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Abstract Combined effect of additives, over-based cal-

cium sulfonate (OBCS) and phosphate ester were investi-

gated on the decomposition of multi-alkylated

cyclopentane (MAC). The decomposition processes of the

lubricants on the nascent surface of bearing steel

AISI52100 were investigated using a ball-on-disk friction

tester in a vacuum chamber with a quadrupole mass

spectrometer. According to our previous report, the

decomposition reaction can be deactivated by the effect of

lubricant additives such as organic sulfides and organic

phosphates. In this report, the order of efficiency in

decreasing the decomposition rate was: OBCS\ phos-

phate ester\ phosphate ester ? OBCS. The mixed addi-

tive was more effective and stable for suppression of the

tribochemical decomposition under severe contact condi-

tions of high load and high sliding speed. The critical load

for the decomposition which is the lowest load to detect the

gas evolution due to the decomposition increased with the

mixed additive. XPS and TOF–SIMS analysis revealed that

additive molecules competitively chemisorbed on the steel

surface and reaction occurred by the formation of calcium

phosphate, which covered the steel surface and deactivated

the catalytic activity of active sites leading to deactivation.

As a result, decomposition of MAC decreased significantly

by the combined effect of the additives.
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1 Introduction

Multi-alkylated cyclopentane (MAC), a synthetic hydro-

carbon oil, is widely in use from the space technologies to

the semiconductor industries [1–3]. MAC is superb in heat

resistance and chemical stability, as well as in viscosity

characteristics. Specifically, due to its low vapor pressure,

the oil prevents lubricant loss and maintains high lubricity

for an extended period of time under vacuum conditions

[4]. However, direct contact between sliding metals causes

MAC to decompose into hydrogen and low molecular

hydrocarbons such as methane and ethane [5, 6]. As a

consequence, the decomposition of MAC invites hydrogen

embrittlement of materials, surface contamination and

lubrication loss leading to multiple failures [7, 8]. Three

factors are involved in the decomposition of MAC where

sliding is present: (1) bond scission of the lubricant

molecule by shearing, (2) a temperature rise on sliding

surfaces caused by shearing, and (3) the catalytic action of

the steel surfaces [9]. The decomposition of MAC can be

initiated by bond scission and accelerated by the temper-

ature rise and catalytic action of steel surfaces. These

factors have complex effects on the decomposition of

MAC. Specifically, under severe lubrication conditions, the

removal of metal oxide films and surface contaminants by

shearing results in the exposure of nascent surfaces that are

active due to many lattice defects [10, 11]. The nascent

surface exhibits high catalytic activity and facilitates the

decomposition of organic substances on steel surfaces

during friction [12–14].
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Significant factors involved in tribological phenomena

under boundary conditions include surface reaction as well

as the chemisorption of additives. The chemical conditions

of metal surfaces depend on their contact conditions. Under

mild conditions, metal oxide films remain present. In con-

trast, under severe conditions, the surface layers are removed

and nascent surfaces are exposed. Consequently, when

selecting additives, attention must be focused on contact

conditions or the chemical properties of surfaces. According

to Mori et al., metal oxides and polar compounds, such as

fatty acids and phosphates, are highly effective on oxide-

covered surfaces under mild conditions. Under severe con-

ditions, sulfides and other nonpolar compounds are expected

to be effective on nascentmetal surfaces. It has been reported

that these effects can be explained by Pearson’s theory of

hard and soft acids and bases (HSAB) [9, 15]. Meanwhile, it

has also been reported that a single additive is effective in

retarding the tribochemical decomposition of MAC oil [16].

This paper examines the effects of combined dosage of a

phosphorous additive and over-based calcium sulfonate

(OBCS) against the decomposition of MAC on nascent steel

surfaces (Table 1).

