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Reactivity of oil-soluble IL with silicon surface at elevated temperature
Waleed Al-Sallanti*, Pourya ParsaeidnpAbdel Dorghamy, Anne Nevillé.
1School of Mechanical Engineering, University of Leeds, UK
Abstract

The reactivity of an oil-miscible ionic liquid, phosphonium phosphate (PP), and the common
anti-wear additive Zinc Dialkyl Dithio Phosphate (ZDDP) wiélsolid surface at elevated
temperature in the absence of any tribological motgmvestigated. Understanding the
thermal film build up, composition and relative thickness will help in the understanding of
lubrication mechanisms once tribological effects are introduced. ATR-FTIR, SEM-EDS and
XPS are employed to characterize silicon surfaces before and after the experiments in terms of
surface chemistry and surface morphology. The results showed that both additives react with
the silicon surface to produce thermal films. However, ZDDP forateatker film. PP reacts

with the silicon and forms thermal film but the reaction rate is self-limited such that an

increae of time to 24 h does not significdytincrease the film thickness.

Keywords: Soluble IL, ZDDP, tribology, additives, ATR-FTIR, SEM-EDS, XPS and

formation of thermal film.

1. Introduction

Current tribological research relevant to the automobile sesqioedominantly focused on the
reduction of both fuel consumption and the emission of harmful gases and products that impac
negatively on the environment. Lowering of friction improves the overall fuel efficiency of the
system. Lowered friction must be in an environment of managed wear. Managed wear will
maintain the life time of the component, meaning longer periods between services. The latest
developments in tribology in terms of reducing friction can lead to 14% and 18% reductions in
the consumed fuel in heavy machines and passenger automobiles respiﬁly a, 2).
Concurrently, the C®emissions could be reduced by 200 and 290 million tons for heavy duty

machines and passenger automobiles respecﬂﬁ/ 1, 2).

Advances in tribology include the use of next generation lubricants such as lonic Ligajds (IL
3-6)), effective anti-wear additiv (7), advanced coatlﬂgs (8) and modificationssucfeae

texturing ).
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In terms of effective anti-wear additives, Zinc Dialkyl Dithio Phosphate (ZDDP) is one of the
most common. However, the production of ash when it is decomposed and the emission of

harmful gass push researchers to identify alternatives which can provide comparable anti-

wear performance (102). Therefore, ashless additives are proposed as anti-wear additives
instead of ZDDP| (H:t, 14). Soluble ILs are also suggested tm kéfective alternative to
ZDDP, especially when lubricating light aIIo.

lonic Liquids (ILs) have been suggested as effective alternatives due to their high thermal
stability, low vapour pressure, high thermal conductivity and their physical properties can be
controlled easily by changing their chemistry. Although IL is used as an all-encompassing term
it should be recognized that a wide range of properties are displayed by ILs. sadtaitbat

are available in the liquid state over a wide range of temperatures. A large bank tofditera
exists where the tribological performance of ILs has been investigated and the results implied

that ILs can provide a significant reduction in wear and friction for various tribo@s (3-6).

Nevertheless, the majority of ILs are insoluble in non-polar lubricants and can be employed as

lubricants only rather than lubricant additives to non-polarfoilg (3-6).

In reported literature, a few oil-miscible phosphonium based ILs have been compared with
ZDDP. The results showed that oil-miscible ILs offer superior anti-wear performance
especially at elevated temperature when both had comparable concen 7, 16-18). The
reduction of wear is as a result of the chemical reaction between IL or ZDDP and the igferactin
surfaces which lead to form a tribofilm 20). However, the reason behind the superior anti-

wear performance of soluble IL than ZDDP at elevated temperature is still vague.

