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Abstract: As a commonly used lubricant additive, ZDDP can form antiwear tribofilms on metal
surfaces, reduce the wear of rolling elements and grooves, and thus holds potential for application in
bearing lubrication. However, in the actual operation of bearings using oil-impregnated porous
polyimide (iPPI) as the bearing cage, there are both steel-steel contacts and iPPI-steel contacts. The
tribofilms formation mechanism of ZDDP under 1PPI-steel soft contact remains unclear. Herein,
ZDDP was added as a lubricant additive to poly-a-olefin oil (PAO4), and its frictional behavior under
soft contact (iPPI-steel) and hard contact (steel-steel) at different temperatures was investigated.
Results demonstrated that the rise in temperature leads to an expansion of the area where the ZDDP
tribofilms on the worn surface reach their growth limit, and more protective films cover the worn
surface, thereby inhibiting the wear of the contact surfaces. FIB-SEM characterization demonstrated
that compared with hard contact, the ZDDP tribofilms formed on the steel ball surface under soft
contact exhibit stronger continuity and greater thickness, thereby providing more effective protection
for the steel ball surface. This study provides necessary insights for the application of ZDDP in

bearings with iPPI as the bearing cage.
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1. Introduction

1.1. Background and motivation

Control moment gyroscopes (CMG) are inertial actuators for spacecraft attitude control, and
they often operate under conditions of minimum quantity lubrication [1-3]. After prolonged operation,
the bearings of the CMG undergo severe wear due to insufficient oil lubrication [4, 5]. Oil-
impregnated porous polyimide (iPPI) is an effective approach to providing long-term lubrication [6,
71.

1PPI has a controllable pore size and density, as well as excellent self-lubricating and corrosion
-resistance properties. It has also radiation-resistance and shows broad application potential in
advanced technologies such as those used in the aerospace industry and micro-oil lubricated rolling
bearings [8]. The micropores of iPPI can release stored lubricant under thermal and pressure stimuli
and reabsorbs it after stimulus removal, enabling long-term lubrication under conditions of minimum
quantity lubrication [9, 10].

However, in practical applications, although iPPI bearing cages can store oil, CMG bearing
lubrication still faces the issue of insufficient oil. Effective methods to protect the surfaces of the
rolling elements and bearing grooves and reduce their wear, include controlling residual stresses on
metal surfaces, modifying contact surfaces and optimizing cage pocket hole shapes.

Studies have found that introducing residual compressive stresses into raceway surfaces via shot
peening or ultrasonic surface rolling can delay crack propagation and significantly improve both

fatigue resistance and wear resistance of metal surfaces [11, 12]. However, this technology requires



a machining allowance to be retained before the bearing raceways are process to meet the required
geometrical tolerances.

Carburizing and nitriding are the two most maturely applied chemical heat treatment
technologies [13-15]. Carburizing enhances surface hardness while preserving the impact toughness
of the core material. Nitriding improves the wear resistance and corrosion resistance of materials. Ion
implantation technology enables functionalities such as friction reduction, anti-wear performance,
corrosion resistance, oxidation resistance, and heat resistance without altering dimensional accuracy
or surface roughness. In recent years, extensive research has been conducted on ion implantation
techniques for bearing steel materials, focusing on ions including Cr, N, C, Ti, and Zr [16-20].

Frequent collisions and wear between the balls and cage pockets during operation make the
shape of the cage pockets a significant factor affecting the stability and service life of the bearing.
Researchers have found that circular pockets provide the highest stability but result in the largest
collision area and wear rate, while rectangular pockets exhibit the lowest wear rate and a high
skidding degree [5].

Moreover, using lubricant additives is also a viable approach [21]. Zinc dialkyl dithiophosphate
(ZDDP) is a commonly used lubricant additive [22-24]. Under high temperature and metal surface
contact, ZDDP decomposes to form a layer of antiwear tribofilms [25-27]. This protective film can
cover the metal surface, reduce direct metal-metal contact and thereby reduce the wear of rolling
elements and grooves [28-30]. However, in the actual operating of bearings, there are both hard
contact (steel-steel) and soft contact (iPPI-steel). The mechanism by which ZDDP forms antiwear
tribofilms under soft contact remains unclear. Therefore, it is necessary to study the characteristics of

ZDDP film formation under soft contact.

1.2. Objective

The objective of this work is to thoroughly investigate the tribofilm characteristics and formation
mechanism of ZDDP under iPPI-steel contact. This study analyzed the differences in morphology of
worn surfaces between iPPI-steel and steel-steel contacts, as well as the tribofilm characteristics of
ZDDP generated under two contact types. In addition, these analyses can provide necessary reference
for the application of ZDDP in bearing lubrication.

