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Abstract:  

This paper studied a fully formulated oil (FFO) in the hydraulic piston pump, containing mainly zinc 

dialkyldithiophosphate (ZDDP), detergents, and dispersants. The results of tribo-tests show that the antiwear 

characteristics are different when using FFO compared to using a single additive oil such as base oil + ZDDP. 

A two-phase temperature-dependent wear trend was found when FFO is used. Phase (I) is in the low-temperature 

range, where wear increases with increasing tribofilm thickness and temperature. Phase (II) is in the high-

temperature range where the tribofilm thickness increases but wear decreases as the temperature increases. 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) analysis of the tribofilm show that the most 

temperature-dependent compositions are phosphate and iron sulphides, where the signal intensity of phosphates 

increases, but that of sulphides decreases when the temperature increases. It indicates that the participation of 

detergent and ZDDP in the tribofilm formation increases at low and high temperatures, respectively. However, 

no signal shows the dispersant participating in the tribofilm formation. A hypothesis of mechanisms of reaction 

priority or enhanced competition among different additives at different temperatures is proposed from the iron 

loss perspective to explain the two-phase temperature-dependent wear mechanism. This study also provides the 

experimental basis for the wear modelling involving the tribochemistry of FFO in Part (II) of the research series.  

Keywords: Fully Formulated Oil; Wear; ZDDP; Detergent 

1 Introduction 

Wear is an important reason for affecting machinery life and increasing maintenance costs in the industry [1, 2]. 

Mild wear can lead to reduced machine efficiency, while severe wear can lead directly to the failure of the 

machine. Lubrication is one of the commonly used methods to reduce wear. However, it is difficult to prevent 

the wear between relatively moving components/parts, such as piston/cylinder or gear pairs, due to lubricant 
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starvation caused by mechanical vibration or fit errors. In the hydraulic system, hydraulic fluids perform the 

functions of lubrication and heat dissipation like conventional lubricants and energy transmission [3]. This 

requires the hydraulic lubricants to have antiwear behaviour and stable performances in other aspects, such as 

cleaning the contaminants and preventing oxidation. 

Fully formulated oils (FFO) contain various additives (such as antiwear additives, detergents, dispersants, and 

antioxidants), which are added to the base oil (such as mineral oil and synthetic oil) with a specific concentration. 

They are used to fulfil the multifunctionality in applications. However, since FFOs have high levels of chemical 

complexity, it is challenging to study the effect of detailed compositions of FFO on antiwear performance and 

wear prediction. Decades of research on each kind of additive or its combinations have shown that additives' 

type, concentration, acidity, and alkalinity affect their antiwear behaviours. The same additive may perform 

differently under different working conditions [4-9]. 

Zinc dialkyldithiophosphate (ZDDP) is a widely used antiwear additive. Film formation is a significant function 

of ZDDP. Many studies showed that tribofilm only formed within the rubbing tracks [10, 11] and that the 

tribofilm thickness stabilises over 50~150 nm on steel surfaces [10, 12, 13]. The formation rate of tribofilm 

increases with the increase in temperature and concentration of ZDDP [12]. The main compositions from the 

tribofilm surface to the substrate are alkylphosphate precipitates, polyphosphate (Zn), phosphate (Zn/Fe), and 

Fe/Zn sulphides near the substrate [14]. It was found that the antiwear effect of ZDDP is mainly derived from 

the formation of phosphates [9].   

The primary function of detergents is to clean the acidic substances in the lubricant, so it is usually alkaline or 

neutral. Over-based calcium sulphonate is a commonly used detergent that can form a boundary film on the 

steel surface that contains mainly calcium carbonate and/or CaO [4, 6, 15-18]. It has been found that the 

tribofilm formed by the overbased calcium sulphonate detergent can grow to 160 nm in 2 hours [19], but its 

formation process is different from ZDDP, which does not require much iron to be involved [15]. Although the 

overbased calcium sulphonate detergent was found to have antiwear and anti-scuffing properties [5, 15, 20-23], 

it was reported when combined with ZDDP to have an antagonistic effect on the antiwear performance of ZDDP 

[24-28].   

The primary role of dispersants is to keep insoluble substances suspended in oil and avoid deposition on the 

surface. It usually contains a higher molecular weight that can help maintain the oil viscosity. Most dispersants 

are considered to have little effect on wear or friction [29]. However, some studies have shown that dispersants 

and ZDDP have antagonistic effects on wear reduction due to complexation [8, 30-32]. In addition, the 

dispersant may adsorb or react with metal surfaces [33-35] or dissolve the existing ZDDP tribofilm [8], which 

will also reduce the effectiveness of the antiwear properties of ZDDP. 
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The antiwear performances of single additive or combinations of different additives have been well studied for 

many years. However, it still cannot answer the performance of the FFO as a whole, even if the type, 

concentration, and other information of additives contained in the FFO are known. In recent years, more 

experimental studies have used FFOs to study antiwear performance [36-39]. One aspect of FFO studies is to 

evaluate the performance of the additives contained therein on different material surfaces. On the other hand, 

the interaction between multiple additives can be more abundantly and directly understood by comparing their 

combined behaviour with that of a single additive. Experimental testing is the primary method for studying the 

antiwear performance of  FFOs. However, experimentally understanding the wear mechanism is not enough for 

FFO users to monitor the machine's service life. Advanced modelling and numerical simulation techniques are 

also necessary to quantify the wear process and predict failures. 

Therefore, this work studied a commercial FFO used in the hydraulic system, containing the antiwear additive 

ZDDP, detergents overbased calcium sulphonate and phenate, and the dispersant succinimide. A two-part series 

of papers are organised to report the experimental findings, and theoretical modelling works. This paper, the 

first part, presents an experimental study on the wear mechanism involving the FFO and its tribochemistry under 

different temperatures. The experimental results are then used for the modelling work to establish the theory 

and to simulate the main tribological phenomena such as tribofilm growth and wear evolution, which will be 

discussed in Part (II) of the research series. 

2 Methodology 

2.1 MTM-SLIM  

Tribotests are conducted by Mini Traction Machine with the Spacer Layer Imaging Method (MTM-SLIM, PCS 

Instruments, UK), as shown in Fig. 1. The MTM is a tribometer with a ball-on-disc configuration (see Fig. 1a), 

which allows the rotation speed of the ball and disc to be adjusted independently to achieve different 

sliding/rolling conditions. The SLIM is an external component of the MTM for testing the in-situ growth process 

of the tribofilm and analysing the thickness after the test, which has been widely used in many studies of ZDDP 

tribofilm [10, 12, 40-46]. The main principle is shown in Fig. 1b. Through a lens (consisting of a glass flat, a 

thin semi-reflective chromium layer and a silica spacer layer), a white light source and its reflected light from 

the steel surface produce an interference image of the tribofilm, which is captured by a colour camera and 

microcomputer. After the test, the RGB colour of each pixel in the image is analysed by offline software, and 

the tribofilm thickness is calculated automatically. 

The ball has a diameter of 3/4 inch (~19 mm) with a roughness of 20 nm (Ra), and the disc has a diameter of 46 

mm with a roughness of 10 nm. The material of both the ball and the disc is AISI52100 steel. The lubricant is a 

hydraulic FFO (provided by Komatsu Ltd., Japan), and its specifications are listed in Table 1. The base oil in 

the FFO is a low viscosity mineral oil with a kinetic viscosity of 36 cSt at 40 °C and 5.9 cSt at 100 °C. The main 
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additives are a mixture of primary and secondary ZDDPs, overbased calcium sulphonate, overbased calcium 

phenate, and succinimide. 

 

   

Fig. 1 a) Schematic diagram of MTM-SLIM [46]; b) SLIM principle.  

 

Table 1 Specification of the FFO. 

Fully Formulated Oil Types 

Base Oil Mineral Oil (Kinetic viscosity: 36 cSt at 40 °C,  

5.9 cSt at 100 °C) 

Antiwear Additive Primary and Secondary ZDDP (0.08 wt.% P) 

Detergents Over-based calcium sulphonate/phenate  

(0.38 wt.% Ca) 

Dispersant Succinimide 
 

Considering the application of hydraulic piston pumps, the test conditions are designed in Table 2. According 

to the ISO 6743-4 hydraulic fluid classification system [47], the operating temperature range of mineral oils 

with antiwear additives is about -10 °C ~ 90 °C. However, for some high-temperature applications, the upper-

temperature limit can reach 120 °C [48], so the main test temperatures in this study are 60, 80, 100, and 120 °C. 

The load is 60 N to have an equivalent maximum Hertzian pressure of 1.2 GPa. The entrainment speed is 100 

mm/s, and the slide-to-roll ratio (SRR) is 150 %. The tests are designed in a boundary lubrication regime. The 

maximum test duration is 6 hours, and there are different test intervals for wear measurements.  



5 

Table 2 Working conditions for MTM-SLIM tests  

Traction Mode  

Temperatures 60, 80 100 and 120 °C  

Load 60 N 

Entrainment Speed 100 mm/s 

SRR 150 % 

Duration 6h with different intervals 
 

Before testing, heptane is first used to clean the antirust oil and dust on the surface of the samples with soft 

tissue. Then, the samples are immersed in an acetone solution and cleaned in an ultrasonic bath for 30 mins. 

Finally, the samples are rinsed with methanol and dried naturally. After the MTM tests, the samples are rinsed 

with heptane to remove the remained lubricants on the surface and then dried naturally.  

2.2 White Light Interferometry  

The wear measurements were carried out by white light interferometry (NPFLEXTM, Bruker, UK/USA). Since 

the tribofilm generated by ZDDP contains phosphate, which has light transmittance and interferes with white 

light interference measurement [49], the tribofilm must be removed before wear measurement. The 0.05 mol/L 

ethylenediaminetetraacetic (EDTA) solution was used in many studies to remove tribofilm formed by ZDDP 

[41, 49] and over-based calcium sulphonate detergent [19]. Thus, it is considered to apply to the tribofilm formed 

by FFO containing these two film-forming additives.  

Wear measurement was carried out with a total magnification of 10× with a measurement area of 400×600 μm2. 

