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ABSTRACT

In this study, the influence of temperature on the tribological properties of unreinforced or glass-fiber
reinforced PA66 in contact with carbon steel under boundary lubrication with grease was studied when
considering the temperature dependence of the mechanical properties on the sliding surface of PA66 and the
tribochemical reaction to zinc carboxylate additives in grease. XPS and ToF-SIMS analyses revealed the
formation of a carboxylate tribofilm on the steel surface and a zinc sulfide reactive film on the PA66 surface,
which are related to the tribochemical reaction of the additives present in the grease applied. The formation of

the tribofilm contributed to an improvement of the tribological properties, particularly at 80 °C.

1. Introduction

Polyamide 66 (PA66) has interesting properties, including heat resistance, a high strength, toughness, and
good wear resistance [1-5], and is therefore widely used for sliding parts in automobiles or industrial machines,
such as gears [6—12] and bearing retainers [13—15]. Unreinforced PA66, which does not contain reinforcement
fibers, is used for sliding parts [16—18]. In addition, reinforcement fibers such as glass fibers (GFs) or carbon
fibers (CFs) may be added to PA66 to increase its strength and stiffness, and thus meet the requirements for a
downsizing of parts under severe conditions [19-24]. To use such parts under a high-temperature environment,
such as inside an engine compartment of an automobile, it is necessary to understand the temperature
dependence of the tribological properties. Shin et al. [23] reported the effects of temperature on the tribological
properties of unreinforced PA66 in contact with carbon steel under dry conditions. The friction coefficient and
wear rate of PA66 increased owing to a degradation in the mechanical properties of resin and an increased
adhesion to a counterbody surface at high temperatures. However, the majority of previous studies focusing on
the tribology of polyamide have been conducted under dry conditions, and very few studies have focused on the
temperature dependence of the tribological properties of PA66 under grease lubrication. Grease lubrication is a
common way to decrease the friction of sliding parts under high contact pressure, thereby lowering the sliding
heat, such as in the sliding of a resin worm gear and a metallic worm shaft used in a worm reducer of an electric

power steering system of an automobile [25-27]. In the authors’ previous study [28], the tribological properties
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of carbodiimide-added GF or aramid fiber (AF) reinforced PA66 in contact with steel under a barium-complex
based grease lubrication were investigated. The wear resistance of a PA66 composite was improved by an
increase in the molecular weight of PA66 through the reactive extrusion between PA66 and poly-carbodiimide
compounds. Bormuth et al. [29] reported the effects of various grease compositions on the efficiency and
temperature in small plastic gears comprising a steel worm shaft and PA66 gear wheel. They determined that the
viscosity of the base oils and the applied load have a significant effect on the friction torque. In addition, a
polytetrafluoroethylene (PTFE) type thickener shows a significant increase in efficiency compared to a
lithium-soap thickener when using PAO-based grease. Kochi et al. [30] attempted to measure the thickness of a
soft EHL film and the traction of oil and grease using an optical interferometry system, in which a steel ball is
placed in contact with a transparent polycarbonate disk with a Young’s modulus close to that of engineering
plastic, such as polyamide. A soft EHL film with grease is thicker than a film with its base oil, as is the case of a
hard EHL film. The film thickness with grease changes with different thickeners depending on its apparent
viscosity, as estimated using the Bauer model. Kurokawa et al. [31] reported the tribological properties of a spur
gear made of CF-reinforced poly-ether-ether-ketone (PEEK) under lithium grease lubrication, with a counterpart
of CF-reinforced PEEK or steel. The authors found that the affinity between PEEK and CF, and the
characteristics of CF (namely, the strength and modulus of the fibers) play a significant role in determining the
wear resistance of the composite. However, in previous studies on the tribology of polyamide or other types of
engineering plastic in contact with steel under grease lubrication, the temperature dependence on the tribological
properties, or the detailed mechanism of the tribochemistry, on the sliding surface have yet to be clearly
discussed.

The effects of additives on a tribochemical reaction related to grease have been shown to be significant.
Oiliness improvers, anti-wear agents, friction modifiers, and extreme pressure agents are well-known additives
for improving the tribological properties. Oiliness improvers are used to decrease the friction and wear by the
formation of an oil adsorption film on the sliding surface, particularly under low normal loading conditions.
Long chain fatty acids, fatty acid esters, and long chain alcohols are known examples of oiliness improvers [32—
36]. An anti-wear agent is a load-bearing additive that reacts with a metallic surface to form another film when
the oil film or oxidation-protective film on the metallic surface breaks under a high load or low speed conditions,
and prevents the direct contact of the sliding surface. Examples of an anti-wear agent include metal
dialkyldithiophosphate including antimony and zinc such as zinc dialkyldithiophosphate (ZnDTP), or phosphate
and thiophosphate esters, such as tricresyl phosphate, di-n-octyl phosphite, or isodecyl diphenyl phosphite [32,
37-39]. Friction modifiers act through the tribochemical formation of a low friction film. Molybdenum
dithiocarbamate (MoDTC) is one example, leading to the formation of a molybdenum disulfide (MoS,)
tribofilm [37-39]. Extreme pressure additives are used to prevent a seizure or scuffing under extreme pressure
lubrication at high temperature. Organic sulfur, phosphorus compounds, and organic halogen compounds are
known to operate as extreme pressure additives [32, 40]. Previous studies have focused on the mechanism of
tribochemistry on the sliding surface of steel, ceramic, or hard coatings (such as diamond-like carbon), and on
the effects of the tribological properties when using such additives. However, regarding the sliding of polymer

and steel, or the sliding between polymers, few studies have been conducted on the tribochemistry of the



additives or on the effects of a tribofilm formation on the tribological properties.

Considering these backgrounds, in this study the effects of adding zinc carboxylate to grease on the
tribological properties of unreinforced or GF-reinforced-PA66 in contact with carbon steel under boundary
lubrication were investigated. Zinc carboxylate is a type of oiliness improver and is considered to work more
effectively as a low friction agent under lower contact pressure conditions in the sliding of PA66 and steel than
in the sliding between steel sheets [32, 41]. In addition, zinc carboxylate has a good affinity with PA66 [41].
First, the effects on the tribological properties of GF-reinforced PA66 when adding zinc carboxylate to grease at
different temperatures were investigated. Next, the composition of a tribofilm on steel and a PA66 surface was
identified through a chemical analysis, and the effects of the tribofilm formation on the tribological properties

are discussed herein.