This paper is organized as follows. Section 2 provides a detailed description of the materials



used in this study and their material parameters. Friction testing methods and characterization
methods are also introduced. Section 3 investigates the tribological characteristics of soft and hard
contacts, alongside the characteristics of the ZDDP tribofilm formed under these conditions. It also

reveals how the ZDDP tribofilm is formed. Section 4 contains the conclusions and closes the paper.

2. Experiment details

2.1 Materials

Polyimide (thermoplastic polyimide, YS- 20) powders were purchased from Shanghai Synthetic
Resin Institute, Shanghai, China. The lubricant, a Synthetic base oil PAO4, was purchased from
INEOS Group Holdings Ltd., London, UK, with a kinematic viscosity of 17.4 mm?/s at 40 °C and a
density of 0.82 g/cm?. The additive ZDDP (T203) was purchased from Bett Chemical Co., Ltd,
Jinzhou, China.

The material characteristic and geometry of the steel ball, the steel disc and the porous polyimide
(PPI) disc are shown in Table 1. Both the disc and the balls are made GCr15 (AISI 52100) steel. The
PPI discs were prepared by cold-pressing and hot-sintering methods. The PPI discs were immersed
in PAO4 oil with a ZDDP concentration of 2 wt% in a vacuum oven under the pressure of 20 Pa and

temperature of 80 °C for 20 h to obtain iPPI. The oil content was around 11 wt%.

Table 1. Material characteristic and geometry

Elastic Surface

Contact Diameter/Thickness  Density  Poisson’
Hardness Modulus Roughness,

Materials (mm) (g/cm?) s ratio

(GPa) Ra
Steel ball D6 7.3 0.3 63 HRC 208 10 nm
Steel disc @10/3 7.3 0.3 200 HV30 208 20 nm
PPI disc ®10/3 1.1 0.37 78-84 Shore D 1.14 0.35 um

2.2 Tests and Characterizations

The friction tests were carried out on a high frequency reciprocating friction tester (CMS-01,



Beijing Chaoyang high tech Applied Technology Research Institute Co., Ltd, China), with the
reciprocating frequency set at 50 Hz, a load of 2 N, and a stroke of 1 mm. The physical diagram,
schematic diagram of the testing machine, and material contact schematic diagram are shown in Fig.
1. Four different temperatures were applied: 40 °C, 80 °C, 120 °C, and 160 °C, respectively. Each
friction test lasted for three hours, involved 540,000 cycles and was repeated three times under the
same conditions. A previous study found that adding 2 wt% ZDDP to pure PAO4 effectively reduced
the wear in steel-steel contacts [31]. Therefore, in this study we used PAO4 with a ZDDP
concentration of 2 wt%. It is worth noting that the discs were completely submerged in lubricating
oil throughout the entire experiment. In addition, in order to investigate the ZDDP tribofilm
characteristics under soft contact, the characteristics of ZDDP tribofilm under hard contact were also

studied and compared.
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Fig. 1 High frequency reciprocating friction tester: (a) Test physical diagram, (b) Test schematic diagram, (c)
Material contact schematic diagram.

The morphology of the worn surfaces was observed by an optical microscope (KH-8700,
HIROX) and a laser confocal microscope (LSM900, Zeiss, Germany). Scanning electron microscopy
(SEM SU5000, Hitachi, Japan) was employed to detect the surfaces and EDS (Ultim MAX, 100 mm?)
was used to analyze the elemental content and distribution of the worn surfaces. The worn surfaces
were also characterized by Raman spectroscopy (Alpha 300 RA, WITec, Germany) to analyze the
chemical composition. The continuity and thickness of the ZDDP tribofilms formed on the surface of

steel balls were analyzed by a focused ion beam-scanning electron microscope (FIB-SEM).

3. Results and Discussion

3.1 Tribological characteristics of soft contact

The friction and wear characteristics under soft contact at different temperatures are shown in



Fig. 2. The average friction coefficients under soft contact are shown in Fig. 2 (a). As the temperature
increases, the average friction coefficient under both conditions initially increases and then stabilizes,
reaching their peak value at 120 °C. This result is consistent with the conclusions drawn in Ref. [32].
The average friction coefficient under lubrication with PAO4 containing 2 wt% ZDDP was
consistently lower than that under pure PAO4 lubrication below 120 °C.

An optical microscope was used to measure the size of the surface worn area of steel balls at
different temperatures, and the measurement results are shown in Fig. 2 (b). As the temperature
increases, the size of the worn area on the surface of the steel ball under soft contact gradually
increases under both lubrication conditions.