The results are processed by the built-in Vision64® software, which allows the wear volume in the measured 

area to be calculated directly. Since tests were run at a high SRR of 150 %, the disc sliding distance is six times 

higher than the ball for the same test duration. The length of the disc wear track is approximately three times 

that of the ball, so the disc wears more than the ball. Fig. 2 shows the examples of wear results on the ball and 

on the disc, also indicating that the wear on the ball (Fig. 2a) is very small and hard to measure at the maximum 

test time, so only the wear results on the discs are discussed in the following sections. 
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Fig. 2 The 3D images of worn surfaces on (a) the steel ball and (b) the steel disc after 6-hour testing 

at 100 °C, captured by NPFLEX with the magnification of 10X. 

2.3 Raman Spectroscopy 

Raman spectroscopy (Renishaw inVia, UK) measures mainly sulphides and phosphates in the tribofilm. The 

laser with the wavelength of 488 nm is chosen, and its maximum energy is 10 mW. The laser intensity is 50 %. 

The acquisition range is 150 cm-1~1600 cm-1, and the acquisition time is 30 seconds. There are 1~2 areas of the 

tribofilm selected randomly on the ball and disc, and 22 spectra are analysed for one test condition. The one 

with the strongest signal is chosen for comparison.  

After obtaining the Raman spectrum, the baseline of the raw data is removed first. Then, a mixed 

Gaussian/Lorentzian method is used to fit the peaks to obtain the information of frequency, intensity and full 

width at half maximum (FWHM).  

2.4 X-ray Photoelectron Spectroscopy (XPS) 

The XPS instrument used in this work is the PHI5000 Versa Probe IITM (ULVAC-PHI Inc., Japan/USA). 

Conventional XPS analysis can provide the chemical structure at the top surface of 5~10 nm [26]. However, in 

analogy with the tribofilm formed by ZDDP, the chemical compositions in the tribofilm should be different 

along with depth, so the depth profiling with the high-resolution XPS spectral analysis is used to analyse the 

key elements and compounds in the tribofilm from the top surface to the substrate. An Al Kα monochromatic 

source is used at 15 kV and 50 W with a step energy of 1486.6 eV. The test area is in the centre of the tribofilm 

and is approximately 200 µm in diameter. The Ar ion sputtering is applied for etching the specimens with 4 kV 

and 20 mA energy. The high-resolution C1s, N1s, O1s, P2p, S2p, Ca2p, Fe2p, and Zn2p3 spectra are collected 

at a pass energy of 23.5eV with an acquisition step size of 0.1eV. The etching rate is 18.175nm/mins as the 

reference of SiO2. The maximum etching depth is about 120 nm.  

The post-processing process of XPS data is performed using CasaXPS software. The Shirley-Sherwood iterative 

method is used for background subtraction, and Gaussian and Lorentzian functions are applied for curve-fitting 
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the peaks. For 2p spectra of elements P, S, and Ca, due to the splitting of the spin orbits, a doublet with an area 

ratio of 2:1 is set in the peak fitting. 

3 Tribological Results 

3.1 Tribofilm Formation 

The evolution of the FFO tribofilm thickness at different temperatures is shown in Fig. 3. The growth curves of 

FFO tribofilm (Fig. 3a) can be divided into two phases: (I) growth phase and (II) stable phase. In the growth 

phase, the tribofilm thickness increases rapidly at the beginning. The growth rate primarily increases with an 

increase in temperature. In the stable phase, the tribofilm thickness reaches a dynamic balance that is primarily 

unchanged at each temperature. When the temperature rises, the average balanced thickness increases, which 

can grow to about 120 nm at 120 °C. The growth process of FFO tribofilm is similar to that of tribofilm formed 

by ZDDP with a higher carbon length [12, 41]. However, it can also be noted that the growth rate of the FFO 

tribofilm decreased and then increased between 15 mins and 60 mins of the test time, especially at 80 °C and 

100 °C. The interferometry images of the tribofilm captured by SLIM exhibit the morphology of the tribofilm 

at different test durations, as shown in Fig. 3b. The tribofilm distribution appears to be more uneven in the 

contact at lower temperatures.  

 

Fig. 3 MTM-SLIM results of (a) FFO tribofilm growth and (b) SLIM images at different temperatures 

(60, 80, 100 and 120 °C). 

3.2 Friction Coefficient 

Fig. 4 shows the friction coefficients corresponding to the FFO tribofilm growth process at different 

temperatures. As shown in Fig. 4a, all the friction coefficients in the steady-state phase increase compared to 

the initial values at the four tested temperatures. However, the evolution process is varied from temperature to 

temperature. At 60 °C, the friction coefficient experiences a slow increase and then reaches a steady state. Its 

growth rate and the value in the steady-state phase are the lowest of all the temperatures tested. The changes in 

friction coefficient are relatively similar at 80 °C and 100 °C, but the friction coefficient at 100 °C is overall 
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slightly higher than that at 80 °C. During the first 15 mins of the test, it increases rapidly. After a 'reduction and 

regrowth' process, a plateau is reached. Comparing the growth curve of the tribofilm at the same temperature in 

Fig. 3a, the growth rate of the tribofilm has a similar variation. The friction coefficient at 120 °C also increases 

rapidly before reaching a stable value, where the increase rate is lower than that at 80 °C and 100 °C. However, 

the friction coefficient at 120 °C in the steady-state phase has the maximum value. 

The average steady-state friction coefficient and corresponding average tribofilm thickness after 90 mins of 

testing at each temperature are calculated, as illustrated in Fig. 4b. With the increase in temperature, the friction 

coefficient and the tribofilm thickness in the steady-state phase increase with a similar trend. 

 

Fig. 4 MTM-SLIM results of (a) friction coefficients at different temperatures (60, 80, 100 and 120 °C) 

and (b) average friction coefficient at the stable phase compared with average thickness at each 

temperature. 

Some researchers have shown that different compositions in the tribofilm may lead to differences in the friction 

coefficients. For example, the formation of ZDDP tribofilm can increase the friction coefficient on the steel 

surface [11, 50], while the formation of iron sulphide may reduce the friction coefficient [51, 52]. Therefore, 

the changes in friction coefficients indicate that the growth process and chemical composition of tribofilms 

formed at different temperatures may differ. 

3.3 Wear Results 

Fig. 5 shows the wear results at different temperatures. Unlike the in-situ tests of tribofilm thickness, the wear 

results are only measured after the tribotests are finished, so the increase in wear may be discontinuous at the 

same temperature. The wear evolution can be seen in Fig. 5a, where the highest wear occurs at 80 °C, but the 

results at 100 °C are very close. When the temperature increases to 120 °C, the expected wear reduction is 

identified due to the antiwear performance of the additives. Unexpectedly, the lowest wear occurs at 60 °C. As 

temperature increases from 60 °C to 80 °C, wear and tribofilm thickness increase, which does not seem to reflect 
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the protective effect of the tribofilm on the surface. Thus, the reasons for the wear trend in this lower temperature 

range must be further explored. 

 

Fig. 5 Wear measurements on steel discs by NPFLEX at different temperatures: (a) evolution of wear 

volume; (b) wear volume as the function of the temperature at the test durations of 60 mins and 360 

mins. 

In order to analyse the correlation between wear and temperature more clearly, the wear data in the test duration 

of 60 mins and 360 mins at different temperatures are extracted in Fig. 5b from Fig. 5a. More tests (65, 70, 

75 °C for 360 mins and 75 °C for 60 mins) are conducted to confirm the wear trend in the temperature range of 

60~80 °C (see the dash lines in Fig. 5b). For the tests at 60 mins and 360 mins, the maximum wear occurs at 

80 °C and 75 °C, respectively. It is speculated that the change of the wear mechanism of FFO may happen 

around 75/80 °C. As the difference between the two temperatures is minor, to simplify the description, the 

subsequent description uses 80 °C as the threshold to divide the wear trend of FFO. Hence, it can be summarised 

that the wear trend when using FFO is two-phase temperature-dependent, that is, phase (I): in the low-

temperature range of 60~80 °C, wear increases with the increase in temperature; and phase (II): in the high-

temperature range of 80~120 °C, when the temperature rises, the wear decreases.  

Considering the viscosity of the lubricants decreases with increasing temperature, the lower wear at 60 °C may 

be because it is not entirely in the boundary lubrication regime, so the fluid carries part of the applied load 

between asperities, resulting in the reduction of wear and tribofilm formation. To further investigate the effect 

of this factor, the author conducted a set of experiments with a lower λ ratio by only reducing entrainment speed 

from 0.1 m/s to 0.01 m/s. The wear results at a lower λ ratio still exhibit the same two-phase trend with 

temperature (results are shown in Supplementary Material for brevity), so the influence of viscosity can be 

eliminated. Based on these results, it can be suggested that the change of wear mechanism as a function of 

testing temperature could be mainly caused by different chemical compositions or the formation process of the 

tribofilm in the wear track. 
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4 Chemical Analysis 

4.1 Raman Analysis 

Since FFO contains ZDDP and overbased calcium sulphonate detergent, it is speculated that phosphate and 

sulphide are mainly present in the tribofilm. Raman spectroscopy is used for analysis, in which the Raman shift 

ranges of 200~500 cm-1 and 800~1200 cm-1 are selected as the spectral analysis sections for sulphide [53-59] 

and phosphate [60-62], respectively.  

Fig. 6(a~d) shows the sulphide sections for the tribofilm after 3 hours of testing at different temperatures. The 

possible sulphides in tribofilm are likely to be FeS/FeS2, ZnS, and CaS. At all tested temperatures, the Raman 

spectra are mainly composed of a strong peak at 374±2 cm-1 accompanied by a small peak at 337±3 cm-1 and a 

weak peak at 418±3 cm-1, which are consistent with the reference spectra of pyrite-FeS2 [53]. In addition, the 

weak peaks at 319 cm-1 and 315 cm-1 appear at 100 °C and 120 °C, respectively, which may be attributed to the 

marcasite structure of FeS2 [54]. When the temperature increases, iron sulphide's signal intensity significantly 

reduces. However, the typical peak for ZnS is around 349 cm-1 [55, 56], which cannot be separated from the 

Raman results. Furthermore, the primary Raman shifts for Ca-S at 285 cm-1, 215 cm-1, 185 cm-1, and 160 cm-1 

[57] are not found within the measurement range of the Raman analysis. Compared to the Raman results for the 

ZDDP tribofilm in Ref.[58], the peaks detected for sulphides are likely to be 386 cm-1 for Fe-S and 351 cm-1 for 

Zn-S. However, for an engine oil containing ZDDP and calcium S-based detergent, the peak for FeS2 was 

detected [59]. Thus, the iron sulphides detected in FFO tribofilm are mainly the product of interaction between 

ZDDP and detergent. 