The reactivity of ILs with solid surfaces at elevated temperature is still not well defined; aspects
of the chemical species formed, the rate of formation and the film thickness need to be
measured. It is crucial in the understanding of lubrication mechanisms to understand the
thermal adsorption behaviour or thermally-activated chemical reactions in the absence of any

tribological effect. In contrast to ILs, a large number of previous papers have focused on the

lubrication mechanism of ZDDP (21-24). Some have focused on the reactivity of ZDDP with

steel or hard coatings at elevated temperatjres (25-29) to obtain a full understantiing of

lubrication mechanism. The results have showat ZDDP is capable of interacting with the
examined surfaces and formasthermal filny the thickness of this film is increased with
increasing time while the chemistry is strongly influenced by temperﬂ%, 27). Further
the morphology of the ZDDP thermal film was influenced by both time and temperature.
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Increasing one or both of them increases film consisty (30). However, the reactivity of
ZDDP with light alloys at elevated temperature is still vague since the previous studies focused
on steel, copper and hard coaﬁ. In addition, the identification of polyphosphate chain
length that resulted from ZDDP tribo/thermal films are studie[hlx@l They found that
polyphosphate chain length can be identified by calculating the ratio of bridging oxygen (BO)
to non-bridging oxygen (NBO). The increase of BO to NBO ration results from the decrease
of polyphosphate chain length.

In this par the reactivity of ZDDP and the formation of thermal films on silicon at elevated
temperature are studied and compared with PP. This work is presented as a part of a large study
and the subsequent paper considers the lubrication performance in a range of engineering
contacts. The formation mechanism of thermal film is important as a route to understand the
lubrication mechanisms of both additives when lubricating silicon. Formation of thermal film
can be resulted from the physigahbsorbed film, chemidgl adsorbed film or chemidal

reaced film . Data on ZDDP interactions with silicon is limited; thermal films have not
been widely studied. However, relevant to this study is the stullly-8ftribochemistry since

silicon grains were distinct in hyper-eutectic Al-Si alloys. Burkinshaw et all,]1 (33)
demonstrated that the Si reacts tribochemically and it is important for the overall behaviour of
the Al-Si tribology ina piston-cylinder assemhlyimenez et al, i4) also studied the
formation of ZDDP and ZDDP+MoDTC tribofilms on Al-Si alloys. The results showed that
both additives have reacted with Al-Si alloy. To the best of the attkmowledge, this is the

first investigation which covers the reactivity of IL wilsolid surface at elevated temperature.

2. Materialsand Experimental methods
2.1 Materials

N-type Si, from EL-CAT INC., RIDGEFIELD PARK, NJ, USA, is employed in this study.
The average roughnefs) of the polished side is 0.2 nasmeasured usingBruker Atomic

Force Microscope (AFM) in the University of Leeds, UK. The wafer was manually cut into
small samples to give dimensions of each sample of 5mm x 5mm. The understanding of the
lubrication of silicon is the key part to understand the lubrication of AL-Si @y (33).

Three lubricants were examined; PAO, PAO+1.08wt% PP and PAO+0.74wt% ZDDP. Fig.1
depicts the chemical structure of all lubricants. PP is purchased from Sigma-Aldrich, ZDDP
from Afton Chemicals and PAO from Ineos Oligomdrise selection of these percentages are

made to achieve the same phosphorus content of 800 ppm in both blended lubricants. This is
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the maximum permitted concentration based on the International Lubricants Standardization
and Approval Committe5). Furthermore, a hot plate with magnetic stirrer are used to blend
PP and ZDDP with PAO. Each mixture is heated t@®@nd stirred at 200 RPM for 120
minutes. In addition, the PAO+PP blend is sonicated before the experiments.

o)
(b) HiC~—plcH, - 0-P-0""""CH;,
HsC O._~_-CHs

‘“\/‘\ ~
(©) /\/Zn\\

Fig. 1: Lubricants in this study; (a) PAO, (b) PP and (c) ZDL

2.2 Thermal film formation procedure

The formation of thermal films investigated at 158C (2, 6 and 24 hours) and 175 (2, 6
hours). The temperatures are relevant to the working temperatures of an internal combustion
engine. A hot plate combined with a feedback control system is used to incrdabeithes’
temperature and placedanvell ventilated chamber to ensure that any produced fumes will be
exhausted directly. Further, all silicon samples are sonicated in methanol for 10 minutes to
clean any residue before starting the experiment. Lastly, the silicon samples are sonicated again
in methanol for 3ninutes after each experiment to remove residue.