Due to the discontinuity of the ZDDP tribofilms, its coverage area is considered to be smaller
than the size of the worn area of the steel ball under lubrication with PAO4 containing 2 wt% ZDDP.
The change in the coverage area of the ZDDP tribofilms on the surface of the steel ball also show a
similar trend. For soft contact, the elastic modulus of the PPI disc (approximately 2 GPa) is much
lower than that of ZDDP tribofilms (higher than 15 GPa), and its hardness (approximately 78 Shore
D) is also significantly lower than that of ZDDP tribofilms (higher than 1.5 GPa) [30, 33, 34].
Furthermore, molecular dynamics simulations reveal that the interfacial diffusion between the
tribofilms and oxide layer leads to increased hardness of the friction film, thereby enhancing its
resistance to shear forces [27, 35, 36]. Consequently, under soft contact, the ZDDP tribofilms
covering the steel ball surface become difficult to remove, the coverage area of ZDDP tribofilms on

the steel ball surface increases progressively.
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Fig. 2 Friction and wear characteristics under soft contacts: (a) the average friction coefficients at different

temperatures under soft contact, (b) the size of worn area of steel balls at different temperatures under soft contact.



The worn surfaces of the steel balls under soft contact were observed using optical microscopy,
and are shown in Fig. 3 (al-dl). Enlarged detail of the worn area of the steel ball are shown in Fig. 3
(a2-d2). Under pure PAO4 lubrication, it can be found that as the temperature increases, the size of
the worn area on the surface of the steel ball gradually increases, and there are also wear marks in the
worn area on the surface of the steel ball. Figure 3 (a3-d3) shows the worn surfaces of steel balls
under soft contact (2 wt% ZDDP). The details of the worn area on the surface of the steel ball are
shown in Fig.3 (a4-d4). As the temperature increases, the areas in which ZDDP tribofilms form on
the surface of the steel ball gradually increase. This growth can be divided into two stages. The
coverage of ZDDP tribofilms gradually increases from 40 °C to 80 °C but the tribofilms primarily
consists of discontinuous, pad-like structures, as shown in Fig.3 (a4-d4). At higher temperatures
(between 120 °C to 160 °C), ZDDP tribofilms cover a greater area of wear, with both pad-like and

continuous tribofilms increasing progressively.
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Fig. 3 The worn surfaces of steel balls under soft contact: (al-d1) the worn surfaces of steel balls at different
temperatures (pure PAO4), (a2-d2) enlarged detail of the worn area of the steel balls at different temperatures
(pure PAO4), (a3-d3) the worn surfaces of steel balls at different temperatures (2 wt% ZDDP), (a4-d4) enlarged

detail of the worn area of the steel balls at different temperatures (2 wt% ZDDP).

The laser confocal microscope was used to characterize the profiles of the worn surfaces of steel
balls under soft contact, and the results are shown in Fig. 4 (a) and 4 (b), respectively. Under pure
PAO4 lubrication, the circular arc profile curves of the steel ball surfaces have obvious fluctuations,
and the circular arc shape is not complete. This indicates that wear has modified the geometry of the
surface of the steel ball. Under the condition of adding 2 wt% ZDDP as a lubricant in PAO4, as the
temperature increases, the length of the rough section on the surface of the steel ball profiles curves
gradually increases, but the roughness is similar (see Table 2). At 160 °C, the length of the rough

segment is the longest and the roughness is also the highest.
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Fig. 4 The profiles of worn surfaces of steel balls under soft contact: (a) the profiles curves of steel balls at

different temperatures (pure PAO4), (b) the profiles curves of steel balls at different temperatures (2 wt% ZDDP).

The worn surfaces of PPI discs under soft contact are shown in Fig. 5. Figure 5 (al-d1) shows
the worn surfaces of PPI discs under soft contact (pure PAO4). Enlarged detail of the worn area of
the PPI discs are shown in Fig. 5 (a2-d2). As the temperature rises, the width of the wear scar on the
PPI disc gradually increases. Meanwhile, the blackening wear on the worn surface of PPI is becoming
increasingly severe. This is attributed to the iron oxides generated on the worn surface of the steel

ball, which cause blackening of the worn surface.[6]



Fig. 5 (a3-d3) shows the worn surfaces of PPI discs under soft contact (2 wt% ZDDP). Enlarged

detail of the worn area of the PPI discs are shown in Fig. 5 (a4-d4). As the temperature rises, the area

where ZDDP tribofilms on the surface of the steel ball reaches its growth limit gradually increases,

leading to an increase in the width of the wear scar of PPI. The growth limit is the maximum size of

the coverage area. Interestingly, blackening wear can still be observed on the worn surface of PPI,

which may be caused by PPI collecting excess debris formed by ZDDP tribofilms.
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Fig. 5 The worn surfaces of PPI discs under soft contact: (al-d1) the worn surfaces of PPI discs at different

temperatures (pure PAO4), (a2-d2) enlarged detail of the worn area of the PPI discs at different temperatures

(pure PAO4), (a3-d3) the worn surfaces of PPI discs at different temperatures (2 wt% ZDDP), (a4-d4) enlarged

detail of the worn area of the PPI discs at different temperatures (2 wt% ZDDP).