Fig. 6(e~h) shows the phosphate section for the tribofilm after testing for 3 hours at different temperatures. The 

possible phosphates in the tribofilm are probably Ca/Zn/Fe phosphate. There are mainly two strong peaks and 

one weak peak. The first peak is at 952±1cm-1, which can be assigned to ν1-PO4 with the symmetrical stretching 

mode [61]. It is more likely to be assigned to calcium phosphate due to the presence of detergents, but there 

may be a small amount of zinc phosphate and/or iron phosphate. The second peak is at 1080±1 cm-1, which can 

be assigned to ν1-CO3 with the symmetrical stretching mode or ν3-PO4 with the antisymmetric stretching mode 

[61, 62]. The latter has a lower Raman shift, and its signal intensity usually is not higher than the peak ν1-PO4. 

Therefore, it is mainly attributed to the presence of calcium carbonate when the temperature is lower than 100 °C. 

Between the two peaks, weak peaks at 997±2 cm-1 and 1041±4 cm-1 can be assigned to other stretching modes 

of P-O from PO4 or PO3 group [60-62].  
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Fig. 6 Raman spectra of sulphide (a-d) and phosphate (e-h) in the tribofilms after testing for 3 hours 

at different temperatures (a,e) 60 °C, (b,f) 80 °C, (c,g) 100 °C, and (d,h) 120 °C. 

It can be inferred from Raman analysis that the FFO tribofilm contains iron sulphide, calcium phosphate, and 

calcium carbonate. With the increase in temperature, the peak intensity of iron sulphide decreases, but that of 

phosphate increases.  

4.2 XPS Depth Profiling Analysis 

XPS depth profiling analysis combined with high-resolution elemental spectra is used to determine the chemical 

compositions of FFO tribofilm along the depth direction at different temperatures. The elements C, O, N, P, S, 

Ca, Fe, and Zn, are chosen for analysis. Since there is no N signal for all tested samples, N spectra are ignored. 

The XPS signals of C1s, O1s, P2p, S2p, Ca2p, and Zn2p3 at four temperatures are shown in Fig. 7 ~ Fig. 12, 

respectively. 



12 

 

Fig. 7  The C1s spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 

 

Fig. 8  The O1s spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 
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Fig. 9  The P2p spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 

 

Fig. 10  The S2p spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 
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Fig. 11  The Ca2p spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at 

different temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 

 

Fig. 12  The Zn2p3 spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at 

different temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C 
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Fig. 7 shows the variation of the C1s spectra with etching depths at four temperatures. Two separate peaks can 

be observed on the surface, 284.8 eV and 289.1 eV, which are attributed to the organic carbon bond (C-C, C-H) 

and the carbonate (CO3) in calcium carbonate [6, 63, 64], respectively. Another peak hidden at 286 eV is the C-

O bond in carbonate [65]. With the increased etching depth, another peak at 282.2 eV appeared, which may be 

assigned to the peak of carbide [66, 67], indicating that the depth reached the substrate. 

The O1s spectra in Fig. 8 show the two prominent peaks at 530.2 eV and 531.7 eV, assigned to metal oxide [63] 

and NBO (non-bridging oxygen) in phosphate, carbonate, or sulphate [6, 63-65, 68], respectively. As the 

temperature increases, the peak intensity of the metal oxide decreases, indicating that there is more tribofilm 

formed on the surface, which is consistent with the experimental results of tribofilm thickness. The NBO peak 

moves to 532.1 eV in the middle layer of the tribofilm. These results may be due to an overlap with a BO 

(bridging oxygen, such as P-O-P) peak, which has higher binding energy than the NBO peak [45, 63].  

The P2p spectra at different temperatures are shown in Fig. 9. Using an area ratio of 2:1 to split the peak due to 

the splitting of the 2p orbital, the binding energy of the P2p3 peak is approximately 133.2~133.8eV, which is 

attributed to the phosphate. On the surface of the tribofilm, the binding energy of this peak is lower, and as the 

etching depth increases, the peak shifts to the higher binding energy. The increase in the binding energy of the 

P2p3 (phosphate) peak may be due to the change in metal cations such as Ca2+, Zn2+ and Fe2+ (the order of 

binding energy: Ca2+≤ Zn2+< Fe2+) [6, 63, 68-73] or in the degree of phosphate polymerisation (the order of 

binding energy: Ortho< Pyro< Poly-phosphate) [74]. Therefore, the most likely phosphates can be calcium 

phosphate or short-chain zinc phosphate. In addition, the Zn3s peak with a binding energy of 140.3 eV can be 

fitted, indicating zinc phosphate's presence. However, it only appears on the surface of tribofilm and under lower 

temperature conditions (marked in Fig. 9a and b). 

Fig. 10 shows the S2p spectra at different temperatures where two peaks are marked. The one with a lower 

binding energy of 161.7 eV is derived from mono-sulphides, while the other peak at 162.3±0.1 eV is attributed 

to disulphide [63, 75, 76]. Raman analysis indicates the existence of iron disulphide in the FFO tribofilm, which 

is consistent with the XPS results. In the further peak fitting of each spectrum, there is a weak peak around 

168.2 eV on the top surface of the tribofilm (not shown in Fig. 10). Such a peak is assigned to the sulphate group 

with less sulphonate [64, 77, 78], derived from over-based calcium sulphonate detergent.  

As for Ca2p spectra in Fig. 11, two peaks, Ca2p3 and Ca2p1, appear that can be assigned to CaSO4/SO3, CaCO3, 

Ca(PO4)x, and CaS. The first three can be inferred from the S2p, C1s, and P2p spectra, respectively, but there is 

no signal in both XPS and Raman spectra showing the existence of CaS. The detailed binding energy at each 

temperature will be discussed later. The Zn2p3 peak in Fig. 12 has the binding energy of 1022±0.2 eV, attributed 

to zinc phosphate [63, 70], and it only presents in the upper part of the tribofilm.  
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The XPS analysis of the elemental spectra illustrates that the chemical compositions of FFO tribofilm are similar 

at the four temperatures. The products in the depth direction are, starting from the surface, calcium 

carbonate/calcium sulphate, phosphate (mainly Ca), sulphide (FeS2), and iron oxide/substrate. To further 

analyse the differences in each composition at different temperatures and its effect on the wear mechanism, the 

area and the binding energy of prominent peaks as a function of etching depth at different temperatures are 

compared, as shown in Fig. 13.  

 

Fig. 13  The peak areas or the binding energy of the main peaks to identify the chemical compositions 

of the FFO tribofilm are extracted from the XPS depth profiling analysis to compare the differences 

at different temperatures. ((a) peak area of carbonate - C1s spectra, (b) peak area of phosphate (P 2p3) 

- P2p spectra, (c) peak area of sulphides (S 2p3 and S2 2p3) - S2p spectra, (d) peak area of Ca2p3 - 

Ca2p spectra, (e) binding energy of Ca2p3 - Ca2p spectra and (f) peak area of Zn2p3 - Zn2p3 spectra.) 
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Calcium carbonate is the mineral core in the detergent. As shown in Fig. 13a, the maximum peak area of calcium 

carbonate appears at the top layer of the tribofilm at all temperatures but drops sharply at 0.5~2 nm from the 

surface. The calcium carbonate appears on the surface of the tribofilm, which is consistent with many studies 

on the tribofilm produced by the over-based calcium sulphonate detergent [6, 26]. By contrast, the peak area is 

highest at 80 °C, which seems to be similar to the wear trend. However, the author did the same tests at a lower 

λ ratio by changing the entrainment speed and did not find the exact correlation between calcium carbonate and 

wear (results are shown in Supplementary Material for brevity). Moreover, calcium carbonate may account for 

the antiwear property of detergents [27]. Therefore, although the influence of calcium carbonate on the wear 

trend cannot be excluded, it is difficult to use it alone to explain the wear mechanism. 

Phosphate and sulphides should be the main compositions in the FFO tribofilm, so the peak areas of phosphate 

(P 2p) and sulphide (S 2p and S2 2p) are analysed in Fig. 13b and c, respectively. At all four temperatures, the 

peak values of phosphate are at 0.5 nm near the surface and decrease gradually with the increase of depth (Fig. 

13b). In contrast, the peak area of phosphate is almost unchanged from 60 °C to 80 °C (Phase (I) of the wear 

trend), whereas it increases significantly from 80°C to 120 °C (Phase (II) of the wear trend). Especially at 120 °C, 

the peak area and depth of phosphate have a significant increase. However, the peak area of sulphide at different 

temperatures shows an opposite trend to that of phosphate (see Fig. 13c), which is consistent with the Raman 

results. The peak area of sulphides decreases slightly from 60 °C to 100 °C. Then, there is a significant reduction 

from 100 °C to 120 °C. At the four temperatures, with the increased etching depth, the peak area sulphides 

increase rapidly from the beginning to the depth of 2 nm, reaching the maximum value, which is deeper than 

the peak depth of phosphate. It may indicate that part of the sulphide is covered by phosphate, which is similar 

to the chemical structure of the ZDDP tribofilm [14].  

