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ABSTRACT

Modern trends in using materials for drive applications encourage new research and solutions based on green materials. To

expand the use of these materials in specific industrial environments, it is essential to understand their properties, which are de-
termined through basic laboratory tests that simulate the product's real operation. Evaluating the performance of these materials
on test specimens and real parts, such as gears, will enable precise optimization for specific applications. This paper presents

systematic fatigue and wear characterization of high-density polyethylene (HDPE) reinforced with 30% birch natural wood fibers

for selected gear pair cases. The results showed that using the material in combination with a drive steel gear is more desirable

than using the same material in a gear pair. The calculated wear coefficient of the biobased composite is comparable to numerical

values of wear coefficients for engineering polymer materials.

1 | Introduction

In recent years, the increasing use of materials based on natu-
ral ingredients has been encouraged, as they are more environ-
mentally friendly. Using them significantly reduces the harmful
impact on the environment, which is in line with sustainable
engineering. Unfortunately, most consumer goods are still made
from petroleum-based plastics. This raises sustainability issues
such as the depletion of nonrenewable resources and pollution,
the extent of which is undeniable.

Reinforcement with short natural fibers is proposed to enhance
the mechanical properties of low-cost standard plastics and

limit their environmental impact. Efforts to produce this type
of composite material date back to the 1970s. It was soon real-
ized that the addition of short fibers was necessary to achieve
performance comparable to that of engineering plastics, such
as nylon [1, 2]. Furthermore, these biocomposites meet the re-
quirements of a circular economy because they are not only
recyclable but also retain their mechanical properties after
multiple injection cycles [3]. Douglas, Han, and Wang provided
technical guidelines with examples of where to use WPC de-
pending on the application case. The authors suggest using
these composites in the automotive sector for various technical
applications; furniture production; and, in some cases, gearing
applications [4].
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Summary

« Steel/wood-plastic composite (WPC) has longer du-
rability than WPC/WPC gear pair under fatigue long
term.

« Steel/WPC generates low temperatures which is con-
venient in terms of wear.

« Birch fibers showed positive benefits in terms of me-
chanical and wear performance.

« WPC showed improved fatigue in comparison to cur-
rently available biomaterial.

Although the demand for biocomposite materials has increased
over the last decade, so far, only high-strength plastics like
nylon and acetal are used for heavy-duty thermoplastic gears in
practical applications. These engineering plastics are costly and
offer minimal ecological benefits throughout the gear’s life cycle
compared to other biocomposite alternatives. The main reason
for using gears made of nylon or acetal is their high mechani-
cal stiffness compared to other ordinary plastics. The stiffness
of the gears ensures efficient torque transmission, prevents
flexing, and thus reduces wear. Based on the rigidity require-
ments of the structure, Young's modulus is used as a criterion
to select a material capable of withstanding the bending load
while minimizing deformation. Therefore, a more appropriate
solution could be to use a common plastic such as polyethylene
as a matrix and reinforce it with wood fibers, giving it mechan-
ical properties with comparable or even superior rigidity to en-
gineering plastics, while being more environmentally friendly
and cost-effective.

Bravo et al. developed wood polymer composites consisting
of HDPE with various weight percentages of birch fibers: 10,
20, 30, and 40 wt%. The authors characterized the composites
by determining their tensile and flexural properties and an-
alyzing the damage modes. They concluded that selecting a
composite for a particular application requires careful consid-
eration, not only of the mechanical properties but also of the
composite's damage process [5]. Sukiman et al. investigated
the thermal properties of HDPE reinforced with wood parti-
cles at 30-60wt%. Their findings showed that increasing the
wood particle content led to a reduction in thermal conductiv-
ity by up to 44% compared to pure HDPE. This highlights the
insulating properties of wood particles [6]. Koffi et al. tested
the mechanical properties, wettability, and thermal degrada-
tion of HDPE reinforced with different percentages of birch
fibers [7]. Their findings revealed that birch fiber degrades at
a lower temperature than HDPE. Moreover, neither the birch
fiber content nor the coupling agent content affects the melting
temperature of the material. Furthermore, the tensile strength
of composites with 40% birch fibers was more than double that
of virgin HDPE. Ezzahrae et al. (2023) tested and evaluated
the performance of three wood polymer composites with the
same polymer matrix and three different weight contents of
wood fibers which were the following: 40, 50, and 60 wt% [8].
They showed that density thermal properties and hardness
are proportional to the increased content of wood fibers. They
found out that 60% of wood fibers harm the flexural strength,

unlike the flexural module which increases it. Askadskii et al.
studied wood-polymer composites made with HDPE and var-
ious natural fibers to assess their mechanical properties and
develop guidelines for semistructural or structural applica-
tions [9].