The profiles of the worn surfaces of PPI discs under soft contact are shown in Fig. 6 (a) and 6
(b), respectively. Under pure PAO4 lubrication, as the temperature rises, the wear depth on the surface
of the PPI discs gradually increases, reaching a maximum of 9 pm. Under the condition of adding 2
wt% ZDDP as a lubricant in PAO4, the wear of PPI is negligible at 40 °C. From 80 °C to 160 °C, the
wear of the PPI disc becomes increasingly severe, with the maximum wear depth reaching 10 um.
On one hand, the increase in temperature reduces the viscosity of the lubricating oil. On the other

hand, the rise in temperature may cause the PPI surface to soften, thereby increasing wear.
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Fig. 6 The profiles of worn surfaces of PPI discs under soft contact: (a) the profiles curves of PPI discs at different

temperatures (pure PAO4), (b) the profiles curves of PPI discs at different temperatures (2 wt% ZDDP).

3.2 Tribological characteristics of hard contacts for comparison

The friction and wear characteristics under hard contact at different temperatures are shown in
Fig. 7. The average friction coefficients under hard contact are shown in Fig. 7 (a). As the temperature
rises, both the average friction coefficient under pure PAO4 lubrication conditions and that with 2 wt%
ZDDP added to PAO4 initially increase and then tend to stabilize. It is worth noting that across all
four test temperatures, the ZDDP-modified PAO4 maintains a significantly lower COF than pure
PAO4. The maximum reduction reached 28.4 wt% at 120 °C.

The size of the surface worn area of steel balls at different temperatures under hard contact are
shown in Fig. 7 (b). It can be found that at any temperature, the size of the worn area of steel balls
with 2 wt% ZDDP added as lubricant in PAO4 is always lower than that with pure PAO4 as lubricant.

As the temperature rises, the size of the worn area on the surface of the steel ball shows different



variation patterns under two different lubrication conditions. Under pure PAO4 lubrication, the size
of the worn area on steel balls gradually increased with rising temperature. Conversely, under the
condition of adding 2 wt% ZDDP as a lubricant in PAO4, as the temperature increases, the size of
the worn area on the surface of the steel ball initially decreases and then increases. This behaviour is
the result of an increased formation of ZDDP tribofilms at higher temperatures. These tribofilms

effectively protected the steel surfaces and reduced wear.
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Fig. 7 Friction and wear characteristics under hard contacts: (a) the average friction coefficients at different
temperatures under hard contact, (b) the size of worn area of steel balls at different temperatures under hard

contact.

It is worth noting that at the same temperature, the size of coverage area of ZDDP tribofilms on
the surface of steel balls under hard contact is always bigger than that under soft contact (Fig. 2 (b)).
This is because metal surfaces have high activity, while polymer surfaces are usually relatively inert,
with low chemical activity and weak reactivity with ZDDP decomposition products, which is not
conducive to the rapid formation of ZDDP tribofilms.

Figure 8 shows the worn surfaces of steel balls under hard contact. Figure 8 (al-d1) shows the
worn surfaces of steel balls under hard contact (pure PAO4). Enlarged detail of the worn area of the
steel balls are shown in Fig. 8 (a2-d2). As the temperature increases, the size of the worn area on the
surface of the steel ball gradually increases, and there is material peeling in the worn area on the
surface of the steel ball. Figure 8 (a3-d3) shows the worn surfaces of steel balls under hard contact (2

wt% ZDDP). The details of the worn area on the surface of the steel ball are shown in Figure 8 (a4-



d4). It is evident that the area where the ZDDP tribofilms reach their growth limit changes with rising
temperature. This area initially shrinks and then expands, a process that can be broadly divided into
two distinct phases. There is a slight decrease in the area where the ZDDP tribofilm on the worn
surface of the steel ball reaches its growth limit when the temperature ranges from 40 °C to 120 °C.
As the temperature rises to 160 °C, the coverage area of ZDDP tribofilms on the worn surface
of the steel ball increases significantly. At the same time, the steel ball experiences significantly
increased wear. Compared to the worn surface at 120 °C, the removal rate of the pad-like film within
the worn area increased, even though the coverage area of ZDDP tribofilms on the steel ball surface

also increased at 160 °C.
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Fig. 8 The worn surfaces of steel balls under hard contact: (al-d1) the worn surfaces of steel balls at different

temperatures (pure PAO4), (a2-d2) enlarged detail of the worn area of the steel balls at different temperatures



(pure PAO4), (a3-d3) the worn surfaces of steel balls at different temperatures (2 wt% ZDDP), (a4-d4) enlarged

detail of the worn area of the steel balls at different temperatures (2 wt% ZDDP).