The Ca ion is provided only by detergents, reflecting its involvement in the tribofilm formation. At all 

temperature, the areas of the Ca2p3 peak decreases with the increase of depth (see Fig. 13d). At 120 °C, the 

peak area has the highest value. Since there are many types of calcium-containing compounds and their 

corresponding binding energies of Ca2p3 peaks are different, the binding energies of Ca2p3 peaks in the etching 

depth direction at different temperatures are further compared (see Fig. 13e). The binding energy at 60 °C is 

lower than those at the other temperatures, although the peak area at 60 °C is quite similar to those at 80 °C and 

100 °C. This indicates that detergents participate in tribofilm formation at 60 °C to a similar extent to that at 

80 °C/100 °C. However, less calcium phosphate is produced in the tribofilm at 60 °C. Therefore, it can be 

speculated that the antiwear properties of detergents themselves play a leading role in reducing wear at 60 °C, 

rather than the antiwear mechanism of the phosphates. In the range of 80~120 °C, the binding energy of the 

peak fluctuates between 347.4 eV and 347.7 eV at a thickness of 10 nm on the tribofilm surface, indicating the 

presence of calcium carbonate [64, 65, 78] and calcium sulphate [65, 77-79] on the surface. Then, the binding 

energy of the main part of the tribofilm is around 347.4 eV, which is attributed to calcium phosphate [68]. In 

addition, the binding energy increases near the substrate at 120 °C, which may also be attributed to the calcium 
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phosphate with higher binding energy, or from the error caused by the decrease of spectral signal when it 

approaches the substrate. 

The other cation Zn is derived only from ZDDP. The peak areas of Zn2p3 representing zinc phosphate in the 

tribofilm at different temperatures are compared, as shown in Fig. 13f. It mainly exists on the surface of the 

tribofilm, which may be the chemisorption of ZDDP decomposition products or the intermediate product in the 

reaction of forming calcium phosphate. This process should occur mostly at 120 °C because the peak area of 

Zn2p3 has the most significant depth and the maximum value. 

5 Discussions       

5.1 Possible Wear Mechanisms 

In this work, wear is the loss of substrate material during the rubbing, that is, the iron loss. It may mainly 

originate from direct contact between the two surfaces when the tribofilm is insufficient to cover the surface 

(mechanical wear) or be consumed in the tribochemical reactions between the surface and the additives to form 

the tribofilm (tribochemical wear). The wear results of FFO show that the wear rate is almost unchanged during 

the first 5 mins. In addition, the surface is relatively smooth, so the temperature-dependent iron loss due to 

mechanical wear can be ignored. Therefore, the wear mechanism of FFO mainly comes from the difference in 

the tribochemical wear pathway at different temperatures. 

The chemical analysis of FFO tribofilm indicates that the most temperature-dependent compositions in the 

tribofilm are phosphates and sulphides. As the temperature increases, the signal intensity of the phosphate in 

tribofilm increases, while that of the iron sulphide decreases (see Fig. 6, Fig. 13b, and c). However, almost no 

composition can directly explain FFO's two-phase temperature-dependent wear mechanism. This indicates that 

the wear mechanism is not only related to the chemical composition of the reaction product (tribofilm) but also 

related to its formation process.  

It can be seen from XPS analysis that the additives ZDDP and overbased calcium sulphonate detergent are the 

most involved in the formation of the FFO tribofilm. Many previous studies on the two additives have shown a 

competitive relationship. The primary phenomenon is that the overbased calcium sulphonate will reduce the 

antiwear performance of ZDDP because the Ca ion will replace the cation in zinc phosphate to form calcium 

phosphate [25-27]. This is also consistent with the significant phosphate detected in the FFO tribofilm. The 

higher amount of calcium phosphate in the FFO tribofilm at higher temperatures is the main factor in reducing 

wear in the Wear Phase (II). 

In contrast, the wear reduction at lower temperatures in the Wear Phase (I) is thought to be dominated by the 

antiwear performance of the detergent itself, that is, by sulphides and calcium carbonate. The higher wear results 

between the two Phases are likely due to the antagonism of the two additives. This indicates that although the 
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wear behaviour of FFO depends on the competitive relationship between the two additives, the dominant 

antiwear tribofilm could change as a function of temperature, resulting in different levels of iron loss. Thus, 

three mechanisms are proposed to explain the wear mechanism of FFO at different temperatures, as shown in 

Fig. 14. 

 

Fig. 14  Three mechanisms to explain FFO's wear mechanism at different temperatures. (a) is the 

Mechanism (I) when detergent is more reactive; (b) is the Mechanism (II) when ZDDP is more reactive; 

(c) and (d) are the Mechanism (III) when the competition is enhanced between ZDDP and detergent. 

 Mechanism (I) The reactivity of detergent is greater than that of ZDDP  

Suppose detergent preferentially reacts with the iron surface to form a boundary film of crystalline CaCO3 or 

CaO. In this case, it can prevent or reduce the reaction of ZDDP with the substrate (see Fig. 14a). This can 

happen at low temperatures because the reaction activity of ZDDP with the substrate is weak. In this case, it 

seems to be less iron consumption in this tribochemical path because the generation of boundary film hardly 

needs the participation of iron [15]. Therefore, the iron may be lost by forming iron sulphide or by direct contact 

due to inadequate protection by the tribofilm. Iron sulphides have been reported to increase the lubricity of the 

surface [51, 52] and can reduce abrasion to a certain extent [80-82]. In addition, calcite (CaCO3) film has a 

certain degree of resistance to wear [5, 20, 23, 28, 83]. This may be why although the tribofilm thickness is the 

lowest at 60 °C, the wear volume is still low. 

 Mechanism (II) ZDDP is more reactive than detergent  

For ZDDP, phosphate has antiwear properties under mild wear conditions [9]. The chemical analysis of FFO 

tribofilm shows that the peak assigned to phosphate at 120 °C has a higher signal intensity than that at 100 °C. 

In Phase (II) of the wear mechanism, wear decreases with increasing temperature. This also reflects the wear 

resistance of phosphate, although it is the calcium phosphate mainly present in FFO tribofilm rather than zinc 

phosphate. Kasrai et al. proposed two possible reaction paths for the formation of calcium phosphate by ZDDP 
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and calcium detergent: (1) ZDDP decomposes and then reacts with Ca2+; and (2) polyphosphate produced by 

ZDDP, decomposes and reacts to form calcium phosphate [27]. Therefore, in the higher temperature range, 

when ZDDP is more reactive than the detergent, the antiwear property of phosphate plays a dominant role in 

reducing wear. In this way, the iron in the substrate is consumed by tribochemical reactions to supplement the 

tribofilm removed during the rubbing process, as shown in Fig. 14b. 

 Mechanism (III) Strong competition between ZDDP and detergents 

Mechanisms (I) and (II) reflect the detergent's and ZDDP's advantages in reducing wear, respectively. However, 

suppose that both additives are highly reactive. As shown in Fig. 14c, when the competition is enhanced, the 

tribofilm formed in Mechanism (I) faces the active additive environment in Mechanism (II) or the reverse, 

disrupting the chemical equilibrium, so the antiwear property of either of them cannot perform well. Then, the 

unstable tribofilm forms at the beginning and increases friction, causing higher wear. Finally, it will achieve a 

new equilibrium (see Fig. 14d). This may explain why there is a 'growth - reduction - regrowth' process for the 

growth rate of the tribofilm at 80 °C and 100 °C. Moreover, the wear and the initial friction coefficient are 

higher at both temperatures. Although this process is difficult to represent in terms of specific chemical reaction 

formula, it can be inferred that the path of iron loss is still related to the consumption in the tribochemical 

reaction of the tribofilm formation. 

As for the mild wear mechanism when using FFO on the steel surface, the iron content in tribofilm can directly 

reflect the consumption of the steel substrate (iron loss) in tribochemical reaction, and it is also a way to unify 

the above three possible mechanisms. This provides an experimental basis for developing a wear model 

involving the tribochemistry of FFO. 

5.2 Effect of Dispersant 

Dispersants can form complexes with ZDDP molecules [8, 30-32] and affect the contact between ZDDP and 

metal surfaces [33-35]. Suppose the dispersant is involved in tribofilm formation, specifical succinimide in this 

study. In this case, the N atom should be detected in tribofilm [84], but there is no N signal from the depth 

profile analysis of XPS. Therefore, the influence of the dispersant on the composition of tribofilm appears to be 

minimal. However, the dispersant was reported to increase the decomposition temperature of ZDDP [20]. Martin 

et al. found that the dispersant can reduce the chemisorption of ZDDP and phosphate formation at 60 °C [85]. 

This could be why FFO tribofilm has the highest peak signal of phosphate at 120 °C and reduces wear. The 

corresponding antiwear mechanism when using FFO at this temperature is similar to ZDDP. This mechanism 

of reducing wear through phosphate appears to operate at higher temperatures in the FFO tested than in ZDDP-

only lubricant. 
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6 Conclusions 

This paper studied the wear mechanism for an FFO typically used in hydraulic piston pumps, which contains 

the antiwear additive ZDDP, detergents, and dispersant. Here are some findings summarised as follows. 

Firstly, the growth of FFO tribofilm has a similar trend to the tribofilm formed by ZDDP alone in the base oil, 

including a growth phase and a stable phase. However, a two-phase temperature-dependent wear trend on the 

steel surfaces is exhibited when using FFO in the tested temperature range. That is, wear increases first (Phase 

I) and then decreases (Phase II) with the increase in tribofilm thickness/temperature.  

Secondly, the wear mechanism for the FFO is related to the chemical composition and the formation process of 

the tribofilm. Both Raman and XPS analysis found that the most temperature-dependent compositions are 

phosphate and sulphide. As the temperature increases, the intensity of the phosphate peak increases, while that 

of the iron sulphide peak decreases. 

Thirdly, a hypothesis of the mechanisms of priority reaction or enhanced competition between ZDDP and the 

overbased calcium sulphonate detergent is proposed to explain the wear characteristics for FFO from the 

perspective of iron consumption in the tribochemical reactions path. Specifically, the lower wear in Phase (I) 

and (II) is mainly attributed to the detergent's antiwear property and the phosphate-based antiwear mechanism 

provided by ZDDP, respectively. The higher wear between the two Phases is due to the increased antagonism 

between the two additives.