In the context of plastic and biocomposite gears, researchers
have investigated their thermal behavior, assessed root stress,
and evaluated critical damage mechanisms [10-21]. It has
been demonstrated that carbon particles enhance the friction
performance of POM gears [14]. However, carbon, unlike short
natural fibers, lacks comparable biodegradability benefits.
Blais and Toubal tested and validated the mechanical char-
acteristics of HDPE reinforced with short natural fiber using
a test bench designed to monitor the high cycle bending fa-
tigue characteristics of gear teeth [15]. Fatigue versus number
of cycles was modeled using S-N curves, damage indices, and
a linearized Weibull distribution. Zorko, Demsar, and Tav¢ar
combined experiments and simulations to evaluate biopoly-
mer gears [16]. By pairing biopolymers with steel gears, they
observed lower operating temperatures and wear rates com-
pared to traditional POM and PA plastic gears. Bravo et al. in-
troduced green and biocomposite materials to study gearing
fatigue [17]. They evaluated how these gear pairs performed in
terms of durability and temperature response under different
load conditions. While the study suggests promise for these
materials in drivetrain applications, the authors emphasize
the need for further research, particularly on wear and fa-
tigue resistance. Hriber§ek and Kulovec investigated the per-
formance of steel gear pairs meshed with HDPE composites
reinforced with either 20% wt spruce fibers (SFs) or 20% wt
beech fibers (BFs) [18]. They found that BFs have a positive im-
pact on the durability and wear resistance of the gears due to
their superior mechanical properties. Ghazali et al. analyzed
the wear behavior of biopolymer spur gears [19]. They iden-
tified the three typical wear stages: running-in, linear, and
rapid increase of wear. Their findings demonstrated that bio-
polymer gears wear similarly to conventional spur gears made
from fossil fuel-based polymers. Cerne et al. developed a ther-
momechanical model that produces results consistent with
experimental measurements of polymer gear running using
high-speed infrared thermography [20]. Cerne and Petkovsek
implemented a high-speed camera based on optical measure-
ment to evaluate in-mesh tooth deflection analysis of thermo-
plastic spur gears during running [21].

While some research exists on natural short-fiber composite
gears, information remains scarce, limiting the use of WPCs
in structural applications. No studies have compared fatigue
and wear in steel and biocomposite drive gear configurations.
Furthermore, unlike metal gears, WPC gears have lower ther-
mal conductivity, which, combined with friction, can cause heat
spikes at their meshing teeth. These characteristics directly in-
fluence the progression of wear, often leading to premature fail-
ure over time. This wear and thermal degradation are important
challenges for WPC gears. It is therefore essential to study the
wear and fatigue of WPC gears to facilitate their integration into
machine elements.

This paper investigates the fatigue behavior of HDPE reinforced
with 30wt% birch fibers (HDPE BF30). The thermal response of
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gear pairs composed of steel meshing with HDPE BF30 (steel/
HDPE BF30) and HDPE BF30 meshing with itself (HDPE BF30/
HDPE BF30) was characterized. Wear measurements were per-
formed on the tooth flanks of the polymer composite gear to as-
sess its contribution to gear failure. Finally, electron microscopy
was used to analyze the damage mechanisms leading to gear
failure.

2 | Material and Methods
2.1 | Materials

To produce the pulp required for granule production, short birch
fibers were subjected to thermomechanical pulping. The fibers
were produced at the Innovations Institute in Ecomatériaux,
Ecoproduits et Ecoenergies, Trois-Riviéres, Canada, and were
dried at 80°C in an air-circulated oven for 24 h, then ground to
20-60 mesh size before use. The fiber aspect ratio (mean length
divided by average diameter) classes were obtained by mechan-
ical refining and screening and characterized using an OpTest
fiber quality analyzer 5,7. The properties of birch fibers are as
follows: the mean length (L) is 0.53 mm, the mean width (D) is
23.8um, and the aspect ratio (L/D) is 22.26. Maleic anhydride
grafted polyethylene (MAPE) from Eastman as a coupling
agent and high-density polyethylene with a melt flow index of
20.0g/10 min and density of 0.962 g/cm? from NOVA Chemicals
were used. HDPE pellets were melted on rollers at 170°C, and
then, MAPE and fibers were subsequently added according to
the desired weight ratio (30wt%) presented in [7]. The result-
ing paste was cooled and shredded using an industrial grinder.
Granules were then obtained for use in the manufacture of
parts, such as, in our case, gears. The mechanical and thermal
properties of the material have already been presented in previ-
ous works [5, 7].

2.2 | Description of Gear Test Samples

The testing procedure involved two gear pair configurations:
(1) steel driving gear paired with a driven gear made of HDPE
reinforced with 30% wt of birch short fibers and (2) both gears
made of the same material (HDPE reinforced with 30% wt of
birch short fibers).

Test gears were produced using a hobbing process, a specialized
gear manufacturing technology known for its high degree of di-
mensional and geometrical precision, as well as for achieving
appropriate surface integrity on machined surfaces. These ad-
vantages are particularly significant in the automotive indus-
try, where small deviations from the CAD design specification
can have significant effects on the gear operating performance
and safety. Hobbing is a suitable and flexible machining pro-
cess for producing small and large numbers of gears with high
precision and accuracy. The cutting tool has cutting teeth on a
gear blank called a hob. Hobbing is a versatile process that en-
ables machining gears from various materials, such as steel, and
polymer-based materials, and can be applied to a wide range
of gear modules and types of gear flank: involute, S-gear shape
[22]. Spur gear samples were produced using an involute gear
hob cutter.

The gears were produced using a CNC hobbing machine center
Krauss Maffei KM 50/100 CX. Test gears were produced, spe-
cifically 100 specimens, to ensure a stable precision machining
process with consistent dimensional quality. The gears were
produced using an involute shape of a hob cutter. Table 2 speci-
fies the basic parameters necessary for gear design obtained by
contact analysis performed under 0.6 Nm for both gear pairs ac-
cording to VDI 2736 analytical calculation guidelines. The gear
design optimization was done using a specialized analytical cal-
culation procedure the same as Hlebanja et al. used [23].

After machining, the steel gear received superfinishing, a pre-
cision surface treatment that utilizes abrasive particles (often
ceramic media) to remove burrs and improve surface quality.
Superfinishing enhances the gear's functional characteristics by
reducing friction, increasing wear resistance, and extending op-
erational life. It is worth noting that both the driving and driven
gears share identical geometric and dimensional specifications
Table 1.