The profiles of the worn surfaces of steel balls under hard contact are shown in Fig. 9 (a) and 9
(b), respectively. When 2 wt% ZDDP is added as a lubricant to PAO4, the worn surfaces of the steel
balls become very rough due to the formation of ZDDP tribofilms. However, the diameter of the wear
scar on the steel ball does not increase as the viscosity of the lubricating oil decreases due to an
increase in temperature. The wear scar diameter of the steel ball can be calculated from the profile
curve (1024 data points in total). The diameter of the wear scar on the steel ball surface first decreases
and then increases. This indicates that the formed ZDDP tribofilm can protect the steel balls surface

and reduce wear.
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Fig. 9 The profiles of worn surfaces of steel balls under hard contact: (a) the profiles curves of steel balls at

different temperatures (pure PAO4), (b) the profiles curves of steel balls at different temperatures (2 wt% ZDDP).

Figure 10 (al-d1) shows the worn surfaces of steel discs under hard contact (pure PAO4), while
Figure 10 (a2-d2) shows the worn profiles. As the temperature rises, the width of the wear scar on the
steel disc gradually increases. An increase in temperature leads to a decrease in the viscosity of the
lubricant, which reduces the load-bearing capacity of the oil film. This results in the wear scar width
on the steel disc gradually widening.

Figure 10 (a3-d3) illustrates the wear patterns on the surfaces of the steel discs when subjected

to hard contact with 2 wt% ZDDP. Enlarged detail of the worn area of the steel discs are shown in



Fig. 10 (a4-d4). As the temperature rises, the width of the wear scar on the steel disc also gradually
increases. On the one hand, an increase in temperature makes the lubricant more fluid, which allows
the ZDDP molecules to disperse more easily into the contact area. On the other hand, it also promotes
the spreading and film formation of reaction products on the steel ball surface, making the ZDDP

tribofilms easier to form and grow.
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Fig. 10 The worn surfaces of steel discs under hard contact: (al-d1) the worn surfaces of steel discs at different
temperatures (pure PAO4), (a2-d2) enlarged detail of the worn area of the steel discs at different temperatures

(pure PAO4), (a3-d3) the worn surfaces of steel discs at different temperatures (2 wt% ZDDP), (a4-d4) enlarged

detail of the worn area of the steel discs at different temperatures (2 wt% ZDDP).

The profiles of the worn surfaces of steel discs under hard contact are shown in Fig. 11 (a) and



11 (b), respectively. Under pure PAO4 lubrication, the wear depth on the surface of the steel discs
gradually increases, reaching a maximum of 7.2 um at 160 °C. Under the condition of adding 2 wt%
ZDDP as a lubricant in PAO4, the generated ZDDP tribofilms reduced the wear on the surface of the
steel discs. The smooth segments on both sides of the profile curve represent the unworn regions of
the steel disc, while the rough segments correspond to the worn regions (Fig. 11 (b)). From 40 °C to
120 °C, although the worn area on the surface of the steel disc increased, the depth of the wear scars
did not increase. Additionally, the profiles curves of the worn area were higher than that of the original
surface. This indicates that the protective film covers the surfaces of the steel ball and steel disc,
avoiding direct contact between them. At 160 °C, the depth and width of the wear scar on the steel

disc significantly increase, with the deepest point reaching 4 um.
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Fig. 11 The profiles of worn surfaces of steel discs under hard contact: (a) the profiles curves of steel discs at

different temperatures (pure PAO4), (b) the profiles curves of steel discs at different temperatures (2 wt% ZDDP).