In further work, the FFO's experimental data and wear mechanism will be applied to develop the wear model in 

Part (II) of this series of papers.  
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Abstract:  

This paper studied a fully formulated oil (FFO) in the hydraulic piston pump, containing mainly zinc 

dialkyldithiophosphate (ZDDP), detergents, and dispersants. The results of tribo-tests show that the antiwear 

characteristics are different when using FFO compared to using a single additive oil such as base oil + ZDDP. 

A two-phase temperature-dependent wear trend was found when FFO is used. Phase (I) is in the low-temperature 

range, where wear increases with increasing tribofilm thickness and temperature. Phase (II) is in the high-

temperature range where the tribofilm thickness increases but wear decreases as the temperature increases. 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) analysis of the tribofilm show that the most 

temperature-dependent compositions are phosphate and iron sulphides, where the signal intensity of phosphates 

increases, but that of sulphides decreases when the temperature increases. It indicates that the participation of 

detergent and ZDDP in the tribofilm formation increases at low and high temperatures, respectively. However, 

no signal shows the dispersant participating in the tribofilm formation. A hypothesis of mechanisms of reaction 

priority or enhanced competition among different additives at different temperatures is proposed from the iron 

loss perspective to explain the two-phase temperature-dependent wear mechanism. This study also provides the 

experimental basis for the wear modelling involving the tribochemistry of FFO in Part (II) of the research series.  

Keywords: Fully Formulated Oil; Wear; ZDDP; Detergent 

1 Introduction 

Wear is an important reason for affecting machinery life and increasing maintenance costs in the industry [1, 2]. 

Mild wear can lead to reduced machine efficiency, while severe wear can lead directly to the failure of the 

machine. Lubrication is one of the commonly used methods to reduce wear. However, it is difficult to prevent 

the wear between relatively moving components/parts, such as piston/cylinder or gear pairs, due to lubricant 
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starvation caused by mechanical vibration or fit errors. In the hydraulic system, hydraulic fluids perform the 

functions of lubrication and heat dissipation like conventional lubricants and energy transmission [3]. This 

requires the hydraulic lubricants to have antiwear behaviour and stable performances in other aspects, such as 

cleaning the contaminants and preventing oxidation. 

Fully formulated oils (FFO) contain various additives (such as antiwear additives, detergents, dispersants, and 

antioxidants), which are added to the base oil (such as mineral oil and synthetic oil) with a specific concentration. 

They are used to fulfil the multifunctionality in applications. However, since FFOs have high levels of chemical 

complexity, it is challenging to study the effect of detailed compositions of FFO on antiwear performance and 

wear prediction. Decades of research on each kind of additive or its combinations have shown that additives' 

type, concentration, acidity, and alkalinity affect their antiwear behaviours. The same additive may perform 

differently under different working conditions [4-9]. 

Zinc dialkyldithiophosphate (ZDDP) is a widely used antiwear additive. Film formation is a significant function 

of ZDDP. Many studies showed that tribofilm only formed within the rubbing tracks [10, 11] and that the 

tribofilm thickness stabilises over 50~150 nm on steel surfaces [10, 12, 13]. The formation rate of tribofilm 

increases with the increase in temperature and concentration of ZDDP [12]. The main compositions from the 

tribofilm surface to the substrate are alkylphosphate precipitates, polyphosphate (Zn), phosphate (Zn/Fe), and 

Fe/Zn sulphides near the substrate [14]. It was found that the antiwear effect of ZDDP is mainly derived from 

the formation of phosphates [9].   

The primary function of detergents is to clean the acidic substances in the lubricant, so it is usually alkaline or 

neutral. Over-based calcium sulphonate is a commonly used detergent that can form a boundary film on the 

steel surface that contains mainly calcium carbonate and/or CaO [4, 6, 15-18]. It has been found that the 

tribofilm formed by the overbased calcium sulphonate detergent can grow to 160 nm in 2 hours [19], but its 

formation process is different from ZDDP, which does not require much iron to be involved [15]. Although the 

overbased calcium sulphonate detergent was found to have antiwear and anti-scuffing properties [5, 15, 20-23], 

it was reported when combined with ZDDP to have an antagonistic effect on the antiwear performance of ZDDP 

[24-28].   

The primary role of dispersants is to keep insoluble substances suspended in oil and avoid deposition on the 

surface. It usually contains a higher molecular weight that can help maintain the oil viscosity. Most dispersants 

are considered to have little effect on wear or friction [29]. However, some studies have shown that dispersants 

and ZDDP have antagonistic effects on wear reduction due to complexation [8, 30-32]. In addition, the 

dispersant may adsorb or react with metal surfaces [33-35] or dissolve the existing ZDDP tribofilm [8], which 

will also reduce the effectiveness of the antiwear properties of ZDDP. 
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The antiwear performances of single additive or combinations of different additives have been well studied for 

many years. However, it still cannot answer the performance of the FFO as a whole, even if the type, 

concentration, and other information of additives contained in the FFO are known. In recent years, more 

experimental studies have used FFOs to study antiwear performance [36-39]. One aspect of FFO studies is to 

evaluate the performance of the additives contained therein on different material surfaces. On the other hand, 

the interaction between multiple additives can be more abundantly and directly understood by comparing their 

combined behaviour with that of a single additive. Experimental testing is the primary method for studying the 

antiwear performance of  FFOs. However, experimentally understanding the wear mechanism is not enough for 

FFO users to monitor the machine's service life. Advanced modelling and numerical simulation techniques are 

also necessary to quantify the wear process and predict failures. 

Therefore, this work studied a commercial FFO used in the hydraulic system, containing the antiwear additive 

ZDDP, detergents overbased calcium sulphonate and phenate, and the dispersant succinimide. A two-part series 

of papers are organised to report the experimental findings, and theoretical modelling works. This paper, the 

first part, presents an experimental study on the wear mechanism involving the FFO and its tribochemistry under 

different temperatures. The experimental results are then used for the modelling work to establish the theory 

and to simulate the main tribological phenomena such as tribofilm growth and wear evolution, which will be 

discussed in Part (II) of the research series. 

2 Methodology 

2.1 MTM-SLIM  

Tribotests are conducted by Mini Traction Machine with the Spacer Layer Imaging Method (MTM-SLIM, PCS 

Instruments, UK), as shown in Fig. 1. The MTM is a tribometer with a ball-on-disc configuration (see Fig. 1a), 

which allows the rotation speed of the ball and disc to be adjusted independently to achieve different 

sliding/rolling conditions. The SLIM is an external component of the MTM for testing the in-situ growth process 

of the tribofilm and analysing the thickness after the test, which has been widely used in many studies of ZDDP 

tribofilm [10, 12, 40-46]. The main principle is shown in Fig. 1b. Through a lens (consisting of a glass flat, a 

thin semi-reflective chromium layer and a silica spacer layer), a white light source and its reflected light from 

the steel surface produce an interference image of the tribofilm, which is captured by a colour camera and 

microcomputer. After the test, the RGB colour of each pixel in the image is analysed by offline software, and 

the tribofilm thickness is calculated automatically. 

The ball has a diameter of 3/4 inch (~19 mm) with a roughness of 20 nm (Ra), and the disc has a diameter of 46 

mm with a roughness of 10 nm. The material of both the ball and the disc is AISI52100 steel. The lubricant is a 

hydraulic FFO (provided by Komatsu Ltd., Japan), and its specifications are listed in Table 1. The base oil in 

the FFO is a low viscosity mineral oil with a kinetic viscosity of 36 cSt at 40 °C and 5.9 cSt at 100 °C. The main 
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additives are a mixture of primary and secondary ZDDPs, overbased calcium sulphonate, overbased calcium 

phenate, and succinimide. 

 

   

Fig. 1 a) Schematic diagram of MTM-SLIM [46]; b) SLIM principle.  

 

Table 1 Specification of the FFO. 

Fully Formulated Oil Types 

Base Oil Mineral Oil (Kinetic viscosity: 36 cSt at 40 °C,  

5.9 cSt at 100 °C) 

Antiwear Additive Primary and Secondary ZDDP (0.08 wt.% P) 

Detergents Over-based calcium sulphonate/phenate  

(0.38 wt.% Ca) 

Dispersant Succinimide 
 

Considering the application of hydraulic piston pumps, the test conditions are designed in Table 2. According 

to the ISO 6743-4 hydraulic fluid classification system [47], the operating temperature range of mineral oils 

with antiwear additives is about -10 °C ~ 90 °C. However, for some high-temperature applications, the upper-

temperature limit can reach 120 °C [48], so the main test temperatures in this study are 60, 80, 100, and 120 °C. 

The load is 60 N to have an equivalent maximum Hertzian pressure of 1.2 GPa. The entrainment speed is 100 

mm/s, and the slide-to-roll ratio (SRR) is 150 %. The tests are designed in a boundary lubrication regime. The 

maximum test duration is 6 hours, and there are different test intervals for wear measurements.  
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Table 2 Working conditions for MTM-SLIM tests  

Traction Mode  

Temperatures 60, 80 100 and 120 °C  

Load 60 N 

Entrainment Speed 100 mm/s 

SRR 150 % 

Duration 6h with different intervals 
 

Before testing, heptane is first used to clean the antirust oil and dust on the surface of the samples with soft 

tissue. Then, the samples are immersed in an acetone solution and cleaned in an ultrasonic bath for 30 mins. 

Finally, the samples are rinsed with methanol and dried naturally. After the MTM tests, the samples are rinsed 

with heptane to remove the remained lubricants on the surface and then dried naturally.  

2.2 White Light Interferometry  

The wear measurements were carried out by white light interferometry (NPFLEXTM, Bruker, UK/USA). Since 

the tribofilm generated by ZDDP contains phosphate, which has light transmittance and interferes with white 

light interference measurement [49], the tribofilm must be removed before wear measurement. The 0.05 mol/L 

ethylenediaminetetraacetic (EDTA) solution was used in many studies to remove tribofilm formed by ZDDP 

[41, 49] and over-based calcium sulphonate detergent [19]. Thus, it is considered to apply to the tribofilm formed 

by FFO containing these two film-forming additives.  

Wear measurement was carried out with a total magnification of 10× with a measurement area of 400×600 μm2. 