2. Experimental
2.1 PA66 material

Sliding test specimens of unreinforced PA66 were prepared through injection molding using pellets
(granules) of commercially available PA66 with normal level of molecular mass. To prepare for specimens
composed of a GF-reinforced PA66 composite, the same unreinforced PA66 was used for extrusion to prepare
for the pellets as in the authors’ previous work [28, 42]. GFs with the diameter of 6.5 pm were chopped to the
length of 3 mm. Good adhesion between the PA66 and GF were ensured through the surface treatment agents of
GF, as presented in a scanning electron microscopy (SEM) observation on the fracture surface after the tensile
test using this composite material (Fig. 1). An extrusion of the PA66 and GF chopped strands was carried out.
The GFs amounted to 15 wt%. The sliding test specimens described in Section 2.4 were prepared through the
injection molding process of the obtained pellets. The Young’s modulus was measured through a traction test

following the standard ISO 527. Mechanical properties of the tested PA66 are listed in Table 1.

Fig. 1 SEM observation of the fracture surface after the tensile test using this composite material.



Table 1 Mechanical properties of evaluated PA66.

Young’s modulus
at room temperature
3 GPa
6 GPa

Unreinforced PA66
GF-reinforced PA66

The ring specimens were cut in the height direction at 3 mm with a lathe, and the sliding surface was then

polished with #600 polishing paper before each sliding test. The objective of this process is to simulate the
conditions of the sliding surface of an actual worm gear tooth surface formed through mechanical hob-cutting
after an injection molding process to ensure the dimensional stability, as well as GF exposure on the sliding
surface.
The Young’s modulus and hardness of the sliding surface of the GF-reinforced PA66 composite and
unreinforced PA66 were measured based on the micro indentation at different temperatures. The micro
indentation device used was developed by Alemnis [43] and can operate at up to 600 °C in an SEM. The heating
procedure and temperature matching between the tip and sample used to conduct precise temperature tests at
different temperatures are described in [44]. Experimental tests were conducted using a Berkovich tip made of
tungsten carbide. The hardness and Young’s modulus were both calculated using the Oliver—Pharr method [45].
Table 2 presents the measurement conditions. More particularly, the loading and unloading procedures were
applied using a constant strain rate, which is important for time-dependent materials such as PA66 [46]. In
addition, a strain of 0.2 s! was chosen (high strain rate value) to avoid a nose formation in the unloading curve,
preventing the unloading stiffness calculation [47]. Finally, the thermal drift was checked by applying a holding
time at a constant load of 2 mN during 60 s.

Table 2 Micro indentation test conditions.

Tested material GF composite Unreinforced PA66
Type of indenter Berkovich (WC) Berkovich (WC)
Maximum normal load 500 mN 250 mN

Indentation test procedure

Loading strain rate P / p: 0.2 st
Holding time at 500 mN: 10 s
Unloading strain rate P / p: 0.2 st
Holding time at 2 mN (checking
thermal drift): 60 s

Loading strain rate P/P: 0.25s1
Holding time at 250 mN: 10 s
Unloading strain rate P / p: 0.2 s
Holding time at 2 mN (checking
thermal drift): 60 s

Temperature

25 °C, 80 °C, 120 °C

25 °C, 80 °C, 120 °C

2.2 Steel cylinders

Steel cylinders used for the sliding tests described in Section 2.4 with a diameter of 3.5 mm and a length of

30 mm were fabricated using S45C steel, which contains 0.45% carbon, following JIS G 4051. The roughness of
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the sliding surface is Sa = 0.18 pm, which is obtained through a centerless grinding process. The Vickers
hardness of the cross section of the cylinders is HV311, and the hardness of the cylinder surface measured by

the micro indentation is 4.7 GPa.

2.3 Grease

The grease evaluated is composed of poly-a-olefin 8 (PAOS) as the base oil, diurea as a thickener, zinc
carboxylate as a low friction agent, and an anti-oxidation agent containing sulfur compounds. The kinematic
viscosity of PAOS8 is 48 mm?s at 40 °C and 8 mm?s at 100 °C. Diurea thickener was synthesized by the
reaction of diisocyanate and several types of monoamine, and it was mixed to the base oil at specific rates. Zinc
carboxylate is a mixture of different types of zinc carboxylates, including stearate, palmitate, and oleate. The
added amounts of zinc carboxylate were in the range of 5-8 wt%, and the added amounts of sulfur type
anti-oxidation agent were in the range of 0.5-3 wt% to the total composition of grease. The effects of the
addition of each additive to grease were discussed based on an evaluation of the different types of grease applied.
Table 3 lists the composition of each tested grease. The consistency (cone penetration) of the evaluated greases

is 300.

Table 3 Composition of tested grease.

Sample number Base oil Thickener Low friction agent Anti-oxidation agent
No. 1 PAOS Diurea Zinc carboxylate Sulfur type agent
No. 2 PAOS Diurea - Sulfur type agent
No. 3 PAOS Diurea Zinc carboxylate -

2.4 Experimental setup and measurements

Sliding tests using PA66 or composite ring and steel cylinders into contact under grease-lubricated conditions
were conducted to evaluate the tribological properties. This test method is the originally devised one, which is the
same tribological contact as applied in the authors’ previous research [28, 42]. Fig. 2 illustrates a schematic view
of the specimens used for the sliding test and tribometer. With this test setup, it is possible to simulate the contact
geometry or pressure of actual worm gears. Intermittent sliding, repeating sliding duration and stopping duration,
was introduced to reduce the sliding heat generation. The tests were conducted under grease lubricated conditions.
0.85 g of grease was supplied in and around the contact surface before each sliding test. A normal load was applied
using dead weights. The weight of the ring before/after tests was measured through balance, and weight decrease
(wear) of each ring specimen was estimated. In addition, the height of the ring before/after tests was measured
through micrometer, and height decrease of each ring specimen was estimated. It allowed to estimate the wear and
the creep separately, and to investigate the contributions of wear and creep in a sample. The total height loss hiotal
(which is the difference between the height of the composite ring before the test and the height of the composite
ring after the test) is the total loss caused by wear and creep, whereas the wear height loss hyear can be calculated

from the wear mass of PA66 Myear, the density of the PA66 d (1.14 g/cm? for unreinforced PA66 and 1.23 g/cm®for



GF-reinforced PA66), and the sliding surface area s (approximately 200 mm?) using the following equation:

MWE(ZT

hwear = dS " (1)

The creep height loss hereep Was then estimated by subtracting the wear height loss from the total height loss.

hcreep = Reotar — Pwear 2)

In addition, the vertical displacement of the holder of the four steel cylinders was measured in situ during the
sliding tests. However, this value was not exactly the same as the height loss of the PA66 ring measured
before/after sliding tests because the PA66 ring specimens expanded owing to the heat generated by sliding during
the tests and then contracted from the cooling after each test, and because of the possible contribution of wear of
the steel cylinders. During our tests, the temperature of the steel cylinder holder was measured using a
thermocouple, as presented in Fig. 2. The friction torque 7 was measured with a friction torque sensor, and the

friction coefficient i was calculated using the normal load N and the mean rotation radius r (11.4 mm).