2.3 Chemical characterization of lubricants and surfaces

2.3.1 Attenuated Total Reflection - Fourier Transform Infra-Red (ATR-FTIR)

spectroscopy

The PerkinElmer spectrum 100 FTIR in the University of Leeds is used to probe the nature of
any reacted film on the silicon surface. All silicon samples before and after the generation of
thermal films were examined. A ZnSe crystal is employed and the detector type is a
combination of ATR with spectrum 100. The sampling depth @is4&bout 1.66 u6). The
signal is recorded in the range between 650 to 400bamd at least 50 scans are collected

with aresolution of 4cmt and the number of reflection is 1. After that, the obtained spectra
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are analysed based on the strength and wave number of each peak, by matching them with the

available data i7).

2.3.2 Scanning Electron MicroscopyEnergy Dispersive Spectroscopy (SEM-EDS)

The HitachiSEM-EDS in Leeds Electron Microscopy and Spectroscopy (LEMAS) is utilized

in this study to investigate thermal film morphology using SEM and surface chemical
composition map using EDS. The sampling depth of EDS is about 2-m (38). All samples
after the generation of thermal films of both additives were examined. This technique was
employed after ATR-FTIR since silicon samples require preparation before measurement
including carbon coating to avoid chargi@(:%g).

2.3.3 X-ray Photoelectron Spectroscopy (XPS)

XPS is used to reveal surface chemistry since it can detect very thinifdreampling depth

can be lower than 7 n A 0). Five samples are examined; as prepared P-doped silicon substrate
and the samples exposed to 268Cor 2 hours in either ZDDP or PP and at 2Z5or 6 hours

in either ZDDP or PP. These two conditions were selected for XPS analysis because they

represent the lowest and highest examined temperatures.

A Kratos AXIS Nova XPS in the University of Newcastle, UK, is utilized. A monochromatic

Al Ko (1486.6 eV) beam is employed and the spot size was 300 um. Three spots are scanned
in each sample to investigate the homogeneity of the formed films. This XPS system also
contains an optical microscope which allows users to obtain 700 x 300 micron images and the
scanned area can be specified from this image.

In addition, three sweeps are applied to obtain the survey scan (low resolution) and ten sweeps
for high resolution regions. The pass energies are 160 eV and 20 eV for survey and high
resolution regions respectively. For all samples the surveyisaailected in the range of
binding energy between 0 and 1200 eV and based on the obtained results the high resolution
regions are specified. However, to avoid the interference between silicon electrons, that
resulted from the Plasmon effect, and both phosphorus and sulfur electrons; P2s and S2s are
scannedt high resolution instead of the P2p and S2p reg@s (41).

CasaXPS is employed for curve fitting using the Gaussian-Lorentzian method. The calibration
to achieve charge correction is fulfilled based on carbon spectrum (C1s) when it is shifted to
285 eV) On the other hand, quantitative analyare performed using corrected area A0

by dividing the obtained area by the sensitivity factor Sf. This factor can be calculated using
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the following equation; Sf=o0. A. B. T, when ¢ is photoionization cross-section and it can be
obtained frO)A inelastic mean free path and the calculation method is available in ,
B is the asymmetry parameter and it is obtained from and lastly, T is representing the

analyser transmission function.

3. Reaults

3.1 Surface analysis results
3.2.1 ZDDP thermal film results

Fig. 2 depicts the FTIR results for the silicon surfaces before the generation of ZDDP thermal
film. It is clear that silicon surface is clear of any compounds that can be detectetRby FT
Fig. 3 demonstrates the FTIR results of silicon samples after the generation of ZDDP thermal
films. The results show that among the five conditions only for 2H@76h 175°C and 24h
150°C, were peaks detected and that showed the presence of a thermal film. The peak at 926
cm! can be assigned to either stretching vibration of E) (25) or the asymmetric vibration of
P-OP . A peak at 1087 ctis detected and it can be assigned to the asymmetric vibration
of either PQ or SO4 ). The peak at 1125%oan be assigned to either the stretching
vibration of P-O-Siymmetric vibration of ) or an overlap of both peaks

For the longest period, 24 h, a new weak peak is obtained at 75@/lsich can be assigned

to the symmetric vibration of P-OﬂZS). Also, a peak at 1640 cam be assigned to C=C

.