The results are processed by the built-in Vision64® software, which allows the wear volume in the measured 

area to be calculated directly. Since tests were run at a high SRR of 150 %, the disc sliding distance is six times 

higher than the ball for the same test duration. The length of the disc wear track is approximately three times 

that of the ball, so the disc wears more than the ball. Fig. 2 shows the examples of wear results on the ball and 

on the disc, also indicating that the wear on the ball (Fig. 2a) is very small and hard to measure at the maximum 

test time, so only the wear results on the discs are discussed in the following sections. 
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Fig. 2 The 3D images of worn surfaces on (a) the steel ball and (b) the steel disc after 6-hour testing 

at 100 °C, captured by NPFLEX with the magnification of 10X. 

2.3 Raman Spectroscopy 

Raman spectroscopy (Renishaw inVia, UK) measures mainly sulphides and phosphates in the tribofilm. The 

laser with the wavelength of 488 nm is chosen, and its maximum energy is 10 mW. The laser intensity is 50 %. 

The acquisition range is 150 cm-1~1600 cm-1, and the acquisition time is 30 seconds. There are 1~2 areas of the 

tribofilm selected randomly on the ball and disc, and 22 spectra are analysed for one test condition. The one 

with the strongest signal is chosen for comparison.  

After obtaining the Raman spectrum, the baseline of the raw data is removed first. Then, a mixed 

Gaussian/Lorentzian method is used to fit the peaks to obtain the information of frequency, intensity and full 

width at half maximum (FWHM).  

2.4 X-ray Photoelectron Spectroscopy (XPS) 

The XPS instrument used in this work is the PHI5000 Versa Probe IITM (ULVAC-PHI Inc., Japan/USA). 

Conventional XPS analysis can provide the chemical structure at the top surface of 5~10 nm [26]. However, in 

analogy with the tribofilm formed by ZDDP, the chemical compositions in the tribofilm should be different 

along with depth, so the depth profiling with the high-resolution XPS spectral analysis is used to analyse the 

key elements and compounds in the tribofilm from the top surface to the substrate. An Al Kα monochromatic 

source is used at 15 kV and 50 W with a step energy of 1486.6 eV. The test area is in the centre of the tribofilm 

and is approximately 200 µm in diameter. The Ar ion sputtering is applied for etching the specimens with 4 kV 

and 20 mA energy. The high-resolution C1s, N1s, O1s, P2p, S2p, Ca2p, Fe2p, and Zn2p3 spectra are collected 

at a pass energy of 23.5eV with an acquisition step size of 0.1eV. The etching rate is 18.175nm/mins as the 

reference of SiO2. The maximum etching depth is about 120 nm.  

The post-processing process of XPS data is performed using CasaXPS software. The Shirley-Sherwood iterative 

method is used for background subtraction, and Gaussian and Lorentzian functions are applied for curve-fitting 
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the peaks. For 2p spectra of elements P, S, and Ca, due to the splitting of the spin orbits, a doublet with an area 

ratio of 2:1 is set in the peak fitting. 

3 Tribological Results 

3.1 Tribofilm Formation 

The evolution of the FFO tribofilm thickness at different temperatures is shown in Fig. 3. The growth curves of 

FFO tribofilm (Fig. 3a) can be divided into two phases: (I) growth phase and (II) stable phase. In the growth 

phase, the tribofilm thickness increases rapidly at the beginning. The growth rate primarily increases with an 

increase in temperature. In the stable phase, the tribofilm thickness reaches a dynamic balance that is primarily 

unchanged at each temperature. When the temperature rises, the average balanced thickness increases, which 

can grow to about 120 nm at 120 °C. The growth process of FFO tribofilm is similar to that of tribofilm formed 

by ZDDP with a higher carbon length [12, 41]. However, it can also be noted that the growth rate of the FFO 

tribofilm decreased and then increased between 15 mins and 60 mins of the test time, especially at 80 °C and 

100 °C. The interferometry images of the tribofilm captured by SLIM exhibit the morphology of the tribofilm 

at different test durations, as shown in Fig. 3b. The tribofilm distribution appears to be more uneven in the 

contact at lower temperatures.  

 

Fig. 3 MTM-SLIM results of (a) FFO tribofilm growth and (b) SLIM images at different temperatures 

(60, 80, 100 and 120 °C). 

3.2 Friction Coefficient 

Fig. 4 shows the friction coefficients corresponding to the FFO tribofilm growth process at different 

temperatures. As shown in Fig. 4a, all the friction coefficients in the steady-state phase increase compared to 

the initial values at the four tested temperatures. However, the evolution process is varied from temperature to 

temperature. At 60 °C, the friction coefficient experiences a slow increase and then reaches a steady state. Its 

growth rate and the value in the steady-state phase are the lowest of all the temperatures tested. The changes in 

friction coefficient are relatively similar at 80 °C and 100 °C, but the friction coefficient at 100 °C is overall 
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slightly higher than that at 80 °C. During the first 15 mins of the test, it increases rapidly. After a 'reduction and 

regrowth' process, a plateau is reached. Comparing the growth curve of the tribofilm at the same temperature in 

Fig. 3a, the growth rate of the tribofilm has a similar variation. The friction coefficient at 120 °C also increases 

rapidly before reaching a stable value, where the increase rate is lower than that at 80 °C and 100 °C. However, 

the friction coefficient at 120 °C in the steady-state phase has the maximum value. 

The average steady-state friction coefficient and corresponding average tribofilm thickness after 90 mins of 

testing at each temperature are calculated, as illustrated in Fig. 4b. With the increase in temperature, the friction 

coefficient and the tribofilm thickness in the steady-state phase increase with a similar trend. 

 

Fig. 4 MTM-SLIM results of (a) friction coefficients at different temperatures (60, 80, 100 and 120 °C) 

and (b) average friction coefficient at the stable phase compared with average thickness at each 

temperature. 

Some researchers have shown that different compositions in the tribofilm may lead to differences in the friction 

coefficients. For example, the formation of ZDDP tribofilm can increase the friction coefficient on the steel 

surface [11, 50], while the formation of iron sulphide may reduce the friction coefficient [51, 52]. Therefore, 

the changes in friction coefficients indicate that the growth process and chemical composition of tribofilms 

formed at different temperatures may differ. 

3.3 Wear Results 

Fig. 5 shows the wear results at different temperatures. Unlike the in-situ tests of tribofilm thickness, the wear 

results are only measured after the tribotests are finished, so the increase in wear may be discontinuous at the 

same temperature. The wear evolution can be seen in Fig. 5a, where the highest wear occurs at 80 °C, but the 

results at 100 °C are very close. When the temperature increases to 120 °C, the expected wear reduction is 

identified due to the antiwear performance of the additives. Unexpectedly, the lowest wear occurs at 60 °C. As 

temperature increases from 60 °C to 80 °C, wear and tribofilm thickness increase, which does not seem to reflect 
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the protective effect of the tribofilm on the surface. Thus, the reasons for the wear trend in this lower temperature 

range must be further explored. 

 

Fig. 5 Wear measurements on steel discs by NPFLEX at different temperatures: (a) evolution of wear 

volume; (b) wear volume as the function of the temperature at the test durations of 60 mins and 360 

mins. 

In order to analyse the correlation between wear and temperature more clearly, the wear data in the test duration 

of 60 mins and 360 mins at different temperatures are extracted in Fig. 5b from Fig. 5a. More tests (65, 70, 

75 °C for 360 mins and 75 °C for 60 mins) are conducted to confirm the wear trend in the temperature range of 

60~80 °C (see the dash lines in Fig. 5b). For the tests at 60 mins and 360 mins, the maximum wear occurs at 

80 °C and 75 °C, respectively. It is speculated that the change of the wear mechanism of FFO may happen 

around 75/80 °C. As the difference between the two temperatures is minor, to simplify the description, the 

subsequent description uses 80 °C as the threshold to divide the wear trend of FFO. Hence, it can be summarised 

that the wear trend when using FFO is two-phase temperature-dependent, that is, phase (I): in the low-

temperature range of 60~80 °C, wear increases with the increase in temperature; and phase (II): in the high-

temperature range of 80~120 °C, when the temperature rises, the wear decreases.  

Considering the viscosity of the lubricants decreases with increasing temperature, the lower wear at 60 °C may 

be because it is not entirely in the boundary lubrication regime, so the fluid carries part of the applied load 

between asperities, resulting in the reduction of wear and tribofilm formation. To further investigate the effect 

of this factor, the author conducted a set of experiments with a lower λ ratio by only reducing entrainment speed 

from 0.1 m/s to 0.01 m/s. The wear results at a lower λ ratio still exhibit the same two-phase trend with 

temperature (results are shown in Supplementary Material for brevity), so the influence of viscosity can be 

eliminated. Based on these results, it can be suggested that the change of wear mechanism as a function of 

testing temperature could be mainly caused by different chemical compositions or the formation process of the 

tribofilm in the wear track. 
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4 Chemical Analysis 

4.1 Raman Analysis 

Since FFO contains ZDDP and overbased calcium sulphonate detergent, it is speculated that phosphate and 

sulphide are mainly present in the tribofilm. Raman spectroscopy is used for analysis, in which the Raman shift 

ranges of 200~500 cm-1 and 800~1200 cm-1 are selected as the spectral analysis sections for sulphide [53-59] 

and phosphate [60-62], respectively.  

Fig. 6(a~d) shows the sulphide sections for the tribofilm after 3 hours of testing at different temperatures. The 

possible sulphides in tribofilm are likely to be FeS/FeS2, ZnS, and CaS. At all tested temperatures, the Raman 

spectra are mainly composed of a strong peak at 374±2 cm-1 accompanied by a small peak at 337±3 cm-1 and a 

weak peak at 418±3 cm-1, which are consistent with the reference spectra of pyrite-FeS2 [53]. In addition, the 

weak peaks at 319 cm-1 and 315 cm-1 appear at 100 °C and 120 °C, respectively, which may be attributed to the 

marcasite structure of FeS2 [54]. When the temperature increases, iron sulphide's signal intensity significantly 

reduces. However, the typical peak for ZnS is around 349 cm-1 [55, 56], which cannot be separated from the 

Raman results. Furthermore, the primary Raman shifts for Ca-S at 285 cm-1, 215 cm-1, 185 cm-1, and 160 cm-1 

[57] are not found within the measurement range of the Raman analysis. Compared to the Raman results for the 

ZDDP tribofilm in Ref.[58], the peaks detected for sulphides are likely to be 386 cm-1 for Fe-S and 351 cm-1 for 

Zn-S. However, for an engine oil containing ZDDP and calcium S-based detergent, the peak for FeS2 was 

detected [59]. Thus, the iron sulphides detected in FFO tribofilm are mainly the product of interaction between 

ZDDP and detergent. 