Friction torque was measured every 0.01 s, and the average and maximum values of the friction coefficient during
a period of 1 s were calculated. One cycle in this sliding test represents one rotation of the PA66 ring. Table 4 lists
the sliding test conditions. Two different conditions for the stopping duration were introduced: 1-s stopping
conditions to conduct the test with a heat generation by sliding, and 200-s stopping conditions to conduct the test
at a stable temperature by cooling during the long stopping phase. Two sliding tests were conducted under the
same test conditions. Sliding tests were conducted under the boundary lubrication conditions considering the

estimated oil film thickness and oil film parameter (details; see supplementary).

(3)
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Fig. 2 Schematic view of test specimens and sliding test setup.

Table 4 Test conditions for sliding tests.

Diameter 3.5 mm
Steel
Length 30 mm
cylinders
xd) Material Carbon steel with 0.45% of carbon
X
Young's modulus 205 GPa
Outer diameter 25.6 mm
PAG66 ring
Inner diameter 20 mm
JIS K 7218)
Height 12 mm
790 rpm
Rotation speed
1 m/s
Mean sliding speed
(Mean radius of the contact area: 11.4 mm)
Normal load 350 N
Hertzian maximum 198 MPa (at 25 °C for GF-reinforced PA66)
Test contact pressure 136 MPa (at 25 °C for unreinforced PA66)
conditions 88 min: intermittent process 25 min to 19.4 h: intermittent

Test duration

(10 s sliding and 1 s stopping)

process

(10 s sliding and 200 s stopping)

Total sliding cycles 61,500 1,000-43,000
Total sliding
80 min. 1.2— 55 min
duration
Environment 25 °C 25-120 °C




temperature

Lubrication Grease

2.5 Microscopy and surface analysis

Samples taken after the sliding tests were carefully washed using an ultrasonic bath in a heptane solvent
(98%, Chimie-plus) for 20 min and ultrapure heptane (>99%, Chimie-plus) for 20 min to remove the attached
grease and conduct the surface observations and analysis. The sliding surfaces after the tests were observed
through SEM using an MIRA3 (TESCAN, Ltd.). Interferometry (Bruker, Ltd.) was used to observe the wear
scar of the steel cylinders and evaluate the wear amount after the tests. An X-ray dispersive spectrometry (EDX)
analysis was conducted to detect the chemical elements of a tribofilm under the boundary lubrication of the
sliding surface of the steel cylinders and a PA66 ring. X-ray photoelectron spectroscopy (XPS) was conducted
using a ULVAC-PHI Versa Probe Il apparatus to detect the chemical states of the elements composing the
tribofilm on the steel and PA66. The X-ray source is AlKa operating at 1486.6 eV, and the size of the X-ray spot
is 200 pm. A neutralizing electron gun was applied. The energy scale was calibrated using the Cls binding
energy located at 284.8 eV. First, a wide range survey of 1,200 eV was conducted to identify all chemical
elements with a pass energy of 187 eV. Next, a narrow range survey of each chemical element was conducted at
a pass energy of 23 eV to identify the different chemical states, and a quantitative analysis was applied based on
the curve fitting of each peak using Multipak software.

In addition, time-of-flight secondary ion mass spectrometry (ToF-SIMS) of the steel cylinders and PA66 ring
after the tests was performed using a TOF-SIMS 5 (ION-TOF Co.) to detect the composition of the sliding
surface. An area of 100 x 100 um? was used for the spectroscopic analysis, and an area of 500 x 500 um? was
used for the chemical mapping. The depth of the analysis was lower than 10 A (first monolayer). For the liquid
metal ion gun (LMIG), Biz was used as the source of the primary ions. Qualitative depth profiles on the steel
cylinder were also investigated by repeating the low energy Cs* ion sputtering (500 eV) and conducting

ToF-SIMS measurements.

3. Results and Discussion
3.1 Effects of adding zinc carboxylate to grease under test conditions with sliding heat generation using
GF-reinforced PA66

Fig. 3 shows the evolutions of the friction coefficient, the temperature, and the vertical displacement under
the test conditions for a stopping time of 1 s (after every 10 s of sliding) using a GF-reinforced PA66 composite
and grease with or without zinc carboxylate (grease no. 1 and grease no. 2). In the first 10,000 cycles (when the
temperature is below 60 °C), there is no effect of adding zinc carboxylate on the evolution of the friction
coefficient and the temperature. However, the friction coefficient during the tests without zinc carboxylate

increased after the temperature reached above 60 °C (the first 10,000 cycles), and a difference in the rate of
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increase in temperature can be observed. The average friction coefficient during the sliding with zinc

carboxylate is 0.059 £ 0.009, which is 18.1% lower than the value without zinc carboxylate (0.072 + 0.014). In

addition, the rate of increase in the displacement is higher in the tests without zinc carboxylate, and a rapid
increase in the displacement is observed at 45,000 and 52,000 cycles. Fig. 4 shows the height loss of the creep
and wear of the composite ring after 61,500 cycles, which was estimated using the procedure described in
Section 2.1. These results indicate that adding zinc carboxylate to grease decreases the creep of the composite
because preventing the increase in temperature on the sliding surface related to a relatively lower friction
coefficient prevents a degradation of mechanical properties and an increase in shear stress on the sliding surface.
This confirms the friction reduction properties of this type of additive. Fig. 5 shows the observations of the
sliding surface before and after the sliding tests with an optical microscope. As observed during the authors’
previous study [42], the entire sliding surface of the composite ring undergoes peeling, and an exposure of the
GF can be observed after the sliding tests. In addition, the sliding surface is expanded in both the inner and outer
directions. The total area of the sliding surface is wider for the composite ring tested without zinc carboxylate,
which is related to the large creep of the composite. This creep is caused by the decrease in the surface
mechanical properties related to the damage by sliding, such as the scratching of PA66 or peeling off of fibers.
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Fig. 3 Evolutions of (a) friction coefficient, (b) temperature, and (c) vertical displacement during the sliding test

with GF-reinforced PA66 and grease with or without zinc carboxylate for a stopping time of 1 s.
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Fig. 5 Optical microscope observations of the sliding surface of the composite ring

before and after the sliding tests.