Table 2 Roughness (Ra) of the worn surfaces of balls and discs under soft and hard contact at different

temperatures (2 wt% ZDDP)

Worn area 40 °C (um) 80 °C (um) 120 °C (um) 160 °C (um)
Steel ball (soft contact) 0.7496 0.7226 0.7328 0.8314
PPI disc 0.8202 0.8862 0.9842 1.6225
Steel ball (hard contact) 0.7993 0.8538 0.8015 0.8941

Steel disc 0.7823 0.8401 0.8985 0.9648




Although an oil film can form on the contact surface between the PPI disc and the steel ball
under rich oil lubrication conditions, the contact remains in a boundary lubrication state due to the
high roughness of the contact surfaces. This can be calculated through the film thickness ratio (4).
Based on the Dowson and Hamrock film thickness equations [37], the thickness of the oil film (%,,;,)

can also be calculated. The formulas for A and the thickness of the oil film are as follows:

i — hmin

R +R?
a e ()

G*0.49U*0.68 (1 B e_(),ﬁgk )

%0.073
w

h, =3.63
()

where 4,,;, is the minimum oil film thickness, G* is the material parameter, U" is the velocity
parameter, and /7" is the load parameter, R,; is the RMS surface roughness of the PPI disc (for the
soft contact) or the steel disc (for the hard contact), and R, is the RMS surface roughness of the steel
ball.

The minimum oil film thickness under soft contact (2 wt% ZDDP) and hard contact (2 wt%
ZDDP) is 6.63 nm and 6.39 nm, respectively. As the temperature increases, the viscosity of the
lubricating oil gradually decreases, and the thickness of ZDDP tribofilms will gradually decrease.
Therefore, the oil film thickness is the highest at 40 °C. The A values of soft contact (2 wt% ZDDP)
and hard contact (2 wt% ZDDP) are 0.0059, and 0.0057 (40 °C), indicating that the contacts are

essentially in a boundary lubrication state.

3.3 Characteristics of ZDDP tribofilms under soft contact

The worn surfaces of steel balls under soft contact (2 wt% ZDDP) were observed by SEM to
further analyze the effect of temperature on generating of ZDDP tribofilms are shown in Fig. 12. As
the temperature increases, the pad-like ZDDP tribofilms in the worn area on the steel ball surface
becomes increasingly dense. Meanwhile, its continuity is also enhanced. The distribution and content
of the elements on the worn surfaces under soft contact were examined by EDS are shown in Fig. 12.
The contents of typical elements are shown in Table 3. As the temperature increases, the content of
typical elements in the ZDDP tribofilms, such as sulfur (S), zinc (Zn), and phosphorus (P), gradually
increases. This indicates that temperature promotes the formation of the ZDDP tribofilms. The

increase in Zn content was the most significant, increasing by 10.17 wt% from 40 °C to 120 °C, while



the increase in S content was the weakest, only increasing by 0.5 wt%.




Fig.12 Microstructure and elemental maps of worn surfaces on steel ball under soft contact at different

temperatures: (a) 40 °C, (b) 80 °C, (¢) 120 °C, (d) 160 °C

Table. 3 Content of characteristic elements on the worn surface of soft contact

Temperature (°C) Fe (%) C (%) 0 %) Zn (%) P (%) S (%)
40 86.44 6.39 3.02 3.81 0.04 0.30
80 85.46 6.49 1.68 5.71 0.16 0.50
120 82.10 6.16 2.63 7.75 0.67 0.69
160 75.83 5.08 3.22 13.98 1.09 0.80

Fig. 13 compares the morphology of ZDDP tribofilms formed on the worn surfaces of steel balls
under soft and hard contacts at the same temperature (160 °C). It can be observed that under soft
contact, the pad-like ZDDP tribofilms on the steel ball surface is mostly composed of continuous
dots, with each individual film having a relatively small area but appearing to be thicker. In contrast,
under hard contact, the area of each pad-like ZDDP tribofilms on the steel ball surface is significantly
larger, but the film thickness is lower. The content of characteristic elements on the worn surface of
soft and hard contact is shown in Table 4. At the same temperature and pressure, the characteristic
element content of ZDDP tribofilms on the worn surface of steel balls under soft contact is higher.

This indicates that steel balls are better protected under soft contact, resulting in lower wear.
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Fig.13 Microstructure and elemental maps of worn surfaces on steel ball under soft contact at same temperature:

(al-a8) soft contact, (b1-b8) hard contact

Tab. 4 The content of characteristic elements on the worn surface of soft and hard contact (2 wt% ZDDP)

Contact type Fe (%) C (%) 0O (%) Zn (%) P (%) S (%)
Soft contact 70.35 4.85 4.05 18.15 1.16 1.44
Hard contact 82.43 421 431 6.64 1.05 1.36