A 3D coordinate measuring machine assessed the quality of
eight teeth on each gear (WPC gear in Figure 1). This assess-
ment assigned a quality class to each tooth according to the ISO
1328-1 standard [24]. This standard defines a gear quality scale
from 1 (highest precision) to 12 (greatest deviation from design).
Generally, 2-3 quality is characteristic for the reference gears
which are treated with polishing. As expected, the WPC gear ex-
hibits lower tooth profile quality compared to the steel gear. The
hobbing process of the polymer-based material is characteristic
that is subject to greater vibrations and process volatility due to
a greater inhomogeneity of the material and lower mechanical
properties compared to steel. Furthermore, the WPC's lower
thermal conductivity than steel decisively affects the heat re-
moval process from the cutting zone. Usually, poor heat removal

TABLE1 | Gear parameters and contacting mechanical outputs.
Steel/ HDPE
HDPE BF30/HDPE
Driving gear/driven gear BF30 BF30
Teeth number, z (—) 20/20 20/20
Gear width, b (mm) 6 6
Normal module, m (mm) 1 1
Pressure angle at normal section, 20 20
a(®)
Tip diameter, d, (mm) 22/22 22/22
Reference diameter, d (mm) 20/20 20/20
Root diameter, d; (mm) 17.5/17.5 17.5/17.5
Width of the contact (mm) 6/6 6/6
Total overlap ratio under load (—) 2.0 2.1
Length of the contact line (mm) 6.2 6.2
Maximal sliding velocity (m/s) 0.878 0.934
Gear profile quality (ISO 1328, 6/11 11/11
Part 1)
3of 14

ASULOI'T SUOWIWOY) dA1Ea1)) d]qesrjdde ay) Aq pauIdA0T a1k SI[ANIE () asn JO SA[NI 10 AIRIQIT AUI[UQ) AJ[IAN UO (SUONIPUOI-PUB-SULIA)/ WO Ao[IM ATeIqI[aur[uo//:sdny) suonipuo)) pue sua I, oy 998 [S70Z/20/S0] uo Areiqi auruQ A3[iA ‘SI01], 7 92qand) n(J 1oIsIaAtun) £q 06SH 1 25/1111°01/10p/wod Ka[im Areqrjautjuo,/:sdny woiy papeo[umod ‘0 ‘$69709+ 1



Diameter
.02
0.625

mm

16:1

500:1

Low pass 4;
V: 8.0mm/s

Y PR e

DIN 5480 [..] X #16 | #11 #6

Tooth | #1 #6

#11 | #16 | x | [.]

11| 0.0/25.0 19.5 28.2

Fa 214 237 253 0.025.0 11

=10 =10 8.4 8.0 6.8| 10.1

ffa 3.5 4.2 5.0 1.8 3.6

=1 =1 -19.4 -26.3

fHa | -23.1 -26.0

FIGURE1 | Measurement and evaluation of the flank profile of the wood polymer composite gear with CMM. [Colour figure can be viewed at

wileyonlinelibrary.com]

results in heat retention in the cutting zone and consequently
the formation of a heat-affected area in the material and worse
manufacturing tolerances and surface integrity of teeth flanks.

The arithmetical surface roughness (R,) of the gear tooth flanks
was measured three times on four different gear teeth using a
surface roughness meter [25]. The first set of measurements re-
corded the roughness along the gear width. The second set of
measurements focused on the gear tooth profile, spanning from
the tip to the root diameter. On average, the R along the gear
width was 1.42um, while the R, for the gear tooth profile was
1.92 um.

2.3 | Experimental Setup: Fatigue and Thermal
Testing

The lifetime tests were carried out with manufactured test gears
on a custom test rig (Figure 2). The rig features a rigid cast iron
structure that prevents vibrations from the gear pair from reach-
ing the steel table where it is positioned. Rotational motion is
transmitted from the motors to the shafts where the gears are
mounted via belts and pulleys. Motor 1 drives the rotational
motion, while Motor 2 acts as a brake to apply a defined torque
on the gears. We measured the torques for each gear pair based
on their torsional deformations. To accurately set the center dis-
tance between the gear pairs, we incorporated a linear rail into
the test rig. This rail lets us adjust the center distance in very fine
increments of 0.01 mm. To effectively remove the heat generated
during the operation of the motors, two fans were additionally
installed on the test rig. The essential technical specifications
of the test rig are detailed in reference [18]. We used an infrared
camera connected to a PC to monitor the temperature during
gear operation. This setup allowed us to see the live temperature

distribution on the gear meshing zone. The camera focused on a
specific area measuring 2 X 2mm, with a frame rate of 50 Hz and
a display frame rate of 20 Hz.

The experiment was aimed at determining the fatigue life of two
gear pairings: steel with HDPE BF30 and HDPE BF30 with HDPE
BF30. We tested these under three load conditions (0.6, 0.5, and
0.4Nm) at a constant speed of 1400rpm in standard lab conditions.
To ensure reliable data, we repeated each experiment three times
in the same settings. The last column of Table 2 presents an aver-
age value of the achieved number of load cycles with standard de-
viation for the determined gear pair under the selected load level.
The concept of determination of the number of cycles until the
gear failure was determined from the diagrams shown in Figure 4
and coincided with the temperature peak at the end. The initial
load of 0.6 Nm was chosen based on preliminary contact analysis
using the computational software KISSsoft according to calcu-
lated method VDI2736, Part 2 [26]. The initial durability tests at
0.6Nm provided valuable insights. Based on these results, it was
designed additional load conditions to explore the full range of the
gears' finite life fatigue strength, from about 0.1 million to 5-6 mil-
lion load cycles. This range is crucial, as even small load variations
can significantly affect the gear pair's material behavior. Table 2
summarizes the subsequent durability tests with given operating
parameters, including both gear pairs and the average load cycles
applied to each. The axis distance between tested gear pairs was
20.0mm, considering 0.25-mm clearance between teeth to prevent
gear collision during meshing due to thermal dilatations.