3.2 Effects of adding zinc carboxylate to grease under test conditions at stable temperature using
GF-reinforced PA66

Fig. 6 shows the height loss of the GF-reinforced PA66 composite (which is a summation of the wear and
creep) after 42,000 cycles of the sliding tests for a stopping time of 200 s between each 10-s period of sliding
(which allows us to control and maintain a given temperature for each test) at different temperatures, using
grease with or without zinc carboxylate. When using grease without zinc carboxylate, the wear and creep
increase with an increase in temperature from 25 °C to 80 °C. The wear then increases from 80 °C to 120 °C,
and the creep presents almost the same value at 80 °C and 120 °C. In contrast, when using grease with zinc
carboxylate, no increase in wear or creep at 80 °C is observed compared to those at room temperature, and
increase at 100°C. In addition, no significant difference of wear and creep between 100 °C and 120 °C is

observed.
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(a) without and (b) with zinc carboxylate in grease. Sliding tests were conducted for two times at each

Fig. 7 shows the sliding surface after the sliding tests. Worn surfaces of the composite ring are similar for the

tests with or without zinc carboxylate, at both room temperature and 120 °C. At 80 °C, the width of the worn

ring is smaller during the tests with zinc carboxylate added to the grease compared to tests without zinc
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Fig. 7 Optical microscope observations on the sliding surface of the composite ring after sliding tests at room

temperature, and at 80 °C and 120 °C, with or without zinc carboxylate applied to the grease.
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Fig. 8 shows a load-displacement curve of the measurement on the sliding surface of the new GF composite
ring and unreinforced PA66 ring (before the sliding test) measured as a function of temperature. Fig. 9 shows the
evolution with temperature of the Young’s modulus, hardness, and absolute creep displacement during the creep
phase of the micro-indentation test (maximum normal load of 500 mN for GF composite and 250 mN for
unreinforced PA66 maintained during a 10-s period). As expected, when the temperature is increased, the
hardness and Young’s modulus both decrease and the creep increases. In addition, the values of the hardness and

Young’s modulus of the GF composite are higher than those of the unreinforced PA66.
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Fig. 8 Load—displacement curve of the measurement with the micro indentation at different temperatures.
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Fig. 9 (a) Hardness and (b) Young’s modulus on the sliding surface of the GF-reinforced PA66 composite and

unreinforced PA66 at different temperatures Measurement was conducted for three times at each temperature.

Fig. 10 shows the relationship between the hardness/Young’s modulus of the GF composite surface and the
wear height loss/creep height loss of the composite using grease with or without zinc carboxylate for different
values of temperature. Fig. 10 shows that, without zinc carboxylate, good correlations occur between the
hardness and wear height loss, and between the Young’s modulus and creep height loss. Therefore, the wear and
creep of the composite under test conditions using grease without zinc carboxylate can be explained based on
the evolution of the elasto-visco-plastic mechanical properties of the composite as a function of temperature.

However, no typical correlations were observed in the results with zinc carboxylate, leading to the conclusion
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that the addition of the zinc carboxylate to grease has an impact on the tribological properties (through

tribochemistry).
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Fig. 10 Relationships between (a) the hardness of the composite and the wear height loss of the composite
ring;(b) the Young’s modulus of the composite and the creep height loss of the composite ring; ((a) and (b)
without zinc carboxylate in grease);(c) the hardness of the composite and wear height loss of the composite ring;
and (d) the Young’s modulus of the composite and the creep height loss of the composite ring ((c) and (d) with

zinc carboxylate in grease)

Fig. 11 shows the evolutions of the friction coefficient and the vertical displacement at room temperature
under grease lubrication with or without zinc carboxylate. No differences in the friction coefficient and
displacement can be observed, and the increase in the friction coefficient and the vertical displacement is
observed after 10,000 cycles in both greases. This increase is related to the damage on the composite surface
(peeling off of fibers and scratching of PA66) which induces the increase in the friction coefficient and sudden
creep (plastic deformation), as presented in the authors’ previous study [42]. Thus, the addition of zinc
carboxylate to grease has no influence on the tribological properties at room temperature, confirming the results

shown in Figs. 6 (a) and (b) for the tests conducted at room temperature.
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Fig. 11 Evolutions of (a) friction coefficient and (b) vertical displacement at room temperature using grease with

or without zinc carboxylate.

Fig. 12 shows the evolutions of the friction coefficient and the displacement at 80 °C. Significant differences
in both the friction coefficient and displacement can be observed for tests with or without zinc carboxylate in
grease. Using grease with zinc carboxylate, the friction coefficient decreases during the initial stage of the

sliding, and sudden increases in the friction coefficient and displacement are observed at larger numbers of

cycles (27,500 £ 5,000 cycles) than without zinc carboxylate (11,000 cycles). The average value of the friction

coefficient during the initial 5,000 cycles when using grease without zinc carboxylate is 0.045, and is 0.037 with

zinc carboxylate (a decrease of 22.0%). After 43,000 cycles, the displacement is 0.472 = 0.092 mm for tests

with zinc carboxylate, compared to 0.989 * 0.004 mm for tests without zinc carboxylate, confirming the results

shown in Figs. 6 (a) and (b) at 80 °C.
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Fig. 12 Evolutions of (a) friction coefficient and (b) vertical displacement at 80 °C using grease with or without

zinc carboxylate.

Fig. 13 shows the evolutions of the friction coefficient and the displacement at 120 °C. The effect of the
decrease in the friction coefficient is observed during both the initial phase of the sliding and after the increase
in friction. However, no beneficial effect on the displacement is observed. We can even conclude that, at 120 °C,
displacement is higher when zinc carboxylate is added to grease, confirming the results shown in Figs. 6 (a) and
(b) at 120 °C. Given these results, it was confirmed that the effects of the addition of zinc carboxylate on grease

differ at each temperature.
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Fig. 13 Evolutions of (a) friction coefficient and (b) vertical displacement at 120 °C using grease with or without

zinc carboxylate.
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In addition, Fig. 14 shows the contributions of the increase in temperature and the addition of zinc
carboxylate to grease on the increase in the wear and creep height losses of the composite. Negative values
represent improvements in the tribological properties (i.e., the decrease in wear and creep), and positive values
represent the deterioration in the tribological properties (i.e., the increase in wear and creep), when considering
that the base value is the result at room temperature using grease without zinc carboxylate. The results indicate
that the addition of zinc carboxylate to grease has a weak impact on the wear and creep resistance at room
temperature. The positive effect of the addition of zinc carboxylate on the improvement of the wear and creep
resistance is greater than the negative effects of the increase in temperature at 80 °C. However, improvements in

the wear and creep resistance by the addition of zinc carboxylate were not observed at 120 °C.
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Fig. 14 Contribution of the increase in temperature and the addition of zinc carboxylate to grease toward the (a)
wear and (b) creep height losses.

*The base value indicates the results at room temperature using grease without zinc carboxylate.

Fig. 15 shows the wear volume of the steel counterpart (total wear amount of four cylinders) at each
temperature using grease with or without zinc carboxylate, and Fig. 16 shows the optical microscope
observation of the steel cylinder after sliding tests at different temperatures. The wear of the steel cylinders,
which is considered to be 2-body abrasive wear observed in the sliding direction related to the presence of GFs,
increases globally with an increase in the temperature. By contrast, the effect of the decrease in the wear

amounts of the steel cylinders is observed by the addition of zinc carboxylate at 80 °C.
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Fig. 15 Wear volume of steel cylinders at each temperature using grease with or without zinc carboxylate

(average value of two measurements).
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Fig. 16 Optical microscope observation of steel surface after sliding tests at different temperatures.