2 Experimental Details

2.1 Samples

Figure 1 shows the structure of MAC. The sample oil is a

synthetic hydrocarbon oil 1,2,4-tris(2-octyldodecyl)

cyclopentane [multi-alkylated cyclopentane (MAC)]. Its

viscosity at 40 �C is 108 mm2/s, viscosity index is 137, and

vapor pressure is 4.0 9 10-9 Pa. Figure 2 shows the struc-

tures of the additives. Phosphate ester was used as a phos-

phorous additive. The TBN (total base number) of over-

based calcium sulfonate (OBCS) was 400, and it contains

colloidal CaCO3 particles in the detergent. The concentra-

tion of each of these additiveswas set to 1 wt% (seeTable 2).

2.2 Experimental Procedure

Figure 3 shows a diagrammatic sketch of the test appara-

tus. After bake-out, a friction test started when the vacuum

chamber had reached 2 9 10-4 Pa. A ball-on-disk test

apparatus was used. The material of both ball and disk test

specimens was AISI52100 (see Table 2). The ball was

6.35 mm in diameter, and the disk was 24 mm in diameter

and 7 mm in thickness. The disk was polished first with

emery paper, then with an alumina powder. The surface

roughness factor, Ra, of the disk was 0.02 lm. Before

testing, each test specimen was ultrasonically cleaned in

petroleum ether for 10 min and in hexane for 10 min. A

sample oil amount of 5 mg was applied. The average oil

film thickness which was estimated from the oil density,

the amount of coating and the coated area was 10 lm.

During the testing, the vacuum level was measured with a

Bayard–Alpert ion gauge, and the gas components of the

decomposition product were monitored with a quadrupole

mass spectrometer (QMS). All tests were conducted on the

same friction track at room temperature.

Table 3 shows test conditions. First, before reaction

testing, the test specimens were rubbed with MAC for

2000 m at a load of 8 N and a speed of 0.02 m/s to remove

organic contaminants and metal oxide films from the steel

surfaces. A friction test was conducted at loads of 2, 4, 6, 8,

12 and 16 N, and speeds of 0.02, 0.03, 0.04, 0.05 and

0.06 m/s. After testing, the test specimens were ultrasoni-

cally cleaned for 10 min in hexane to remove the excess

amount of the lubricant. The surface of the friction track

was analyzed using XPS and TOF–SIMS. An area of

120 lm2 was analyzed. In addition to a qualitative analy-

sis, TOF–SIMS mapping was used to analyze the compo-

nents of the lubricant film, and their distributions present

on the sliding surface were analyzed.

3 Results and Discussion

3.1 Gas Formation and Formation Rate

Figure 4 shows how different gaseous products were

formed during the friction test. The decomposition

behaviors shown in the figure were observed after

Table 1 Additive concentration

Additive Concentration

Phosphate ester 1 wt%

OBCS 1 wt%

Phosphate ester ? OBCS 1 wt% each

Fig. 1 Structure of MAC
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continuing more than 2 km of friction testing and the

exposure of active surfaces on the friction track. Hydrogen

and hydrocarbons such as methane and ethane increased in

intensity of their fragment ions indicating the formation of

these gases during friction. The intensity increased fol-

lowing the start of rubbing due to gas formation and

reached a steady state. The ion intensity returned to the

initial value when the rubbing came to a stop. By con-

verting changes in ionic intensity (DI) under steady-state
conditions to pressure changes (DP) of gas products and

using Eq. 1, the gas formation rate (Rd) was determined.

Rd ¼ CDP=kT ð1Þ

where C is outlet gas conductance (m3/s), k Boltzmann’s

constant (1.38 9 10-23 J/K), and T absolute temperature

(K).