2.4 | Measurements of Flank Wear

To measure the wear of the HDPE-BF30 gear in both op-
tions (steel/HDPE-BF30 and HDPE-BF30/HDPE-BF30), a
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FIGURE2 | Testrig for fatigue evaluation of polymer gear pairs. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 | Operating conditions and calculated gear strength.

Rotational The average number Hertzian Tooth root
speed, n Torque, of load cycles, N-10° pressure, stress, o
Gear pair (min™1) T, (Nm) Repetitions (), (std dev 10°) (-) oy (MPa) (MPa)
Steel/HDPE BF30 1458 0.6 3 0.3 (0.01) 47.5 27.0
HDPE BF30/ 0.4 (0.09) 25.4 20.8
HDPE BEF30 1465 0.5 3 0.7 (0.06)
1.1(0.3)
1472 0.4 3 6.2 (0.3)
3.3(1.0)

3D optical microscope Alicona InfiniteFocus SL was used
[27] to measure the tooth flank profile before and after test-
ing (Figure 3a). Wear was measured on a marked tooth of
the wood polymer composite gear after each test stop to track
its wear behavior over time. To maintain consistent testing
conditions, the contact area between the driving and driven
gears at each stop was marked, allowing us to resume testing
under identical conditions. After testing, a cloud of points in
ASCII files for each tooth profile was imported and processed
into the computing software for 2D drawing and measuring
where wear measurements at defined points at gear circle di-
ameters were taken and compared to the referenced unworn
tooth profile [28]. The optical measurement process was per-
formed each time using 10X magnification of the image. A
spot-measuring area was defined as 2x10 mm, depending
on the tooth size (Table 3). The optical system had a resolu-
tion of 100 nm in the vertical direction and 4 um in the lateral
direction. The contrast of the monitored image was 1, and the
exposure time was 1.4ms. Figure 3b presents a 3D-scanned
part of the worn tooth. The image was generated using soft-
ware from the optical scanner. Figure 3c. shows scanned

fhsseesccecssesss

FIGURE 3 | (a)Optical scanning of test gear. (b) Schematic 3D illus-
tration of the scanned test gear. (c) Processed tooth profile in 2D plane.
[Colour figure can be viewed at wileyonlinelibrary.com]

results in the form of a merged cloud of points that illustrates
an example of a worn tooth profile on which wear measure-
ments were taken.
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TABLE 3 | Settings used of Alicona InfiniteFocus SL.

Zoom lens 10x
Operating area of measuring device (X, Y, 50X 50x155
Z) (mm)

Operating area of lens (mm) 2X2
Maximal lateral resolution (pm) 1.76
Maximal vertical resolution (nm) 100
Minimal measurable profile roughness R, 0.3
(um)

Minimal measurable surface roughness S, 0.15
(um)

Minimal measurable radius (um) 5

3 | Theoretical Framework and Calculations for
Evaluating Abrasive Wear

One of the main aims of the research was to precisely determine
the wear resistance of the observed biobased composite material
on the example of use in gears. By the VDI 2736 Part 2 guideline,
the permissible linear wear W,  is defined by Equation (1):

Woy=(01...0.2) - m,. @

Depending on the tooth root failure, which is a characteristic
failure mechanism when a steel/polymer gear pair is analyzed,
it is necessary to consider the wear rate of the tooth flanks and
compensate it with a safety factor when calculating permissi-
ble root stress. To conduct precise calculations for load-carrying
capacity in KISSsoft, it is appropriate to consider the wear of
observed wood composite gear. In the absence of an interna-
tional ISO standard specifically for the design of polymer gears,
the VDI 2736 guideline is widely adopted as a reference in both
research and industrial settings. According to VDI 2736 guide-
line, a procedure for abrasive wear evaluation of polymer gears
is proposed. This type of wear occurs when gears run dry. The
average linear wear W__ is defined by

_Ty-2-7-N-Hy - ky

W, =
The degree of tooth loss H, is
T-(u+1) 2 5
=———— (1-¢ —g,+& +£3),
2, - cosp,, (1-e —ey+el +63) 3

where u=1 is the gear ratio, z,=20 stands for the number of
teeth (wood composite gear), and 8, =0 (°) is the helix angle at
the base circle.

The partial contact ratios ¢, of the driver and ¢, of the driven gear
can be calculated with Equation (4):

2
_ % dy;
Ei—n' (d—bl> —1-tana , (4)

where 2, ,=20 are numbers of teeth, da1‘2=22 mm addendum
circle diameters, dbl,zz 18.794mm base circle diameters, and
a=20° operating pressure angle in the transverse section.

The profile line length of the active tooth flank [, is calculated
from Equation (5) [4]:

2 d 2
lF1=dib.<(d;a> _<¥> >’ ©

where dy, =21.979mm stands for the active tip diameter and
dy=18.927mm for the active root diameter [26].