The results presented in this section confirm that the addition of zinc carboxylate plays a role in the
tribological properties of the contact under investigation, and that this effect depends on the temperature.
Because we can expect this effect to be related to the tribochemical reactions, it may be interesting to analyze
the surface chemistry of the wear scars at 80 °C (where the beneficial effect is the most important), which is the

objective described in the next section.

3.3 Identification of the tribofilm on the surface of steel and composite at 80 °C

To clarify the improvements on the tribological properties through the addition of zinc carboxylate to grease
at 80 °C, sliding surfaces of steel cylinders and a GF-reinforced PA66 composite after 13,000 cycles of the
sliding test for a stopping time of 200 s (before the sudden increase in the vertical displacement) were analyzed.

Fig. 17 shows SEM images of the sliding surface of a steel cylinder. Numerous dark heterogeneous patches
from the submicron level to 20 pum in size can be seen on the sliding surface after the test. The results of the
SEM-EDX point analysis of the dark patches presented in Fig. 18 indicate that the proportion of Fe decreases in
the patch area compared to the no patch area, and that these patches are composed of the chemical elements of
hydrocarbon (C, O) and small amounts of elements related to the additives of grease (Zn, S). These patches were
not removed after an additional washing with an ultrasonic using heptane solvent for 20 min. after the first
SEM-EDX analysis for 20 min., and they remained completely at a fixed location. Therefore, these patches were

strongly adhered to the sliding surface of the steel cylinders.
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Fig. 17 SEM images on the sliding surface of a steel cylinder after 13,000 cycles. (a) at a magnification of x300:

(b) and (c) at a magnification of x2000.
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Fig. 18 Amounts of each chemical element measured using a point analysis of SEM-EDX

(average value of five measurements).

Fig. 19 shows the SEM images of a new steel cylinder (without sliding tests) and a cylinder heated with
grease at 80 °C for 6 h in contact with a composite ring at a normal load of 350 N (the same temperature, normal
load, and duration as the sliding tests over 13,000 cycles, but without sliding) after the same washing process.
Patches containing the same types of chemical elements (C, O) are also observed on the surface of the cylinder
without sliding (Fig. 19 b). Therefore, these patches after sliding for 13,000 cycles would be an adsorbed film
related to heating with grease or mixture of an adsorbed film and a tribofilm formed during the sliding tests as a
consequence of the tribochemical reactions between the additives in the grease and the material surfaces under
contact pressure, shear, and temperature. To identify the detailed chemical compositions of these patches and
confirm whether these patches are the tribofilm or not, we conducted additional chemical analyses.

(b)

SEM HV: 20.0 kV WD: 14.61 mm MIRA3 TESCAN
SEM MAG: 1.00 kx Det: SE
Date{m/dly): 10114/19  SEM HV: 20.0 KV ECL-LTDS

SEM HV: 20.0 kV WD: 15.04 mm MIRA3 TESCAN
SEM MAG: 1.00 kx Det: SE
View field: 277 pm ECL-LTDS

Fig. 19 SEM images of (a) new steel cylinder (without sliding tests) and
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(b) cylinder heated with grease at 80 °C for 6 h in contact with a composite ring without sliding

The XPS analysis results did not identify the composition of the patches (film) on the surface of the steel
cylinder, which is composed of hydrocarbon, because it was not possible to distinguish explicitly the
adventitious carbon originating from the contamination in atmosphere and the hydrocarbon on the tribofilm.
Therefore, a ToF-SIMS analysis was conducted to identify the composition of the hydrocarbon film, including
the surface of the new steel cylinder, the cylinder after 13,000 cycles of the sliding test with no wear area (with

grease contact for 6 h at 80 °C), and the cylinder in wear area, as presented in Fig. 20.

Wear area 3 mm

No wear area
(Contacted with grease at 80°C for 6h)

Fig. 20 ToF-SIMS analysis areas of the steel cylinder (observed using a microscope).

Fig. 21 shows the relative intensities of the detected carboxylates ions in each analyzed area, which were
obtained based on the normalization of the intensity of FeO,". Fig. 22 shows the chemical mapping of stearic
and palmitic ions on the steel cylinder after the sliding test in the no wear and wear areas (the decrease in the
concentration of ions at the top and bottom of all images is due to the curvature of the steel cylinder). Six
different types of carboxylates were detected from all analyzed surfaces, with palmitic and stearic ions having
the highest concentrations. Palmitic and stearic ions particularly increase in the no wear area as compared to the
surface of the new cylinder (without a sliding test). It is then considered that different types of carboxylates
coming from zinc carboxylates additive added to the grease were adsorbed into the steel surface by heating at
80 °C. Furthermore, the intensities of the carboxylates ions on the wear surface are greater than on the no wear
area. This indicates that the formation of the tribofilm was accelerated by the energy induced by the sliding (i.e.,
the pressure, shear, and heat), in addition to the simply adsorbed film. Chemical mapping images indicate that
the intensities of the stearic or palmitic ions are higher in all areas of the sliding surface than on the surface
without sliding. In addition, the same types of carboxylates are detected even on the surface of the new cylinder
after the same washing process using an ultrasonic and organic solvent. Some of these carboxylates are thought
to be derived from the oil used during the machining process of the steel cylinders, or rust-preventive oil used

during the preservation of the steel cylinders.
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Fig. 22 Chemical mapping of stearic and palmitic ions on the steel cylinders analyzed using ToF-SIMS.

Furthermore, a depth profile analysis was conducted to investigate the presence of the film from the
outermost surface to the core of the substrate. Fig. 23 shows the depth profile of the steel cylinder after 13,000
cycles of the sliding test in the no wear area (in contact with the grease at 80 °C for 6 h) and the wear area. The
intensities are normalized by the iron bulk signal at the end of the profiles. In both areas, an iron oxide layer is
observed on the steel surface, and the depth profile is similar. However, much larger amounts of carboxylates
(stearic or palmitic ions) are present on the surface of the wear area compared to the no wear area. Both
carboxylates and iron oxide (Fe;O4) decrease gradually with an increase in the sputter time. Therefore, it is
believed that a non-uniform carboxylates-based tribofilm is present on the iron oxide layer. Fig. 24 shows 3D
images of the repartition of stearic and palmitic ions (observed area of 80 um x 80 um, where the depth of scale

of the 3D images is unknown, but is extremely small compared to 80 um) and 2D images of stearic ions
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observed from the top surface in both the no wear and wear areas. In the wear area, stearic and palmitic ions are
heterogeneously distributed, and also exist in the form of spots (indicating a high local concentration of
carboxylates) on the sliding surface. The lateral size of these spots is approximately 5-20 pm, i.e., the same size
as the dark patches observed using SEM. The depth of these spots cannot be precisely measured, but we may
expect that it is more at the nano-scale than at the micro-scale (considering the measurement depth of
ToF-SIMS). Therefore, these spots are considered to be formed from softened carboxylates that form the iron