3.2 Induction Period

Figure 5 shows changes over time in the hydrogen for-

mation rate due to MAC decomposition during friction

testing. In the initial phase of the test, the main component

of the formed gas was hydrogen, which gradually

decreased with rubbing distance. This indicates to be a

result of the decomposition of organic contaminants and

absorbed water on the test specimen surfaces. At rubbing

distances of 0.5–1.6 km, the gas formation rate of hydro-

gen gradually increased, while it became stable at distances

over 1.6 km. This result suggests that organic contaminants

and metal oxide films were removed from test specimen

surfaces due to friction and rubbed surfaces became grad-

ually activated. In this paper, the term ‘‘induction period’’

Fig. 2 Structures of additives

Table 2 Test specimen

properties
Ball Disk

Material SUJ2

Diameter 6.25 mm 20 mm

TMP

vacuum 
chamber

magnetic 
rotating
assembly

disk
oil

ball

load

Q-mass

Fig. 3 Diagrammatic sketch of test apparatus

Table 3 Test conditions

Load (N) 2, 3, 4, 5, 6

Sliding speed (cm/s) 2, 4, 8, 12, 16

Temp. (�C) 25

Vacuum level (Pa) 2 9 10-4

Fig. 4 Formation of different gas products during friction testing

Fig. 5 Changes over time in rate of hydrogen gas formation resulting

from MAC decomposition during lubricant testing (2 cm/s, 8 N)
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refers to the period from the beginning of the test to the

1.6-km point at which MAC decomposition reaction

became stable. In this experiment, no change in the coef-

ficient of friction was observed, exhibiting almost the same

value before and after the induction period. This implies

that the heat generated by the friction remained at the same

level before and after the induction period. Hence, it is

suggested that frictional heating was not the sole factor

having an effect on the decomposition; but rather, the

activity of the rubbed surfaces increased with rubbing

duration. More specifically, it can be concluded that syn-

ergistic effects between nascent steel surfaces exposed due

to friction and frictional heating caused the MAC oil to

decompose.

Figure 6 shows changes over time in the formation rate

of hydrogen using phosphate ester, OBCS and phosphate

ester ? OBCS (Fig. 2). Each of the additives suppressed

the decomposition reaction, with the hydrogen gas forma-

tion rate being lower than the sample with no additive

(Fig. 5) by an order of magnitude or more. Phosphate ester

exhibited a large scatter, although the hydrogen formation

gas rate was low. In the case of the dosage of OBCS alone,

the formation rate increased gradually over a distance of

4 km. In the case of combined dosage of phosphate ester

and OBCS, the hydrogen gas formation rate was higher

than in the case of the dosage of phosphate ester alone.

However, the combined dosage exhibited a relatively

stable suppression effect. More specifically, combined

dosage turned out to provide a more stable decomposition

suppression effect than the dosage of a single additive.

3.3 Critical Load

Figure 7 shows the load dependence of gas formation rate

of hydrogen of MAC oil decomposition caused by friction.

The hydrogen gas formation rate tended to increase with

increasing load and sliding speed. Meanwhile, the hydro-

gen gas formation rate increased linearly with the cube root

of the load. Moreover, all lines intercept the load axis at

1.2 N (W1/3 = 1.1). This implies that no hydrogen gas was

generated at a load below 1.2 N. Since similar results were

exhibited with CH3
?, C3H5

?, C3H7
? and C4H9

? ions, this

load was defined as the critical load for starting decom-

position [6].

Figure 8 shows critical loads observed with the use of

different additives. Each of these additives was effective in

raising the critical load. Although OBCS exhibited a higher

critical load than phosphate ester, its drawback is a sub-

stantial variation. In contrast, combined dosage of phos-

phate ester and OBCS exhibited a higher critical load than

dosage of phosphate ester alone. This combined dosage

characteristically exhibited a smaller scatter than the

dosage of OBCS alone. Consequently, combined dosage

provides a stable and high critical load, proving itself to be

useful in suppressing the decomposition.

Fig. 6 Induction periods for different additives (phosphate ester,

OBCS and phosphate ester ? OBCS)

Fig. 7 Load dependence of rate of hydrogen gas formation resulting

from MAC decomposition

Fig. 8 Critical loads of different additives
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3.4 Decomposition Suppression Effects of Additives

in Severe Condition

The decomposition of MAC on rubbed surfaces depends

strongly on rubbing speed and load, as revealed above.