4 | Results and Discussion
4.1 | Fatigue Testing

Figure 4 shows the average surface temperature variation
over the number of loading cycles for the three torque lev-
els, obtained using an IR camera. The temperature profiles
focus on the gear mesh-tooth area, which is the likely failure
zone. During the running-in phase, the meshing tempera-
ture gradually increases until it stabilizes, indicating that
the wood polymer composite gear teeth are adapting to the
driving gear teeth. As the gears continue running, a stable
meshing temperature is maintained, leading to wear. In the
final phase, increasing temperature fluctuations can trigger
fatigue-induced cracks, ultimately leading to the failure of the
first tooth.

Experiments revealed that the WPC/WPC gear pairing had
the most significant temperature amplitude fluctuation
during the running at all three torque levels. From a friction
perspective and wear abrasion, using the same material for
both gears is not ideal because it leads to more friction at the
contact point due to the tendency of materials to weld. This
friction generates more heat, resulting in higher tempera-
tures; faster wear; and ultimately, earlier gear failure, as re-
search suggests [29].

Under the higher and medium torques, the WPC/WPC gear
pair reaches longer durability life due to the higher capability
of the gear flank profile adaptation which results in greater
contact surface and consequently lower root stresses. By re-
ducing the load on the gear pair, the durability of the test
increases over the lifespan, which highlights the increased
occurrence of abrasive wear on the tooth flanks which is
narrowly connected with appropriate friction contact be-
tween two paired materials. This increased friction might
also explain the larger temperature fluctuations observed in
the WPC/WPC tests. Interestingly, the steel/ WPC gear pair-
ing showed a longer lifespan at the 0.4-Nm torque level. This
is likely due to better tribological contact conditions and a
lower friction coefficient, which becomes a more critical fac-
tor during longer fatigue tests. In all three experiments, the
meshing temperatures were consistently lower for the steel/
WPC gear pairing. This suggests more favorable tribological
contact conditions between the driving and driven gears, po-
tentially due to a lower friction coefficient.

6 of 14

Fatigue & Fracture of Engineering Materials & Structures, 2025

ASULOI'T SUOWIWOY) dA1Ea1)) d]qesrjdde ay) Aq pauIdA0T a1k SI[ANIE () asn JO SA[NI 10 AIRIQIT AUI[UQ) AJ[IAN UO (SUONIPUOI-PUB-SULIA)/ WO Ao[IM ATeIqI[aur[uo//:sdny) suonipuo)) pue sua I, oy 998 [S70Z/20/S0] uo Areiqi auruQ A3[iA ‘SI01], 7 92qand) n(J 1oIsIaAtun) £q 06SH 1 25/1111°01/10p/wod Ka[im Areqrjautjuo,/:sdny woiy papeo[umod ‘0 ‘$69709+ 1



55

50

45

40

Meshing temperature, 7'[°C]

35

30

25
0.0 1.0 2.0 3.0

—0.4 Nm: Steel/ HDPE BF30
—0.4 Nm: HDPE BF30/ HDPE BF30
——0.5 Nm: Steel/ HDPE BF30

0.5: Nm HDPE BF30/ HDPE BF30
——0.6: Nm Steel/ HDPE BF30

0.6 Nm: HDPE BF30/ HDPE BF30

4.0 5.0 6.0 7.0

Load cycles, N - 106 [-]

FIGURE4 | Meshing temperature in dependency of load cycles. [Colour figure can be viewed at wileyonlinelibrary.com]

4.2 | Wear Evaluation

To understand how different gear materials wear, there was
analyzed steel/HDPE BF30 and HDPE BF30/HDPE BF30 pairs
throughout their lifetime during testing. This analysis will
help us define each gear combination's precise fatigue charac-
teristics (S-N lines). The previous fatigue tests provided a good
baseline at specific torques. To simulate a longer operating life
(5-10 million cycles), wear at 0.4-Nm torque was analyzed.

4.2.1 | Steel/HDPE BF30

Figure 5 shows the relationship between meshing temperature
and fatigue cycles (upper chart) and average flank wear versus
fatigue cycles (lower chart) for the gear pair (steel/HDPE BF30).
Wear was measured at key points throughout the gear pair's
lifetime, including the running-in phase, wear-in phase, crack
occurrence, and crack progression. These stages occur when at
least one gear is made of WPC. The first measurement was taken
just after the running-in phase to assess its impact on WPC gear
wear. The end of the run-in phase was empirical, based on mesh-
ing temperature stabilization after the initial transient increase.
During the wear-in phase, meshing temperature stabilizes, with
small variations until the final phase, where initial cracks in the
tooth roots lead to tooth failure.

The chart in Figure 6 displays the measured flank wear of a
wood-polymer composite gear, indicating its position along the
height of the gear tooth (as shown on the right side of Figure 6).
Each line represents a different measurement, distinguished
by color, to illustrate wear progression over the entire lifespan
of the wood composite gear. The wear at each position along
the tooth height was calculated by comparing the linear tooth
width of the new/referenced profile with the worn profile at
specific diameters, which are also depicted on the right side of
Figure 6. To correctly evaluate the wear of the gear profile, it is
necessary to overlap the tooth profiles on the tip diameter. Due
to the deformation of the teeth, there is a geometric deviation
between the profiles in the nonactive root region.

Meshing temperature, 7 [°C]

g i
z il AL2 AL3 AL4 | ALS

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Load cycles, 106 - N [-]

FIGURE 5 | Temperature in dependency of steel/HDPE BF30 gear
pair cycles produced under load 0.4 Nm with associated measurements
of average flank wear of observed tooth on HDPE BF30 gear. [Colour
figure can be viewed at wileyonlinelibrary.com]|

For wear occurrence, two prominent areas with increased wear
are evident: one around the reference/pitch diameter and the
other around the base diameter. The increased wear near the
reference diameter is attributed to the maximum amplitude of
Hertzian pressure distribution caused by the driving steel gear
on the wood composite gear, resulting in a higher wear rate.

