCFS of _polyethylene/40%wt of SBF stands between those of
Nylon 66 studied by R.W.Hertzberg et al. [59] and M.G.Wyzgoski et al. [60].

Some authors have also studied the fatigue behavior of Nylon by plotting the residual strength evolution [61,
62]. Figure 12.b shows the residual strength evolution of polyethylene reinforced with 40%wt of SBF,
superimposed with the second stage of evolution of residual strength for Nylon 66 [61]. The residual
strength evolution of the developed composite was obtained via tests made at a 10 Hz frequency and at a
1.43% strain level. The same parameters were used by J.P.Trotignon et al. [61] to find the evolution of
residual strength for Nylon 66 as shown in Figure 12.b. Based on fatigue results shown in this work, the
mean stress along the second stage of evolution for polyethylene reinforced with 40%wt of SBF is around
33 MPa. This value is lower than that found for Nylon 66 by J.P.Trotignon et al. [61]. However, the

difference is not really significant since it is 3 MPa.
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4 CONCLUSIONS

Monotonic 3-point flexural and bending fatigue tests were conducted to investigate mechanical

properties and fatigue behavior of polyethylene reinforced with 40%wt of SBF.

The mechanical properties obtained through quasi-static bending tests allowed us to make a comparison
between the studied composite and other plastic materials used in plastic spur gears manufacturing. This
comparison shows that polyethylene reinforced with 40%wt of SBF presents tensile and flexural moduli that
are higher than those of polyamide (Nylon 6/66 and Nylon 11) and of neat HDPE. Moreover, this composite
presents higher flexural strength than that of HDPE and of Nylon 11. A comparison with results found in the
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literature also shows that Nylon 6/66 presents a higher flexural strength than polyethylene reinforced with
40%wt of SBF.

Fatigue behavior of polyethylene reinforced with 40%wt of SBF was studied in terms of durability and
fatigue damage. Durability has been assessed at two loading frequencies (10 and 15 Hz) through &-N curves.
These curves show that fatigue life exceeds SE+06 cycles, which has been used as a maximum number of
cycles in these fatigue experiments, for strain levels in the 0.39%-0.91% range. This behavior is the same
for both loading frequencies used. This means that, regardless the applied frequency, the high cycle fatigue
strength is always reached at a 0.91% strain level. After assessing fatigue life evolution, a Weibull statistical
analysis has been achieved. This analysis leads us to the conclusion that the fatigue behavior of
polyethylene reinforced with 40%wt of SBF perfectly follows the 2-parameter Weibull distribution.
Moreover, the evolution of characteristic life versus the strain level defines three zones: Zone I and Zone III
respectively represent high and low strain levels. These zones are separated by an intermediate zone (Zone
IT) where the trend of fatigue life for the studied composite is different from that observed in Zone I and

Zone III.

Fatigue damage has also been studied by computing the evolution of residual strength for each stain level
and for the two loading frequencies used. We came to the conclusion that this evolution presents three stages
in Zone I and two stages in Zone III. The third stage of this evolution (in Zone I) is likely to be caused by an
initiation and propagation of macro-cracks in bending samples. As well, an analysis of the evolution of
residual strength reveals that the second stage in this evolution represents more than 50% of the fatigue test.
This is why the effect of frequencies and strain levels on the residual strength has only been studied in the
second stage of residual strength evolution. The increase of loading frequency or strain level causes an
increase of the residual strength. Moreover, at a 10 Hz loading frequency, it has been observed that
controlling strain can be considered as a valid approach for assessing results when controlling load. The

stress level can indeed be obtained from results along the second stage of residual strength evolution.

A CCD camera and an acoustic emission device respectively allowed us assessing the evolution of macro-
cracks and of acoustic energy. The superimposition of the evolution of acoustic energy with that of residual
strength shows that the decrease of strength is caused by an increase of damage mechanisms, which is
highlighted by an increase of acoustic energy. A superimposition of the evolution of macro-crack length,
with these two curves, shows a gap between the beginning of the third stage in the evolution of residual
strength and the initiation of macro-cracks (Figure 11.b). We think that this gap is caused by the CCD
camera location: the camera was located in front of the fatigue machine to detect macro-cracks on the
transverse face of samples. Thus, if a macro-crack appears on the longitudinal face of samples, its

propagation on the transverse side may be considered, by the CCD camera, as an initiation of a macro-crack.
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A comparison has finally been made between S-N curves and residual strength evolution for the studied
composite with those of Nylon 66 and UHMWPE. This comparison shows that the high cycle fatigue
strength of polyethylene reinforced with 40%wt of SBF is higher than those of UHMWPE and Nylon 66 as
studied by R.W.Hertzberg et al. [59]. Moreover, the second stage stress of the new composite is very close
to that of Nylon 66. Based on all these results, replacing Nylon with HDPE reinforced with 40%wt of SBF
in spur gears manufacturing can be foreseen, which represents a promising alternative and an interesting

subject for future research work.
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Figure 13: Sample manufacturing machines: a) Blending machine; b) Rollers of blending machine; c)

Molding machine (thermopress); d) bending specimens

Figure 14: Experimental testing machines: a) Quasi-static testing machine; b) MTS fatigue machine with

CCD camera; c) zoom on bending specimen with AE sensors
Figure 15: Multimeter and ‘Type K’ thermocouple used for self-heating monitoring
Figure 16: Bending stress-strain curves of polyethylene reinforced with 40%wt of SBF

Figure 17: Comparison between mechanical properties of some plastic materials [31, 37-47] and
thermoplastic polymers [24, 31, 39, 48-55] and those of the polyethylene reinforced with 40%wt of SBF: (a)

Tensile modulus (b) Flexural modulus (c) Flexural strength

Figure 18: Fatigue life of polyethylene reinforced with 40%wt of SBF: a) Fatigue life with each
displacement level at 10 and 15 Hz; b) e-N curves at 10 and 15 Hz

Figure 19: Evolution of Characteristic life with the strain level and frequency

Figure 20: The cumulative Weibull failure probability compared with experimental data: a) 10 Hz frequency
and 1.30% strain level; b) 10 Hz frequency and 1.43% strain level; c) 15 Hz frequency and 1.30% strain
level; d) 15 Hz frequency and 1.43% strain level

Figure 21: Evolution of residual strength versus the number of cycles: a) 10 Hz frequency and 0.91% strain
level; b) 10 Hz frequency and 1.17% strain level; c) 15 Hz frequency and 0.91% strain level; d) 15 Hz
frequency and 1.17% stain level

Figure 22: Influence of frequency and strain level on the gradual reduction stage stress

Figure 23: AE normalized acoustic energy, normalized macro-crack length and residual strength versus

number of cycles: a) 10 Hz frequency and 1.43% strain level, b) 15 Hz frequency and 1.43% strain level

Figure 24: Comparison of fatigue results obtained with previous work: a) S-N curves [58-60], b) Evolution

of residual strength versus number of cycles [61]

26



Table 3: Bending mechanical properties of polyethylene/40%wt of SBF

Table 4: Parameters of Weibull distribution in each frequency and strain level
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