carboxylates on the steel surface [34].
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Fig. 23 Depth profile of ToF-SIMS analysis on the steel cylinder: (a) no wear and (b) wear areas.
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Fig. 24 3D images of stearic and palmitic ions (observed area of 80 um x 80 um) and 2D images of stearic ions

observed from the top surface in the no wear area and the wear area analyzed using ToF-SIMS.
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Fig. 25 shows the relative intensity of Zn* (originating from zinc carboxylate in the grease) on the surface of
each steel cylinder normalized based on the signal of Fe™ and analyzed using ToF-SIMS. The number of zinc
ions is higher on the cylinder surface after 13,000 cycles of the sliding test in the no wear area than in the new
cylinder without sliding. However, the number of zinc ions in the cylinder in the wear area is lower than that in
the no wear area. In addition, Fig. 26 shows the chemical mapping images of Zn*, SO3-, CSN", and CNO" (the
last three ions are considered to have originated from the sulfur-type anti-oxidation agent or diurea thickener in
the grease, and the agent related to the base oil was not observed) on the surface of the steel cylinder analyzed
using ToF-SIMS. The intensities of these peaks on the surface of the no wear area are higher than those in the

wear area. This tendency differs from the analysis results of the carboxylates (palmitate or stearate).
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=
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Fig. 25 Relative intensity of Zn" on the surface of each steel cylinder normalized by the Fe* signal through a

ToF-SIMS analysis (average value of three different analyses).
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Fig. 26 Chemical mapping of Zn", SOs", CSN", and CNO" based on a ToF-SIMS analysis on the surface of the

steel cylinder in the no wear area or the wear area.

The chemical composition on the surface of the GF-reinforced PA66 ring was analyzed to clarify the
chemical reaction on the composite. Fig. 27 shows the evolution of the amounts of Zn and S on the sliding
surface of the composite after different numbers of cycles of the sliding tests at 80 °C as measured using

SEM-EDX, presenting the evolutions of the vertical displacement and the friction coefficient of the sliding test
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described in Section 3.2. Although Zn and S were not detected from the surface of the composite ring after
1,000 cycles, the amounts of Zn and S increase after 5,000 cycles until the sudden increase of the vertical
displacement, and decrease at 42,000 cycles. Fig. 28 shows the SEM and EDX images of Si (related to the GF),

and Zn and S after 13,000 cycles of the sliding test at 80 °C. There is a tendency for Zn and S to exist at the

same location of the composite ring.
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Fig. 27 Evolution of the amounts of Zn and S on the sliding surface of the composite after different numbers of

cycles of the sliding test at 80 °C as measured using SEM-EDX.
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Fig. 28 SEM and EDX images of composite surface after 13,000 cycles of the sliding test at 80 °C;
(a) SEM image and EDX images of (b) Si, (¢) Zn, and (d) S.
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To identify the chemical states of Zn and S, an XPS analysis of the sliding surface of GF-reinforced PA66
composite after 13,000 cycles of the sliding test at 80 °C was carried out. Four different areas of the sliding
surface (the inner area, two different center areas, and the outer area) were analyzed, along with the surface of
the new composite ring as a baseline. Fig. 29 presents the obtained chart of XPS analysis in wide range analysis,
and narrow range analysis of S and Zn. These results show that the peaks of S, and Znyp3 are detected only on
the surface after the tests in the four analyzed areas. The position of the S;, peak indicates the presence of a
sulfide and agrees well with the binding energies measured in ZnS [48, 49]. The measured binding energy for
Zn of 1021.6 eV can correspond to both ZnO or ZnS [48, 49]; however, because no metal oxide contribution is
found in the Ols region, it is probable that the signal in Zny;, is related to ZnS almost entirely. In addition, the
fitting data of these peaks listed in Table 5 indicate that the atomic ratio of Sy, and Znyp3 is approximately the
same, and that the atomic ratio of Sz, and Znap; is near 1. Therefore, the formation of a reactive ZnS tribofilm by
the reaction of zinc carboxylate and a sulfur-type anti-oxidation agent induced by sliding was identified.

In addition, to investigate the presence or not of a carboxylates film on the surface of the GF-reinforced
PA66 composite ring, a ToF-SIMS analysis of the composite surface was also conducted. However, no peaks of
carboxylates (palmitic or stearic ions) were detected from the surface of the new composite ring (without a
sliding test), the composite ring in which a 350 N normal load was applied for 6 h under grease lubrication at
80 °C, or the composite ring after 13,000 cycles of the sliding test at 80 °C, contrary to the results obtained for
the surface of the steel cylinder after the same number of cycles. This result indicates that carboxylates
preferentially adhere to the surface of the steel and do not adhere to the surface of GF-reinforced PA66.

To investigate the location of the ZnS tribofilm on the surface of the composite, a SEM-EDX point analysis
was conducted on the PA66 and GF surfaces using the same composite ring after 13,000 cycles of the sliding
test at 80 °C. Fig. 30 shows the amounts of each chemical element on the surfaces of the PA66 and GF
(composed of Si, Ca, Al, and Mg). The average values of the measurement at five different locations are shown.
The results indicate that a ZnS tribofilm is only present on the surface of the PA66, and no ZnS tribofilm was
identified on the surface of the GF, the reason for which is related to the difference in the contact pressure in
each area. The hardness of the GF (5.8 GPa measured based on the nano indentation) is much higher than the
hardness of the PA66 (0.2 GPa measured based on the micro indentation). Therefore, the partial contact pressure
between the GF and steel increases, and if formed, the ZnS tribofilm on the GF is considered to be easily peeled

off by the sliding.
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Fig. 29 Results of XPS analysis of composite surface before/after the sliding tests for 13,000 cycles at 80 °C

using the grease containing zinc carboxylate and sulfur-type anti-oxidation agent:

(a) wide scanning; and (b) narrow scanning of Sy, and (c¢) narrow scanning of Znop3

Table 5 Amounts of each chemical state estimated based on the curve fitting of the XPS analysis results.

162 eV Sy 1022 eV Znyp Ratio of Sap/Znap3
After test of outer area 0.9 at% 1.0 at% 0.9
After test of center area 1.7 at% 1.9 at% 0.9
1
After test of center area 1.7 at% 1.3 at% 1.3
2
After test of inner area 1.7 at% 1.5 at% 1.1
Before test 0.0 at% 0.1 at% 0.0
90
x
£ 80 B PAG66 surface
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Fig. 30 Amounts of chemical element on the surface of PA66 and GF measured using SEM-EDX after 13,000
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cycles of the sliding test at 80 °C using grease which contains zinc carboxylate and sulfur-type anti-oxidation

agent (average value of five different measurement areas).

Fig. 31 shows sketches of the tribochemical reaction on the sliding surface of the composite and steel. For
the sake of simplicity, the roughness of either counterbody (which is much larger than the sizes of the
molecules) is not shown in these images. The carboxylates of zinc carboxylates additives bind to the iron of the
steel surface to form what is called in literature a “soap” layer (iron carboxylates [34, 50]), and zinc goes to the

polymer part of the composite and reacts with sulfur present in the anti-oxidation agent.
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Fig. 31 Tribochemical reaction on the sliding surface. The lateral and depth scales are not respected in these

images.