A large contribution of abrasive wear can be detected in the area
of the base circle, mainly due to the changed contact conditions
that occur after the running-in phase of the gear pair. It results
in the plastic gear deforms and thus increases the sliding during
the engagement. Sliding flanks cause the formation of abrasive
wear on the less resistant gear material. Another reason for
composite flank wear presents unmodified steel and composite
tooth profiles, which could be attributed to the lack of modifi-
cations in the tip and root relief. Consequently, there is not a
fully smooth transition of stress distribution, leading to a higher
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FIGURE 6 | A detailed presentation of wear progression at selected gear diameter measuring points through test duration valid for steel/HDPE
BF30 gear pair exposed load 0.4 Nm. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 | Wear evolution of the driven gear at measured gear diameters—final (fifth) phase (steel/HDPE BF30).

Gear diameter 19.2 19.68 20.0
Flank wear (mm) 0.085 0.120 0.102

20.5 21.0 21.4 22.0
0.054 0.043 0.057 0.167

wear rate through the entire height of teeth. It is proven also by
Table 4 which presents cumulative flank wear contribution at
certain gear diameters.

4.2.2 | HDPE BF30/HDPE BF30

Figure 7 shows the relationship between meshing temperature
and fatigue cycles (upper chart) and average flank wear ver-
sus fatigue cycles (lower chart) for the gear pair (HDPE BF30/
HDPE BF30). The same phenomena observed previously are
also observed here (Cf. 4.2.1 steel/HDPE BF30).

Figure 8 shows how the wear on the driven HDPE BF30 gear
teeth increases with the number of load cycles. Wear was mea-
sured under the same conditions as the steel/HDPE BF30 gear
pair. Unlike the WPC gear shown in Figure 6 (right figure), the
wear on this gear is evenly distributed along the entire tooth
height. By comparing the average wear as a function of the
number of load cycles reached for the two pairs of gears (steel/
HDPE BF30, Table 4, and HDPE BF30/HDPE BF30, Table 5), it
can be concluded that the gear pair comprised of the same ma-
terial achieved less wear but lasts a shorter time despite the oc-
currence of a similar wear distribution trend across the tooth
height. However, the reason for the shorter lifetime of the gear
pair which is comprised of HDPE BF30/HDPE BF30 can be
potentially due to unfavorable contact conditions that become
more pronounced during long-term operation (several million
cycles). This is also proven by the higher meshing tempera-
tures of 17% in comparison to meshing temperatures which
occur in the contact between steel and HDPE BF30 gear pair.

After each 3D optical scanning process of the worn tooth flank,
the gear tooth was also examined under an optical microscope.

Meshing temperature, 7' [°C]

b _ o1,
£ |
£ 008 |
§
£ 006 |
= |
< 004 |
$
§ 0.02
< ALL AL2 AL3 AL4
0.0 0.5 1.0 15 2.0 35

Load cycles, N - 10 [-]

FIGURE7 | Temperature in dependency of HDPE BF30/HDPE BF30
gear pair cycles produced under load 0.4 Nm with associated measure-
ments of average flank wear of observed tooth on HDPE BF30-driven
gear. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 9 presents images captured with an optical microscope
[28], at a magnification of 5x. Each image illustrates characteris-
tic damage contributing to the eventual gear tooth failure. In the
image of the referenced gear (Figure 9a), some burrs and traces
resulting from the cutting process, particularly from the hob
cutter, are visible. This cutting process involves localized ma-
terial destruction, leading to the possibility of fiber appearance
on the gear flank surface due to the failure of cohesion between
fibers and matrix during the cutting process of the composite
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FIGURE 8 | A detailed presentation of wear progression at selected gear diameter measuring points through test duration valid for HDPE BF30/

HDPE BF30 gear pair exposed load 0.4 Nm. [Colour figure can be viewed at wileyonlinelibrary.com|

TABLE 5 | Wear evolution of the driven gear at measured gear diameters—final (fifth) phase (HDPE BF30/HDPE BF30).

Gear diameter 19.2 19.68 20.0
Flank wear (mm) 0.043 0.048 0.040

20.5 21.0 21.4 22.0
0.036 0.032 0.024 0.055

Steel/ HDPE BF30

Material
abrasion

Origin of the

thermally

Jamaged area
o

Tooth root
crack

FIGUREY9 | Steel/HDPE BF30. (a) Referenced gear tooth. (b) Wear mechanism: abrasive effect. (c) Thermally damaged area. (d) Tooth root crack.
HDPE BF30/HDPE BF30 exposed load 0.4 Nm. (e) Driving gear. (f) Driven gear. [Colour figure can be viewed at wileyonlinelibrary.com|

material. The image in Figure 9b is captured just after the run-
ning-in phase of the observed gear pair. The increased material
damage, seen in the form of a damaged flank surface around
the reference diameter, indicates increased abrasive wear result-
ing from tooth adaptation between the harder-driving steel gear
and the HDPE BF30-driven gear. This material damage occurs

in the area around the reference diameter where maximal con-
tact pressure is known to occur during gear pair meshing. In
Figure 9c, taken during the wear-in phase, the microscope
image highlights an orange ellipse, indicating a locally affected
thermal zone that occurred after 2.6 million load cycles. No
more visible chipping of material particles on the tooth flank is
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detected. At this point, a large area of the heat-affected zone is
formed, illustrated by the orange-marked ellipse. The origin of
the zone is conditioned by the formation of maximum Hertzian
pressure, which appears on the reference circle (Figure 9c: ma-
terial abrasion) and long-term fatigue running. The heat accu-
mulates and spreads inside the tooth due to the poor thermal
conductivity of the material. When the thermal damage of the
area extends to the root area, the tooth cracks appear and cause
the beginning of the failure.