100

T (%)

90 H

80 T T T T T T T T T T T T 1
1800 1600 1400 1200 1000 800 600

Wave number (1/cm)

Fig. 2: FTIR results for silicon substrate before the generation
of thermal film and after the formation of PP thermal film.
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The surface morphologies of ISefore and after the formation of ZDDP thermal film under all
applied conditions are demonstraiadhe SEM images in Fig. 4. It can be seen clearly that
both film thickness and film consistency are increased with the increase of either temperature
or time. In addition, the elemeitmapping of the created films from Banalysis showed that

all surfaces have the same elements; phosphorus, zinc, carbon, silicon and oxygen. Fig. 5
depicts EDS result of ZDDP thermal film after the longest peai@dh. It can be seen that the
presence of silicon significantly decreased when the thermal film is formed. The presence of
oxygen, zinc and phosphorus is increased with the formation of thermal film. The presence of

carbon is comparable before and after the formation of thermal film.

(a)

Pre-test
silicon
substrate

2 hours

Time
6 hours

Data not collected

24 hours

150 °C 175 °C

Temperature

B

Fig. 4: Surface morphology of (a) Si substrate before test; (b)
ZDDP 150°C 2h; (c) Siin ZDDP 175C 2h; (d) Siin ZDDP 15(
°C 6h (e) Siin ZDDP 17%C 6h and (f) Si in ZDDP 15%C 24h.
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Fig. 5: The EDS result of ZDDP thermal film at 1%Dand for
24 h.

The results of XPS again confirm the formation of the thermal film when zinc, phosphorus and
sulfur are detected. Three spectra are collected; P2sZ62p which are the elements that
resulted from the chemical reaction between ZDDP and silicon surface.

Sulfur is detected only at 2h and 1%0 see Fig. 6. S2s at 226.6 eV is fitted with one peak and
assigned to Zn7), which is also confirmed by Zn2p peak. The S2s peak is diminished with
the increase of time and temperature which means that sulfur in ZnS is dissociated.

18000 ~

16000

1350 H

CPS

1800 ~

1600

T T T T T T T T T T T 1
232 230 228 226 224 222 220
BE (eV)

Fig. 6: S2s peak for (a) silicon before experiment, (b) ZDDP
thermal film formed at 2h and 150 and (c) ZDDP thermal
film formed at 6h and 17%C.
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Zinc is detecteth both conditions; 156C (2 hours) and 17% (6 hours), and Zn2p is scanned

as a high resolution region. Fig. 7 presents the Zn2p peaks, fitted into two peaks (Zn2p 3/2 and
Zn2p 1/2). At lower temperature the Zn2 p3/2 at 1022 ev is assigned t@ns (48) which is in
agreement with the sulfur assignment. The increase of both time and temperatura st to

the peak by 0.6 eV which means that the chemical state has been changed. This shifting is as a
result of oxidation of Zn and the new peak is assigned to (48). The Zn2p of ZnO and ZnS
are close to each other (1022 eV and 1022.6 eV) respectively; in this paper the XPS results of
Zn and S have been used to suggest that there is a change from ZnS to ZnO.

P2s is also detected at both conditions as shown in Fig. 8. However, phosphorus already exists
in the n-type silicon. In order to distinguish between phosphorus created by the thermal film
and phosphorus element that exists in the subshatie the intensity ratio of P2s to Si2s and

the binding energy are utilized. The intensity ratio of P2s to Si2s, that existed due to plasmon
effect, is 0.5 and the binding energy of P2s is 187.7 eV which is in agreemeith (412).