3.4 Contribution and roles of tribofilm on the tribological properties

To clarify the effects of the carboxylate tribofilm on the steel surface and the effects of the ZnS tribofilm on
the PA66 surface on the improvement of the tribological properties, additional sliding tests were conducted at
80 °C using grease containing zinc carboxylate but not a sulfur-type anti-oxidation agent (grease no. 3),
applying a stopping time of 200 s (allowing us to maintain a constant temperature), using GF-reinforced
composite. Fig. 32 shows the evolutions of the friction coefficient and the vertical displacement, comparing the
results of grease no. 1 and grease no. 2, as previously shown in Fig. 12. Using grease no. 3, the sudden increase
in the friction coefficient and the vertical displacement appear much later than the results of grease no. 2

(without zinc carboxylate but with a sulfur-type anti-oxidation agent). By comparing the results with grease no.
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3 and grease no. 1, we can conclude that, with zinc carboxylate present in the grease, the addition of a
sulfur-type anti-oxidation agent allow a low-friction coefficient to be maintained for a greater number of cycles,
leading to lower wear; however, this has no impact on the friction coefficient values before or after the sudden
increase, indicating that the effects of the addition of zinc carboxylate on the improvement of the tribological
properties is greater than the effect of the addition of a sulfur-type anti-oxidation agent. Consequently, we can
conclude that a reduction in the friction induced by the creation of carboxylates patches on the steel cylinder is

the main effect of the presence of additives in the grease, and on the tribological behavior of the contact.
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Fig. 32 Evolution of (a) friction coefficient and (b) displacement during the sliding test at 80 °C using grease

1, 2, and 3 and GF-reinforced composite.

Fig. 33 shows a narrow scan analysis of the XPS in the composite surface after 13,000 cycles of a sliding
test at 80 °C when using grease no. 1 (containing both zinc carboxylate and a sulfur-type anti-oxidation agent)
and grease no. 3 (containing zinc carboxylate but not a sulfur-type anti-oxidation agent). Table 6 lists the
amounts of each chemical state obtained by the peak fitting of the results of the XPS analysis. The detected
amounts of not only Sj, but also Zny,; were low even when the surface was obtained by a sliding test using
grease containing zinc carboxylate. Therefore, the estimated amount of the ZnS tribofilm is significantly low on
the composite surface after the test without a sulfur-type anti-oxidation agent. It is indeed necessary to have a
source of sulfur to form an adherent ZnS film on the surface of the composite, and there is no adhesion of Zn
alone when S in not present, confirming the tribochemistry origin of the presence of Zn and S on the surface of
the composite. These results confirm that the contribution of a carboxylates tribofilm on the steel is much
greater than the effect of the formation of the ZnS tribofilm on the PA66 surface in terms of the improvement of

the tribological properties.
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Table 6 Amounts of each chemical state estimated by the curve fitting of the XPS analysis results after 13,000

cycles of a sliding test at 80 °C using grease no. 1 and no. 3.

162eV Sy 1022eV Znyp
With sulfur-type anti-oxidation agent
1.5 at% 1.4 at%
with zinc carboxylate
Without sulfur-type anti-oxidation agent
0.1 at% 0.1 at%
with zinc carboxylate

The reason for the improvement of the tribological properties through the addition of zinc carboxylate is
discussed herein, along with the decreasing effect of the friction coefficient described in Section 3.2. Fig. 34
shows the maximum friction coefficient for each 1 s (the friction coefficient is measured every 0.01 s and the
maximum value during each 1 s was extracted) of the sliding test for a stopping time of 200 s at 80 °C when
using grease no. 1 and grease no. 2, and GF-reinforced composite. The maximum friction coefficient upon a
restart after the 200 s stopping phase is the static coefficient, the value of which is higher than the maximum
value of the friction coefficient during the sliding phase over the remaining 9 s. The results indicate that the
average values of the static coefficient during the initial 10,000 cycles with or without the addition of zinc
carboxylate (grease no. 1 and grease no. 2) are 0.093 and 0.138, respectively. Therefore, the addition of zinc
carboxylate decreases the adhesion between the composite and steel during the stopping phase, and the damage

of the contact surface after the restart can be decreased. Consequently, the wear and creep of the composite and

the wear of the steel counterpart are reduced.
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Fig. 34 Evolution of maximum friction coefficient during the sliding tests for a stopping time of 200 s at 80 °C

when using grease no. 1 and grease no. 2 and GF-reinforced composite

3.5 Temperature dependence on tribofilm formation

To better understand the effect of temperature on the tribological properties, as presented in Section 3.2, the
amounts of Zn and S on the sliding surface of the GF-reinforced PA66 composite after the sliding tests were
measured based on SEM-EDX using grease no. 1 (containing both zinc carboxylate and sulfur-type
anti-oxidation agent). Fig. 35 shows the SEM and EDX images of Zn and S on the sliding surface after the test
for a stopping time of 200 s for different temperatures and cycle numbers. The detected amounts of Zn and S
after 13,000 cycles of the test at room temperature are significantly lower, and these results can explain why the
addition of zinc carboxylate did not improve the tribological properties at room temperature: We can consider
the thermal activation needed for tribochemistry as not being reached during the tests at room temperature. The
detected amounts of Zn and S after 5,000 cycles of the sliding test at 120 °C are higher than those at 80 °C for
the same numbers of cycles. The presence of Zn and S tribofilms can explain the decrease in the friction
coefficient at 120 °C through the addition of zinc carboxylate and a sulfur-type anti-oxidation agent into the
grease. However, an improvement in the wear and creep by the addition of zinc carboxylate was not observed,
as presented in Section 3.2, because the effect of the degradation in the mechanical properties (the hardness of
the sliding surface of the composite, as described in Section 3.2) at 120 °C is considered to be greater than the
positive effect of the tribofilm formation. In addition, the transition temperature of carboxylate on the steel
surface (iron carboxylate soap), such as laurate, myristate, palmitate, or stearate are 110 °C-140 °C (much
higher than the melting point of each fatty acid itself) [34, 50]. Therefore, adhesion between the molecules in the
boundary film is diminished and a breakdown of the soap film on the steel is considered to occur by the sliding
heat during the test at 100-120 °C, leading to the increase in the wear and creep of the composite as presented in

Fig. 6.
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Fig. 35 SEM and EDX images of Zn and S for different values of temperature and numbers of cycles of the

sliding tests for a stopping time of 200 s using grease no.1 and GF-reinforced PA66 composite