The final image (Figure 9d) was captured just before the com-
plete tooth root failure. This phase reveals a significant ther-
mally damaged area, indicative of a generalized thermal failure
in the gear teeth. Additionally, the image displays a prominent
crack at the tooth root, which will ultimately lead to the gear's
fracture.

Figure 9e shows the driving HDPE BF30 gear, and Figure 9f de-
picts the driven HDPE BF30 gear after 2.3 million load cycles
under 0.4 Nm.

Table 6 displays the calculated wear coefficients according to
VDI 2736 guidelines for driven gear produced from HDPE BF30
material. These coefficients were calculated based on the aver-
age linear wear measured from Figure 6 and 8 specific numbers
of load cycles for each gear pair combination.

In the case of a combination where the same material is used,
faster failure occurs, which has been already explained in the
previous section. The reason for faster gear-tooth failure is the
nonoptimal tribological contact conditions because the same
materials have the tendency to be welded which invokes a higher
amount of friction force and consequently contact temperature
fluctuation. It results in faster weakening of the material’s me-
chanical properties and, consequently, premature failure.

For the steel/HDPE BF30 gear pair, a significant increase in the
wear coefficient is observed during the final running phase,
coinciding with the appearance of the first cracks at the tooth
root due to fatigue. This suggests increased gear tooth deforma-
tion and alters contact conditions, leading to higher gear con-
tact temperatures. Additionally, the average wear coefficient is

calculated for each gear pair to allow comparison with tradi-
tional polymer-based materials (Table 6). The wear coefficient
distribution over the operating period differs between the two
gear combinations. In the steel/HDPE BF30 case, the maximum
wear coefficient occurs after the end of the run-in phase. This
phase is characterized by deformation and, consequently, adap-
tation of the polymer composite tooth flanks due to the action of
the more mechanically resistant steel driving gear, which essen-
tially shapes the softer WPC gear.

In the following, where the operation of the steel/ HDPE
BF30 gear transmission enters the wear-in phase, the wear
coefficients decrease and stabilize around the value 5-10°-
6-10°mm?3/Nm. The wear resistance of the material is similar
until gear failure. It indicates stabilized conditions during the
whole period of the operational phase which is a positive ben-
efit of the implemented biobased composite in the steel/HDPE
BF30 gearing case. The mentioned is considered a positive fact
since the wear coefficient does not increase significantly in
the last phase of operation, where pronounced fatigue effects
appear. This information indicates a positive influence on the
mechanical properties of the fibers in the polymer matrix,
which significantly increases the rigidity of the structure and

TABLE7 | Thecurrentstate of theart on calculated wear coefficients
according to VDI 2736-2 for various material gear pairs during dry
running [18, 28].

Wear coefficient

k1075 (mm?3/Nm) R, (um)

Biobased plastics

Steel/HDPE SF20 [18] 32.8 0.96
Steel/HDPE BF20 [18] 19.1 2.06
Engineering plastics

Steel/POM [28] 7.91 0.50
Steel/PA66 [28] 435 0.40
Steel/PA66 CF20 [28] 5.39 0.45

TABLE 6 | Calculated wear coefficients according to VDI 2736-2 with dry running obtained by the presented research.

Number of load

Wear coefficient k,

Average k  10~¢ The average R,

Gear pair (driving/driven) cycles N (-) 10-% (mm?3/Nm) (mm3/Nm) (std dev) (pm)
Steel/HDPE BF30 612.590 9.61 6.96 1.42(0.25)
2.693.333 8.38
4.890.410 5.01
5.538.341 6.22
6.168.602 5.58
HDPE BF30/HDPE BF30 612.590 6.74 9.06 1.42(0.25)
1.236.960 10.68
1.914.343 10.26
2.317.580 8.57
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dimensional stability. Because the wear coefficient did not in-
crease significantly just before the failure of the gear, it can be
concluded that the dominant failure mechanism in the given
case was long-term fatigue.

Higher wear coefficients are visible in the gear pair where the
same material was used. The value trend is different from the
previous case for steel/HDPE BF30 because, during the oper-
ation phase, the coefficient increases randomly. The reason
for the result should be in undesirable tribological conditions

30
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FIGURE 10 | Comparison of gear tooth lifetimes measured in this
study and previously by HriberSek and Kulovec [18]. [Colour figure can
be viewed at wileyonlinelibrary.com]

Steel/WPC (5th test) A

between the same used material for driving and driven gear
which also refers to the basic guideline VDI2736 [26]. More
suitable tribological contact could have a more positive effect
on the material degradation effect during long-term fatigue
which is expressed in longer durability for the steel/HDPE
BF30 gear pair.

Gear results presented in Table 7 had the same geometry as
the gears presented in this paper. The manufacturing process
of the presented gear results in Table 7 was also the same as for
the observed gears in this paper. The values for abrasive wear
coefficients were obtained by the same measuring abrasive
wear protocol. The arithmetical surface roughness R, listed in
Table 5 is considered along tooth width. From Table 7, it can
be concluded that the implemented new biobased material is
suitably wear-resistant, in the case of permissible stresses that
occur for the mentioned material in the root of the tooth. In
the field of comparison between the mentioned material and
in the case of similar types of materials which are HDPE rein-
forced with SFs and BF presented in Table 7 (HDPE SF30), it
has a promising future in terms of wear resistance to continue
its research work with aim to integrate it in practical engi-
neering cases.