10250
10000

9750 +

CPS

9000

8500 +

45 1OI40 10I35 1OISO 10I25 10IZO

BE (eV)
Fig. 7: Zn2p peak for (a) ZDDP thermal film formed at 2h and
150°C and (b) ZDDP thermal film formed at 6h and 25

1050 1

After the formation of the thermal film; both the silicon plasmon peak and the phosphorus peak
are diminished. Two new peaks are obtained at 188.6 eV and at 191.5 eV. The interpretation
of these two peaks is done using information from FTIR results and the available a in (41).
The first peak at 188.6 eV can be assigned to phosphate as shown in FTIR results. The second
peak at 191.5 eV can be assigned to P-O-Si which is in agreemejtﬁ'(IR results in

the current study and FTIR results(25).
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196 184 192 190 188 186 184 182 180 178 176
BE (eV)

Fig. 8: P2s peak for (a) silicon before experiment, (b) ZDDP

thermal film formed at 2h and 18C and (c) ZDDP thermal

film formed at 6h and 17%C.

Lastly, table 3-1 presents the chemical composition of ZDDP thermal film at two conditions
(150°C for 2 hours and 17% for 6 hours). The results show a plenty of carbon exists which
can be resulted from the traces of both the base lubricant (PAO) and ZDDP. The atomic
percentage of phosphorus increases with the increase of time and temperature. This finding is
in agreement with SEM-EDS and FTIR results since both confirm that the film thickness

increases with time and temperature.

3.2.2 PP thermal film results

Using ATR-FTIR, the thermal film of PP could not be detected under any of the applied
conditions (as shown in Fig.2). This means that the created film is not thick enough to be
detected by FTIR. The sampling depth of the ZnSe crystal is about l.ﬁjm (36). SEM-EDS is
used in order to characterize the topography of the silicon surface before test and after the

formation of PP thermal films under various circumstances as shown in Figs. 9. and 10.

11
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Pre-test silicon
substrate

Time

24 hours

()
Data not collected

150 °C 175 °C
Temperature

n
>

Fig. 9: Surface morphology of (a) Si substrate before test; (b) Si
150°C 2h; (c) Siin PP 17%C 2h; (d) Si in PP 158C 6h (e) Si in PPl
175°C 6h and (f) Si in PPIL 158C 24h.
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It is clear that PP creates a thermal film. The SEM results confirm that a few changes occur in

the surface morphology, especially, when the temperature is increased’@@ 175

EDS results showed that the presence of oxygen and carbon is significantly increased in the
silicon surface after the generation of the PP thermal film. However, phosphorus still could not
be detected and a more surface sensitive techisgueployed to confirm the formation of the

PP thermal film.

O Kal

Spm
C Kol 2 Si Kal

Spm

| e — <.
Sum Sum

Fig. 10: The EDS map of PP thermal film at 2&0and for 24 h.

XPS results demonstrate that there is a thermal film presents at the lowest applied temperature
with the lowest period; 158 and 2h. The film is detected by comparing P2s peak (Figure 11)
with silicon substrate before the formation of thermal film. Again, as observed in the ZDDP
thermal film, phosphorus element and Si2s related peaks are diminished compared with the

P2s peak for silicon before the formation of thermal film.

Two peaks are obtained at 1%D, 2h with their binding energies are 188.6 eV and 191.5 eV
respectively. The former can be assigned to phosphate comparable to a ZDDP thermal film.
The second peak at 191.5 eV is assigned to Pi (41). Only one peak at 191.5 eV is obtained
in the second examined condition, PZband 6h which means that P-O-Si solely exists at this

condition.

13
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Phosphorus Si2s

196 194 192 190 188 186 184 182 180 178 176
BE (eV)

Fig. 11 P2s peak for (a) silicon before experiment, (b) PP thermal

film formed at 2h and 15%C and (c) PP thermal film formed at 6h

and 175°C

Lastly, table 3-2 presents the chemical composition of PP thermal film at two conditions (150
°C for 2 hours and 17%C for 6 hours). The results show a plenty of carbon exists which can

be resulted from the traces of both the base lubricant (PAO) and PP. The atomic percentage of
phosphorus increases with the increase of time and temperature. This finding is in agreement
SEM results since the morphology of the PP thermal film suggests that the increase of

time/temperature increases film thickness.

14
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4. Discussion

4.1 Film formation mechanism

The ZDDP thermal film formation mechanism seems to follow the same mechanism as
presented i9) fom steel surface. Consequently, at AS@or 2h; three layers are formed
which are ZnS (Figs. 6b and Figs. 7a), phosphate (Fig. 8b) and P-O-Si layers (Fig. 8b).