The worn area on the surfaces of the steel balls under soft contact were examined by a Raman
spectroscopy. The results are shown in Fig. 14. Compared with the worn steel ball surface under pure
PAO4 conditions, it is difficult to find characteristic peaks of iron oxides on the surface of steel balls,
such as Fe;03 (223 cm™1,292 cm™1,409 cm™!,1317 cm!), except for the weak peak of Fe;04 (650 cm™!)
[38, 39]. This indicates that ZDDP inhibits the formation of iron oxides. The characteristic peak of
sulphide (337 cm™!, 367 cm™') and phosphate (close to 1033 cm™!) can be detected on the worn surface
of steel balls at all four temperatures [40,41]. It is worth noting that the peak of sulphide is
significantly higher than that of phosphate, which is contrary to the EDS results. This may be due to
the weaker sensitivity of Raman spectroscopy to phosphates. In addition, the intensity of the D and
G peaks in the spectrum is very high [42]. Furthermore, under high-temperature conditions (above
80 °C), the intensities of the D and G in the spectra are extremely high. Based on the wear morphology

of the PPI surface, it can be inferred that, on one hand, the D and G may originate from the debris of



PPI. On the other hand, Fe;O, catalyzes the decomposition of PAO4 [43].
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Fig.14 Raman examination results of steel balls worn surfaces at different temperatures: (a) Raman spectra
on the worn surface of steel balls at different temperatures, from top to bottom, the temperatures are 40 °C, 80 °C,

120 °C and 160 °C, respectively, (b) detection areas on the worn surfaces of the steel balls.

In order to further study the characteristics of ZDDP tribofilms generated on the worn surface
of steel balls under soft and hard contact, FIB-SEM was used to detect the thickness of the film are
shown in Fig. 15. The black base at the bottom of the image is the steel ball, the white area at the top
is the protective tungsten coating, and the region outlined by the orange dashed line in the middle is
the ZDDP tribofilms (see Fig. 15(a)). Three areas within the ZDDP tribofilms region were selected
to calculate the average film thickness. The results indicate that under soft contact, the average
thickness of the ZDDP tribofilms is 216.8 nm, while under hard contact, the average thickness of the
ZDDP tribofilms is 145.54 nm, which is lower than that under soft contact (see Fig. 15(b)). It is worth
noting that under soft contact, the ZDDP tribofilm exhibits stronger continuity. This may be due to
the lower hardness of the PPI disc compared to the steel disc under soft contact, making the ZDDP

tribofilm less prone to wear.
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Fig.15 Thickness of ZDDP tribofilms: (a) soft contact, (b) hard contact.

The distribution of the elements on the ZDDP tribofilms were examined by EDS are shown in
Fig. 16. EDS line scanning was used to analyze the elemental distribution along the film thickness
direction, with the starting point of the scan being the tungsten coating and the endpoint being the
steel ball substrate. It can be found that along the film thickness direction, whether under soft contact
or hard contact, the element content of Fe consistently increases, while the contents of Zn, P, and S,
which are characteristic elements of the ZDDP tribofilms, all decrease. This indicates that the top of
the ZDDP tribofilms is enriched with a higher content of Zn. The elemental contents of S and P are

comparable but lower than that of Zn.
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Fig. 16 Distribution of characteristic elements on ZDDP tribofilms: (a) soft contact, (b) hard contact.

Fig. 17 shows the FIB-SEM detection result of no ZDDP tribofilms generated on the surface of
the steel ball. It can be observed that the tungsten coating is tightly bonded to the metal substrate,

with no gaps between them, indicating that no ZDDP tribofilms are generated on this surface. No Zn

or S elements were found in the EDS test results.
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Fig. 17 FIB-SEM testing of steel ball wear surface without generating ZDDP tribofilms: (a) detection area,

(b) elements distribution.

3.4 ZDDP tribofilms formation mechanism under soft and hard contact
The formation mechanism of ZDDP tribofilms under soft hard contact is shown in Fig. 18.

ZDDP in the lubricating oil forms a protective film on the surface of the worn steel ball through



tribochemistry reactions. Under soft contact, due to the hardness of ZDDP tribofilms (higher than 1.5
GPa) being greater than that of PPI, the wear on the ZDDP tribofilms formed on the surface of the
steel ball is less, resulting in a thicker tribofilms (see Fig. 15) and stronger continuity. As the
temperature rises, the areas where ZDDP tribofilms on the surface of the steel ball reach their growth
limit increase, and the coverage area of ZDDP tribofilms gradually expands. This can aggravate the
wear of PPI and even lead to the blackening of the PPI surface (see Fig. 5). In addition, due to the
good chemical stability of PPI, ZDDP does not form a film on the worn surface of PPIL.