4.3 | Fatigue Evaluation

Figure 10 presents S-N lines for steel/HDPE BF30 and HDPE
BF30/HDPE BF 30. Each S-N line was calculated using an
analytical program according to the VDI 2736 guideline. To
precisely calculate the S-N line, input parameters in the form
of mechanical properties were characterized such as modu-
lus elasticity, tensile strength, and strain at break and pa-
rameters connected with durability experiments, specifically
torque, rotational speed, number of load cycles, and typical

w - 00un,

500 tm

5(0kV. 19 7mifi x100 SE » 500umm

FIGURE11 | Wood polymer composite gear observed in the gear pair (steel/ WPC) at the fifth test referring to Figure 8 (green point data). [Colour

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 | Wood polymer composite gear observed in the gear pair (WPC/WPC) at the fourth test referring to Figure 8 (green point data).

[Colour figure can be viewed at wileyonlinelibrary.com]

gear failure mechanism which was tooth failure. As was al-
ready presented in the form of temperature-load cycle dia-
grams in Figure 4, S-N lines prove the durability resistance
in gear tooth root of each material observed in each gear pair.
At higher load levels, a slightly better material fatigue resis-
tance can be reached in gear pair HDPE BF30/HDPE BF30.
At lower load levels, HDPE BF30 meshed with driving steel
gear shows higher tooth root stress and consequently longer
durability performance. Presented results in this research are
added to past references cited from the paper by Hriber§ek and
Kulovec [18]. It is seen that the observed material with birch
fibers has better root fatigue resistance in comparison to the
similar compounded material but with BFs which also proves
the promising mechanical ability of birch fibers to be imple-
mented and observed for further research.

4.4 | SEM Microscopy

Figures 11 and 12 depict the fractured surface of the compos-
ite, with scanning electron microscopy images illustrating the
state of HDPE-based composite surface at magnifications up
to 250X.

The matrix deformation is initiated in the up area parallel to
the gear tooth flank, while the rest of the image portrays a flat
surface (Figure 11 A). This suggests that the complete matrix
rupture occurred after an initial plastic deformation. Twists and
bent material at the matrix level are observable, indicating signs
of plasticity or permanent material deformation. Additionally,
surface holes and fiber/matrix decohesion are evident, suggest-
ing fiber pull-out (Figure 12 E and D).

5 | Conclusions

The paper presents two different gear combinations (steel/
HDPE BF30 and HDPE BF30/HDPE BF30) and their detailed fa-
tigue and thermal responses in the meshing zone. Additionally,
the wear resistance of the presented biobased composite mate-
rial was measured under various torques (0.6, 0.5, and 0.4 Nm).
From the research, the following conclusions can be reached:

« Based on the measured duration of the combinations, it
was found that the combination with a steel gear achieves
a longer duration at a lower torque of 0.4N where contact
pressure and root stresses are lower which means longer
test and more expressed fatigue phenomena.

« At higher torques (0.6 and 0.5Nm), both combinations are
similar with a slightly longer lifespan from the HDPE BF30/
HDPE BF30 combination.

« Itwas found that the selection of material for the driving and
driven gears is crucial, as it indirectly affects the development
of contact temperature during engagement. It turned out that
a gear pair made of the same material exhibits significantly
higher contact temperatures, which is a consequence of ex-
cessive friction between the materials due to the tendency to
weld and negatively affects the engagement process.

« The thermal response from the meshing zone can be po-
tentially correlated with abrasive flank wear. The measured
linear wear depending on the obtained number of cycles
under the prescribed torque refers to lower material wear
coefficients for the steel/ HDPE BF30 gear pair which is im-
portant engineering data when the dominant mechanism of
tooth failure is wear.
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« Comparing wear coefficients between HDPE BF30 ma-
terial and engineering plastics from which the gears
were produced by the same manufacturing protocol and
measuring wear, it can deduce very promising results in
terms of excellent wear resistance of the presented material
in this research.

« There is also progress in the modeled S-N curve compared
to the results of testing gears with the same matrix and
the same percentage of other types of fibers (beech) since
the presented material exceeds the existing stresses of
materials from the literature.

« Failure mode of the HDPE BF30 gears was tooth root
fracture which is the most common mode when the
polymer-based gears are tested on long fatigue term.
SEM analysis clearly presents classic mechanisms of
composite fractures which are related on the relation be-
tween matrix and fibers, such as fiber pull-out and fiber

debonding.

Nomenclature

b (mm) gear width

D (mm) fiber width

d (mm) reference diameter
d, (mm) tip diameter

d,, (mm) base circle diameter
d; (mm) root diameter

dy, (mm) active tip diameters
dy (mm) active root diameter
f(Hz) frequency

H,(-) degree of tooth loss

k,, (10-mm?3/Nm)
L (mm)

wear coefficient

fiber length

L, (mm) line length of active tooth flank
m (mm) normal module

N(-) number of cycles

n (min=1) rotational speed

P (kW) power

R, (um) arithmetical surface roughness
T, (Nm) torque

U (V) voltage

W, (mm) linear wear

W, (mm) permissible linear wear

z(=) tooth number

a(®) pressure angle at normal section
c(=) contact ratio

o (MPa) stress

o (MPa) tooth root stress

oy (MPa) Hertzian pressure

®v (m3/s) volume flow
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