3.6 Effects of adding zinc carboxylate to grease on the tribological properties of unreinforced PA66

The effects of adding zinc carboxylate to grease on the tribological properties of unreinforced PA66 were
investigated during the sliding test under a stopping time of 1 s (using a temperature increase from the heat
generated by sliding). Fig. 36 shows the evolutions of the vertical displacement, the friction coefficient, and the

temperature using grease with or without zinc carboxylate (grease no. 1 and grease no. 2). The average friction

coefficient during the sliding is 0.050 * 0.003 with zinc carboxylate and 0.054 £ 0.004 without zinc carboxylate,

and a slight effect of the decrease in the friction coefficient is observed. However, the effect of the addition of
zinc carboxylate to grease on the decrease in the friction coefficient is much lower than the effect observed in
GF-reinforced PA66. In addition, a slight effect from the decrease in temperature was observed by the decrease
in the friction coefficient. A gradual increase in creep during the initial phase of the sliding test is observed.
However, the proportional increase in the vertical displacement related to the wear, as observed in the
GF-reinforced PA66, is not confirmed. Furthermore, a slight effect from the addition of zinc carboxylate on the
decrease in the displacement is observed. The height loss after 61,500 cycles of unreinforced PA66 is smaller
than the height loss of GF-reinforced PA66. Regardless of the addition of zinc carboxylate to the grease, a wear
height loss was not observed, and most of the height loss (80%—-95%) was creep. Fig. 37 shows the optical
microscope observation of the sliding surface of the unreinforced PA66. A sliding scar was observed in samples
with and without zinc carboxylate added to the grease. However, severe wear or a peeling of the surface

observed in GF-reinforced PA66 was not observed.
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Fig. 36 Evolutions of (a) friction coefficient, (b) temperature, and (c) vertical displacement in the sliding tests
with a 1-s stopping phase of unreinforced PA66 with or without zinc carboxy

late in grease.
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Fig. 37 Optical microscope observations of the sliding surface of unreinforced PA66.

To compare the tribofilm formation between unreinforced PA66 and GF-reinforced PA66, sliding tests under
the same conditions as presented in Section 3.3 (at 80 °C, 200 s stopping, for 13,000 cycles) were conducted
using grease with or without zinc carboxylate (grease no. 1 and grease no. 2). Fig. 38 shows the evolutions of
the friction coefficient and the vertical displacement. A decrease of 11.7% in the average friction coefficient is
observed, which is less than the effect in GF-reinforced PA66. In addition, a slight effect of the decrease in
displacement is observed. Fig. 39 shows the SEM observation of the steel cylinder after the sliding test when

using the grease containing zinc carboxylate. As with the test using GF-reinforced PA66, dark patches can be
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seen on the sliding surface. However, the total area of the patches is less than that of the cylinder after the test
with a GF-reinforced PA66. Fig. 40 shows the detected amounts of the chemical elements measured by the point
analysis of the patches with SEM-EDX, as compared with the amounts on the new steel cylinder, and on the
cylinder tested with GF-reinforced PA66 under the same test conditions, as presented in Section 3.3. The
proportion of C and O increases and that of Fe decreases compared to the new steel cylinder. However, the
detected amounts are smaller than in the results for the test with GF-reinforced PA66, and Zn and S are not
detected at all. Considering the results of the ToF-SIMS analysis presented in Section 3.3, a tribofilm of
carboxylates composed of hydrocarbon and oxygen was considered to have formed. This difference in the
detected amounts of chemical elements and the area of the patches is attributed to the difference in the contact
pressure between the PA66 and steel. The Young’s modulus of the GF composite is higher than that of the
unreinforced PA66 owing to the addition of stiff GF. Therefore, the higher the contact pressure on the sliding
test between the GF composite and steel promotes the formation of a tribofilm on the steel surface, and the
effect of the decrease in the friction coefficient becomes greater. In addition, Fig. 41 shows an SEM image of the
sliding surface of unreinforced PA66 after 13,000 cycles of the sliding test under the same conditions. Fig. 42
shows the detected chemical elements measured using SEM-EDX as compared with the results of the new
unreinforced PA66 ring (without sliding test). The results indicate that Zn and S are detected along with Fe
related to the wear debris of the steel counterpart, and ZnS tribofilm is considered to have formed on the surface

of the unreinforced PA66, similar to the GF-reinforced PA66.
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Fig. 38 Evolutions of (a) friction coefficient and (b) vertical displacement during the sliding test at 80 °C,

with a 200 s stopping phase of the unreinforced PA66 with or without zinc carboxylate in grease.
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Fig. 39 SEM observations of the steel cylinder after 13,000 cycles of the sliding test with unreinforced PA66
with grease containing zinc carboxylate (grease no. 1) (a) at a magnification of x300: (b) at a magnification of
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Fig. 40 Detected amounts of chemical elements of the steel cylinder after 13,000 cycles of the sliding test with

unreinforced PA66 with grease containing zinc carboxylate (grease no. 1) measured using SEM-EDX (average

value of three different analyses).

Fig. 41 SEM observation of the sliding surface of unreinforced PA66 ring after 13,000 cycles of the sliding test

at 80 °C with 200-s stopping phase with zinc carboxylate added to the grease (grease no. 1).
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Fig. 42 Amounts of chemical element on the surface of PA66 before/after 13,000 cycles of the sliding test at
80 °C with 200 s stopping phase with zinc carboxylate added grease (grease no. 1) as measured using

SEM-EDX (average value of three different analyses).

4. Conclusions

The effects of temperature and the addition of zinc carboxylate to grease on the tribological properties of
PAG66 in contact with carbon steel were clarified. The tribological properties can be described by considering the
temperature dependence of both the mechanical properties of PA66 and the tribochemistry. The following points

have been highlighted.

1) Wear and creep resistance of GF-reinforced PA66 deteriorated with an increase in temperature using grease
without the addition of zinc carboxylate. This can be explained by the temperature dependence of the
mechanical properties on the sliding surface of the composite (hardness and Young’s modulus) as measured

based on the micro indentation procedure.

2) The effects of the addition of zinc carboxylate were investigated at each temperature. The effects of the
improvement of the tribological properties were not observed at room temperature. Significant effects of the
addition of zinc carboxylate in the grease, such as a decrease in the friction coefficient, a decrease in the
wear and creep of the composite, and a decrease in the wear of the steel counterpart, were observed at 80 °C.
The decrease in the friction coefficient was observed at 120 °C. However, the effect of the decrease in the

wear and creep was not confirmed.

3) A ToF-SIMS analysis of the steel surface after the sliding test at 80 °C revealed the formation of a
heterogeneous tribofilm composed of carboxylates. An XPS analysis of the GF-reinforced PA66 composite
surface showed the presence of a ZnS reactive tribofilm related to the tribochemical reaction between zinc

carboxylate and sulfur-type anti-oxidation agent.

4) The contribution of the formation of the carboxylates tribofilm on the steel surface in the improvement of
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the tribological properties is greater than that of the formation of a ZnS tribofilm on the PA66 surface.
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