Under hard contact, although ZDDP tribofilms are more likely to form on hard metal substrates,
the generated ZDDP tribofilms are also more easily removed by friction due to the higher hardness
of the steel disc compared to the ZDDP tribofilms. Therefore, under hard contact, the thickness of
ZDDP tribofilms on the worn surface of the steel ball is lower than that under soft contact. Under
hard contact, since both the contact surfaces of the steel ball and the steel disc are protected by ZDDP
tribofilms, direct contact between the substrates is avoided. Therefore, there is only slight wear on
the surfaces of the steel ball and steel disc (at temperature below 120 °C). At 160 °C, the viscosity of
the lubricating oil significantly decreases, which exacerbates the wear of the steel ball and steel disc.

The Raman spectroscopy detection results on the surface of the steel ball and the elemental
distribution on the ZDDP tribofilms indicate that the top of the ZDDP tribofilms is enriched with
more Zn. The closer to the substrate, the less Zn content there is. On the substrate surface, S from the
thermal decomposition products of ZDDP reacts with the exposed metal, forming a thin layer of iron
sulphide. Therefore, the composition of the ZDDP tribofilms can be summarized as follows: a thin
layer of iron sulphide forms first on the exposed metal surface, followed by the formation of the main
structure of the ZDDP tribofilms, which is a phosphate layer composed of phosphate units. In addition,
reference reports have also mentioned that organic ligands can attach to the outermost region of the

ZDDP tribofilms.[33]
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Fig. 18 ZDDP tribofilms formation mechanism under soft and hard contact

4. Conclusions

This article investigates the tribological behavior of ZDDP as a lubricant additive under soft
contact (PPI-steel) and hard contact (steel-steel) conditions at different temperatures. The
characteristics of ZDDP tribofilms under the two contact types (soft and hard) and their formation
mechanisms under these conditions can be summarized as follows:

(1) An increase in temperature promotes the formation of ZDDP tribofilms, which create an anti-
wear layer on steel surfaces, thereby reducing wear to the steel substrate. When the temperature is
below 80 °C, ZDDP tribofilms provide effective protection for the surfaces of the steel ball and steel
disc, preventing severe wear of the PPI surface. Therefore, ZDDP has the potential to be used in
bearing lubrication.

(2) Compared with hard contact, the ZDDP tribofilms formed on the surface of the steel ball
under soft contact exhibit stronger continuity and greater thickness, thus providing more effective
protection.

(3) A thin iron sulphide layer forms at the steel interface as sulfur-containing ZDDP
decomposition products react with exposed steel. The main tribofilm develops into a phosphate-rich

layer composed of phosphate units, while the outer region is relatively Zn-enriched, with the Zn



content decreasing from the surface toward the substrate.
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Appendix A. The curves of friction coefficient under soft and hard contacts

The curves of friction coefficient under soft contact are shown in Fig. Al. It can be seen that the
friction curves exhibit more significant fluctuations compared to those under hard contact. This is due
to the surface pores of PPI increase the surface roughness. The curves of friction coefficient under
hard contact are shown in Fig. A2. The friction coefficient increases rapidly in the initial stage and

eventually stabilizes.
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Fig. A1 The curves of friction coefficient: (a) soft contact (pure PAO4), (b) soft contact (2 wt% ZDDP).
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Fig. A2 The curves of friction coefficient: (a) hard contact (pure PAO4), (b) hard contact (2 wt% ZDDP).

Appendix B. Microstructure and elemental maps of worn surfaces on steel ball under hard

contact at different temperatures

The generation pattern of the ZDDP tribofilms on the worn surface of steel balls under hard
contact is not significantly different from that under soft contact are shown in Fig. B1. The content
of characteristic elements on the worn surface of hard contact is shown in Table B1. The distribution

pattern of surface elements on steel balls under hard contact is similar to that under soft contact.

| 0C @2) (a3)




Fig. B1 Microstructure and elemental maps of worn surfaces on steel ball under hard contact at different
temperatures: (al-a6) 40 °C, (b1-b6) 80 °C, (c1-c6) 120 °C, (d1-d6) 160 °C

Table. B1 The content of characteristic elements on the worn surface of hard contact



Temperature (°C)  Fe (%) C (%) 0 %) Zn (%) P (%) S (%)

40 85.51 591 3.32 4.84 0.07 0.35
80 84.21 6.02 2.67 6.17 0.16 0.77
120 80.54 6.58 2.76 8.74 0.7 0.68
160 72.92 6.95 3.15 14.62 1.41 0.95

Appendix C. Random sampling area of FIB-SEM

The sampling area was randomly selected from the worn region on the steel ball surface (at 160

°C), as shown in Fig. C1. Before sample preparation, a tungsten coating needs to be prepared on the

surface of the tribofilm to protect it from damage.
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Fig. C1 Sampling area of FIB-SEM
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