The increase of time and temperature t®C#6r 6h shows that ZnS layer is replaced by ZnO

as the sulfur peak is diminished as depicted in Fig. 6¢ andnye peak is shifted by 0.6 eV

(Fig. 7b). This finding is confirmed when 6 spots are scanned by XPS for two silicon samples
in the same conditions (1% for 6h). Further, the increase in time and temperature leads to
an increase in the ratio of Si-O-P to phosphate which suggests the phosphate teartsform
Si-O-P.

The ability of ILs to be decomposed at temperature by far lower than their decomposition
temperature as stated50) and the presence of P-O-Si suggest that a chatiicaboears
between PP and silicon surface. The formation mechanism of PP thermal film is summarized
in Fig. 12. The reaction between PP and silicon surface &1602h results in the formation

of phosphate and P-Sklayers within the bulk of the thermal film (Fig. 11b). The increase of
time and temperature to 1fhand 6h seems to create a single layer thermal film consisting of
P-O-Si as presented in Fig. 11c. This finding suggests that the phosphate layer is transforming
to P-O-Si with the increase of time and temperature.

Despite the differences between the components of ZDDP and PP thermal films; both resulting

phosphorus species being bond to the silicon surface as shown in Fig. 8 and Fig.11.

Temperature
150 °C > 175 °C
Si-O-P .
Phosphate—» SI-O-P
Silicon Silicon
Time
2 hours V 5 hours

Fig.12 PP thermal film formation mechanism.
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4.1 Film thickness

Phosphonium phosphate thermal film remains undetectable by ATR-FTIR and EDS even at
the longest time 24hrs and P&0 However, XPS results confirm the formationadhermal

film even at the shortest time of 2h and the lowest temperature % .1B0contrast, ZDDP
thermal film is deteetddby EDS and FTIRn three different conditions; 15C 24h, 173C 2h

and 175°C 6h (see Fig. 3). Therefore, it is clearly seen from the results that ZDDP thermal
films are thicker than PP thermal films. The lower decomposition temperature of ZDDP
additives compared to FﬂSl) can lead to a higher adsorption of ZDDP molecules to react with

the silicon substrate which leads to form thicker films.

Formation ofathin thermal film by PP can also be related to the absence of metal cation, such
asZn?* in ZDDP, to feed the chemical reaction. This means that the chemical reaction is not
sustainable anBPreacts with silicon when they are in direct contact. To check the validity of
this assumption, the tims increased into 24 hours but the film is still not thick enough to be
detected by either ATR-FTIR or EDS. This finding is in agreement with the recent finding by
Zhou at al) when the formation mechanism of PP tribofilm is studied and it is found that
PP tribofilm formation is unsustainable unless a positive cation is provided from wear debris.

This is examined in our tribological work that will be published in due course.

5. Conclusion

A comparative studys done to investigate the reactivity of oil-soluble IL and ZDDP with a

silicon surface at elevated temperatures and the following conclusions can be drawn:

e Both additives react with the silicon surface and form thermal films.

e The increase of time and temperature resuitshe increase of the thermal film
thickness and film homogeneity.

e ZDDP forms thicker thermallfn than PP in the same conditions.

e The formation pathways of phosphorus in both additives are comparable.

e Both additives form P-O-Si as a result of the chemical reaction between phosphorus
and silicon surface.

e The above findings can confirm that, in contrast to ZDDP, the formation of PP thermal
film is not sustainable due to the absenca pdsitive ion that can feed the reaction to

sustain it.
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Table 3-1: XPS results of the chemical composition of ZDDP thermal fil

Condition Cat% | Oat% | Siattb | Sat% | Znat% | Pat%

150°C and 2 hours| 88.30 3.90 7.4 0.09 0.08 0.23

175°C and 6 hours| 88.9 8.1 0.36 0.0 0.08 2.56

Table 3-2: XPS results of the chemical composition of PP thermal filn

Condition C% O % Si% S% Zn % P %

150°C and 2 hours | 91.0 5.2 3.6 0.0 0.0 0.2

175°C and 6 hours | 91.0 4.7 3.4 0.0 0.0 0.9

21