Fig. 6(e~h) shows the phosphate section for the tribofilm after testing for 3 hours at different temperatures. The 

possible phosphates in the tribofilm are probably Ca/Zn/Fe phosphate. There are mainly two strong peaks and 

one weak peak. The first peak is at 952±1cm-1, which can be assigned to ν1-PO4 with the symmetrical stretching 

mode [61]. It is more likely to be assigned to calcium phosphate due to the presence of detergents, but there 

may be a small amount of zinc phosphate and/or iron phosphate. The second peak is at 1080±1 cm-1, which can 

be assigned to ν1-CO3 with the symmetrical stretching mode or ν3-PO4 with the antisymmetric stretching mode 

[61, 62]. The latter has a lower Raman shift, and its signal intensity usually is not higher than the peak ν1-PO4. 

Therefore, it is mainly attributed to the presence of calcium carbonate when the temperature is lower than 100 °C. 

Between the two peaks, weak peaks at 997±2 cm-1 and 1041±4 cm-1 can be assigned to other stretching modes 

of P-O from PO4 or PO3 group [60-62].  
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Fig. 6 Raman spectra of sulphide (a-d) and phosphate (e-h) in the tribofilms after testing for 3 hours 

at different temperatures (a,e) 60 °C, (b,f) 80 °C, (c,g) 100 °C, and (d,h) 120 °C. 

It can be inferred from Raman analysis that the FFO tribofilm contains iron sulphide, calcium phosphate, and 

calcium carbonate. With the increase in temperature, the peak intensity of iron sulphide decreases, but that of 

phosphate increases.  

4.2 XPS Depth Profiling Analysis 

XPS depth profiling analysis combined with high-resolution elemental spectra is used to determine the chemical 

compositions of FFO tribofilm along the depth direction at different temperatures. The elements C, O, N, P, S, 

Ca, Fe, and Zn, are chosen for analysis. Since there is no N signal for all tested samples, N spectra are ignored. 

The XPS signals of C1s, O1s, P2p, S2p, Ca2p, and Zn2p3 at four temperatures are shown in Fig. 7 ~ Fig. 12, 

respectively. 
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Fig. 7  The C1s spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 

 

Fig. 8  The O1s spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 
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Fig. 9  The P2p spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 

 

Fig. 10  The S2p spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at different 

temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 
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Fig. 11  The Ca2p spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at 

different temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C. 

 

Fig. 12  The Zn2p3 spectra of XPS depth profiling of tribofilm on the disc after the 3-hour test at 

different temperatures (a) 60 °C, (b) 80 °C, (c)100 °C, and (d) 120 °C 
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Fig. 7 shows the variation of the C1s spectra with etching depths at four temperatures. Two separate peaks can 

be observed on the surface, 284.8 eV and 289.1 eV, which are attributed to the organic carbon bond (C-C, C-H) 

and the carbonate (CO3) in calcium carbonate [6, 63, 64], respectively. Another peak hidden at 286 eV is the C-

O bond in carbonate [65]. With the increased etching depth, another peak at 282.2 eV appeared, which may be 

assigned to the peak of carbide [66, 67], indicating that the depth reached the substrate. 

The O1s spectra in Fig. 8 show the two prominent peaks at 530.2 eV and 531.7 eV, assigned to metal oxide [63] 

and NBO (non-bridging oxygen) in phosphate, carbonate, or sulphate [6, 63-65, 68], respectively. As the 

temperature increases, the peak intensity of the metal oxide decreases, indicating that there is more tribofilm 

formed on the surface, which is consistent with the experimental results of tribofilm thickness. The NBO peak 

moves to 532.1 eV in the middle layer of the tribofilm. These results may be due to an overlap with a BO 

(bridging oxygen, such as P-O-P) peak, which has higher binding energy than the NBO peak [45, 63].  

The P2p spectra at different temperatures are shown in Fig. 9. Using an area ratio of 2:1 to split the peak due to 

the splitting of the 2p orbital, the binding energy of the P2p3 peak is approximately 133.2~133.8eV, which is 

attributed to the phosphate. On the surface of the tribofilm, the binding energy of this peak is lower, and as the 

etching depth increases, the peak shifts to the higher binding energy. The increase in the binding energy of the 

P2p3 (phosphate) peak may be due to the change in metal cations such as Ca2+, Zn2+ and Fe2+ (the order of 

binding energy: Ca2+≤ Zn2+< Fe2+) [6, 63, 68-73] or in the degree of phosphate polymerisation (the order of 

binding energy: Ortho< Pyro< Poly-phosphate) [74]. Therefore, the most likely phosphates can be calcium 

phosphate or short-chain zinc phosphate. In addition, the Zn3s peak with a binding energy of 140.3 eV can be 

fitted, indicating zinc phosphate's presence. However, it only appears on the surface of tribofilm and under lower 

temperature conditions (marked in Fig. 9a and b). 

Fig. 10 shows the S2p spectra at different temperatures where two peaks are marked. The one with a lower 

binding energy of 161.7 eV is derived from mono-sulphides, while the other peak at 162.3±0.1 eV is attributed 

to disulphide [63, 75, 76]. Raman analysis indicates the existence of iron disulphide in the FFO tribofilm, which 

is consistent with the XPS results. In the further peak fitting of each spectrum, there is a weak peak around 

168.2 eV on the top surface of the tribofilm (not shown in Fig. 10). Such a peak is assigned to the sulphate group 

with less sulphonate [64, 77, 78], derived from over-based calcium sulphonate detergent.  

As for Ca2p spectra in Fig. 11, two peaks, Ca2p3 and Ca2p1, appear that can be assigned to CaSO4/SO3, CaCO3, 

Ca(PO4)x, and CaS. The first three can be inferred from the S2p, C1s, and P2p spectra, respectively, but there is 

no signal in both XPS and Raman spectra showing the existence of CaS. The detailed binding energy at each 

temperature will be discussed later. The Zn2p3 peak in Fig. 12 has the binding energy of 1022±0.2 eV, attributed 

to zinc phosphate [63, 70], and it only presents in the upper part of the tribofilm.  
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The XPS analysis of the elemental spectra illustrates that the chemical compositions of FFO tribofilm are similar 

at the four temperatures. The products in the depth direction are, starting from the surface, calcium 

carbonate/calcium sulphate, phosphate (mainly Ca), sulphide (FeS2), and iron oxide/substrate. To further 

analyse the differences in each composition at different temperatures and its effect on the wear mechanism, the 

area and the binding energy of prominent peaks as a function of etching depth at different temperatures are 

compared, as shown in Fig. 13.  

 

Fig. 13  The peak areas or the binding energy of the main peaks to identify the chemical compositions 

of the FFO tribofilm are extracted from the XPS depth profiling analysis to compare the differences 

at different temperatures. ((a) peak area of carbonate - C1s spectra, (b) peak area of phosphate (P 2p3) 

- P2p spectra, (c) peak area of sulphides (S 2p3 and S2 2p3) - S2p spectra, (d) peak area of Ca2p3 - 

Ca2p spectra, (e) binding energy of Ca2p3 - Ca2p spectra and (f) peak area of Zn2p3 - Zn2p3 spectra.) 
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Calcium carbonate is the mineral core in the detergent. As shown in Fig. 13a, the maximum peak area of calcium 

carbonate appears at the top layer of the tribofilm at all temperatures but drops sharply at 0.5~2 nm from the 

surface. The calcium carbonate appears on the surface of the tribofilm, which is consistent with many studies 

on the tribofilm produced by the over-based calcium sulphonate detergent [6, 26]. By contrast, the peak area is 

highest at 80 °C, which seems to be similar to the wear trend. However, the author did the same tests at a lower 

λ ratio by changing the entrainment speed and did not find the exact correlation between calcium carbonate and 

wear (results are shown in Supplementary Material for brevity). Moreover, calcium carbonate may account for 

the antiwear property of detergents [27]. Therefore, although the influence of calcium carbonate on the wear 

trend cannot be excluded, it is difficult to use it alone to explain the wear mechanism. 

Phosphate and sulphides should be the main compositions in the FFO tribofilm, so the peak areas of phosphate 

(P 2p) and sulphide (S 2p and S2 2p) are analysed in Fig. 13b and c, respectively. At all four temperatures, the 

peak values of phosphate are at 0.5 nm near the surface and decrease gradually with the increase of depth (Fig. 

13b). In contrast, the peak area of phosphate is almost unchanged from 60 °C to 80 °C (Phase (I) of the wear 

trend), whereas it increases significantly from 80°C to 120 °C (Phase (II) of the wear trend). Especially at 120 °C, 

the peak area and depth of phosphate have a significant increase. However, the peak area of sulphide at different 

temperatures shows an opposite trend to that of phosphate (see Fig. 13c), which is consistent with the Raman 

results. The peak area of sulphides decreases slightly from 60 °C to 100 °C. Then, there is a significant reduction 

from 100 °C to 120 °C. At the four temperatures, with the increased etching depth, the peak area sulphides 

increase rapidly from the beginning to the depth of 2 nm, reaching the maximum value, which is deeper than 

the peak depth of phosphate. It may indicate that part of the sulphide is covered by phosphate, which is similar 

to the chemical structure of the ZDDP tribofilm [14].  

The Ca ion is provided only by detergents, reflecting its involvement in the tribofilm formation. At all 

temperature, the areas of the Ca2p3 peak decreases with the increase of depth (see Fig. 13d). At 120 °C, the 

peak area has the highest value. Since there are many types of calcium-containing compounds and their 

corresponding binding energies of Ca2p3 peaks are different, the binding energies of Ca2p3 peaks in the etching 

depth direction at different temperatures are further compared (see Fig. 13e). The binding energy at 60 °C is 

lower than those at the other temperatures, although the peak area at 60 °C is quite similar to those at 80 °C and 

100 °C. This indicates that detergents participate in tribofilm formation at 60 °C to a similar extent to that at 

80 °C/100 °C. However, less calcium phosphate is produced in the tribofilm at 60 °C. Therefore, it can be 

speculated that the antiwear properties of detergents themselves play a leading role in reducing wear at 60 °C, 

rather than the antiwear mechanism of the phosphates. In the range of 80~120 °C, the binding energy of the 

peak fluctuates between 347.4 eV and 347.7 eV at a thickness of 10 nm on the tribofilm surface, indicating the 

presence of calcium carbonate [64, 65, 78] and calcium sulphate [65, 77-79] on the surface. Then, the binding 

energy of the main part of the tribofilm is around 347.4 eV, which is attributed to calcium phosphate [68]. In 

addition, the binding energy increases near the substrate at 120 °C, which may also be attributed to the calcium 
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phosphate with higher binding energy, or from the error caused by the decrease of spectral signal when it 

approaches the substrate. 

The other cation Zn is derived only from ZDDP. The peak areas of Zn2p3 representing zinc phosphate in the 

tribofilm at different temperatures are compared, as shown in Fig. 13f. It mainly exists on the surface of the 

tribofilm, which may be the chemisorption of ZDDP decomposition products or the intermediate product in the 

reaction of forming calcium phosphate. This process should occur mostly at 120 °C because the peak area of 

Zn2p3 has the most significant depth and the maximum value. 

5 Discussions       

5.1 Possible Wear Mechanisms 

In this work, wear is the loss of substrate material during the rubbing, that is, the iron loss. It may mainly 

originate from direct contact between the two surfaces when the tribofilm is insufficient to cover the surface 

(mechanical wear) or be consumed in the tribochemical reactions between the surface and the additives to form 

the tribofilm (tribochemical wear). The wear results of FFO show that the wear rate is almost unchanged during 

the first 5 mins. In addition, the surface is relatively smooth, so the temperature-dependent iron loss due to 

mechanical wear can be ignored. Therefore, the wear mechanism of FFO mainly comes from the difference in 

the tribochemical wear pathway at different temperatures. 

The chemical analysis of FFO tribofilm indicates that the most temperature-dependent compositions in the 

tribofilm are phosphates and sulphides. As the temperature increases, the signal intensity of the phosphate in 

tribofilm increases, while that of the iron sulphide decreases (see Fig. 6, Fig. 13b, and c). However, almost no 

composition can directly explain FFO's two-phase temperature-dependent wear mechanism. This indicates that 

the wear mechanism is not only related to the chemical composition of the reaction product (tribofilm) but also 

related to its formation process.  

It can be seen from XPS analysis that the additives ZDDP and overbased calcium sulphonate detergent are the 

most involved in the formation of the FFO tribofilm. Many previous studies on the two additives have shown a 

competitive relationship. The primary phenomenon is that the overbased calcium sulphonate will reduce the 

antiwear performance of ZDDP because the Ca ion will replace the cation in zinc phosphate to form calcium 

phosphate [25-27]. This is also consistent with the significant phosphate detected in the FFO tribofilm. The 

higher amount of calcium phosphate in the FFO tribofilm at higher temperatures is the main factor in reducing 

wear in the Wear Phase (II). 

In contrast, the wear reduction at lower temperatures in the Wear Phase (I) is thought to be dominated by the 

antiwear performance of the detergent itself, that is, by sulphides and calcium carbonate. The higher wear results 

between the two Phases are likely due to the antagonism of the two additives. This indicates that although the 
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wear behaviour of FFO depends on the competitive relationship between the two additives, the dominant 

antiwear tribofilm could change as a function of temperature, resulting in different levels of iron loss. Thus, 

three mechanisms are proposed to explain the wear mechanism of FFO at different temperatures, as shown in 

Fig. 14. 

 

Fig. 14  Three mechanisms to explain FFO's wear mechanism at different temperatures. (a) is the 

Mechanism (I) when detergent is more reactive; (b) is the Mechanism (II) when ZDDP is more reactive; 

(c) and (d) are the Mechanism (III) when the competition is enhanced between ZDDP and detergent. 

 Mechanism (I) The reactivity of detergent is greater than that of ZDDP  

Suppose detergent preferentially reacts with the iron surface to form a boundary film of crystalline CaCO3 or 

CaO. In this case, it can prevent or reduce the reaction of ZDDP with the substrate (see Fig. 14a). This can 

happen at low temperatures because the reaction activity of ZDDP with the substrate is weak. In this case, it 

seems to be less iron consumption in this tribochemical path because the generation of boundary film hardly 

needs the participation of iron [15]. Therefore, the iron may be lost by forming iron sulphide or by direct contact 

due to inadequate protection by the tribofilm. Iron sulphides have been reported to increase the lubricity of the 

surface [51, 52] and can reduce abrasion to a certain extent [80-82]. In addition, calcite (CaCO3) film has a 

certain degree of resistance to wear [5, 20, 23, 28, 83]. This may be why although the tribofilm thickness is the 

lowest at 60 °C, the wear volume is still low. 

 Mechanism (II) ZDDP is more reactive than detergent  

For ZDDP, phosphate has antiwear properties under mild wear conditions [9]. The chemical analysis of FFO 

tribofilm shows that the peak assigned to phosphate at 120 °C has a higher signal intensity than that at 100 °C. 

In Phase (II) of the wear mechanism, wear decreases with increasing temperature. This also reflects the wear 

resistance of phosphate, although it is the calcium phosphate mainly present in FFO tribofilm rather than zinc 

phosphate. Kasrai et al. proposed two possible reaction paths for the formation of calcium phosphate by ZDDP 
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and calcium detergent: (1) ZDDP decomposes and then reacts with Ca2+; and (2) polyphosphate produced by 

ZDDP, decomposes and reacts to form calcium phosphate [27]. Therefore, in the higher temperature range, 

when ZDDP is more reactive than the detergent, the antiwear property of phosphate plays a dominant role in 

reducing wear. In this way, the iron in the substrate is consumed by tribochemical reactions to supplement the 

tribofilm removed during the rubbing process, as shown in Fig. 14b. 

 Mechanism (III) Strong competition between ZDDP and detergents 

Mechanisms (I) and (II) reflect the detergent's and ZDDP's advantages in reducing wear, respectively. However, 

suppose that both additives are highly reactive. As shown in Fig. 14c, when the competition is enhanced, the 

tribofilm formed in Mechanism (I) faces the active additive environment in Mechanism (II) or the reverse, 

disrupting the chemical equilibrium, so the antiwear property of either of them cannot perform well. Then, the 

unstable tribofilm forms at the beginning and increases friction, causing higher wear. Finally, it will achieve a 

new equilibrium (see Fig. 14d). This may explain why there is a 'growth - reduction - regrowth' process for the 

growth rate of the tribofilm at 80 °C and 100 °C. Moreover, the wear and the initial friction coefficient are 

higher at both temperatures. Although this process is difficult to represent in terms of specific chemical reaction 

formula, it can be inferred that the path of iron loss is still related to the consumption in the tribochemical 

reaction of the tribofilm formation. 

As for the mild wear mechanism when using FFO on the steel surface, the iron content in tribofilm can directly 

reflect the consumption of the steel substrate (iron loss) in tribochemical reaction, and it is also a way to unify 

the above three possible mechanisms. This provides an experimental basis for developing a wear model 

involving the tribochemistry of FFO. 

5.2 Effect of Dispersant 

Dispersants can form complexes with ZDDP molecules [8, 30-32] and affect the contact between ZDDP and 

metal surfaces [33-35]. Suppose the dispersant is involved in tribofilm formation, specifical succinimide in this 

study. In this case, the N atom should be detected in tribofilm [84], but there is no N signal from the depth 

profile analysis of XPS. Therefore, the influence of the dispersant on the composition of tribofilm appears to be 

minimal. However, the dispersant was reported to increase the decomposition temperature of ZDDP [20]. Martin 

et al. found that the dispersant can reduce the chemisorption of ZDDP and phosphate formation at 60 °C [85]. 

This could be why FFO tribofilm has the highest peak signal of phosphate at 120 °C and reduces wear. The 

corresponding antiwear mechanism when using FFO at this temperature is similar to ZDDP. This mechanism 

of reducing wear through phosphate appears to operate at higher temperatures in the FFO tested than in ZDDP-

only lubricant. 
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6 Conclusions 

This paper studied the wear mechanism for an FFO typically used in hydraulic piston pumps, which contains 

the antiwear additive ZDDP, detergents, and dispersant. Here are some findings summarised as follows. 

Firstly, the growth of FFO tribofilm has a similar trend to the tribofilm formed by ZDDP alone in the base oil, 

including a growth phase and a stable phase. However, a two-phase temperature-dependent wear trend on the 

steel surfaces is exhibited when using FFO in the tested temperature range. That is, wear increases first (Phase 

I) and then decreases (Phase II) with the increase in tribofilm thickness/temperature.  

Secondly, the wear mechanism for the FFO is related to the chemical composition and the formation process of 

the tribofilm. Both Raman and XPS analysis found that the most temperature-dependent compositions are 

phosphate and sulphide. As the temperature increases, the intensity of the phosphate peak increases, while that 

of the iron sulphide peak decreases. 

Thirdly, a hypothesis of the mechanisms of priority reaction or enhanced competition between ZDDP and the 

overbased calcium sulphonate detergent is proposed to explain the wear characteristics for FFO from the 

perspective of iron consumption in the tribochemical reactions path. Specifically, the lower wear in Phase (I) 

and (II) is mainly attributed to the detergent's antiwear property and the phosphate-based antiwear mechanism 

provided by ZDDP, respectively. The higher wear between the two Phases is due to the increased antagonism 

between the two additives.

In further work, the FFO's experimental data and wear mechanism will be applied to develop the wear model in 

Part (II) of this series of papers.  
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