This section examines the decomposition suppression

effects of the additives at a higher-than-critical load of

16 N.

Figure 9 shows hydrogen gas formation rates of differ-

ent additives under a severe condition. The y-axis is the

ratio of hydrogen gas formation rate observed with the use

of additive(s) to the formation rate of hydrogen observed

without additive, representing effects of additives on the

hydrogen gas formation reduction. Each of the additives

provided a lower hydrogen gas formation rate than in

without additive by an order of magnitude or more, proving

the effects of the additives. Under low-load and low-speed

conditions (8 N, 2 cm/s), phosphate ester demonstrated the

highest suppression effect. However, under high-load and

high-speed conditions (16 N, 6 cm/s), phosphate ester

exhibited a degraded effect. Meanwhile, OBCS exhibited a

low suppression effect. Its suppression effect was lowest

under high-load and high-speed conditions. By mixing the

two additives, a higher suppression effect than the dosage

of a single additive was obtained. This suggests to have

resulted from surface protection provided by boundary

films formed by phosphate ester and OBCS, which retarded

the creation of nascent surfaces.

3.5 Surface Analysis of Wear Tracks

Since additives were found to be effective against the

decomposition of MAC oil, wear tracks were analyzed

using XPS and TOF–SIMS to analyze the chemical struc-

ture of the boundary films formed on rubbed surfaces.

Samples were wear tracks resulting from the use of a
Fig. 9 Hydrogen formation rates from use of different additives in

severe environment

Fig. 10 XPS spectra of wear

marks resulting from friction

testing using combined

additives
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mixture of phosphate ester and OBCS, which was most

effective in suppressing MAC decomposition.

Figure 10 shows XPS spectra of wear tracks from fric-

tion tests using a mixed additive. Judging from the C1s

spectra, a several-nanometer carbonate layer is present on

the outermost surface, as well as organic adsorbates. The

carbonate layer is believed to have come from OBCS

adsorbates. The P2p spectra reveal the formation of phos-

phates, which are present even in relatively deep regions.

The Ca2p peaks show detection of Ca in relatively deep

regions. The presence of Ca and P indicates that boundary

films contain calcium phosphate mainly.

Figure 11 shows cation spectra obtained with TOF–

SIMS. The subject of the analysis was a 120-lm2 area

within a wear track. In addition to Ca? derived from

OBCS, Fe? from the test specimen material was detected.

Na? was from contaminants. Anion spectra indicated the

detection of fragment ions including Ca and P. Although

PO2
- and PO3

- anions had been detected from friction

tracks lubricated with a TCP-added oil [17], none of these

anions were detected in the 120-lm2 area. One possible

reason for this is the presence of P in the form of

salt, calcium phosphate, rather than in phosphate ester.

Figure 12 shows the chemical images obtained with

TOF–SIMS. These chemical images were obtained after

removing surface contaminants by etching the test speci-

men surfaces by a depth of approximately 1 nm. The

chemical image for Na? shows a high-intensity region at

the right edge, which is an unetched surface and indicates

the presence of remaining contaminants. The total ion

image for cations reveals the location of the track. The

image for Ca? ions suggests the condensation of Ca in the

friction track. Meanwhile, the intensity of Fe? ions, a

component of the substrate, is low in the track and presents

an inverted image of the image for Ca?. This is indicative

of condensation of calcium compounds in the track.

Fig. 11 Cation spectra obtained

with TOF–SIMS

Total ion_cation Na+ Ca+

Fe+ PO3- 

Track

Fig. 12 Chemical images obtained with TOF–SIMS
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The chemical analysis of wear tracks using XPS and

TOF–SIMS reveals that a boundary film was formed on

wear tracks, with the film’s principal constituent being

calcium phosphate.

3.6 Mechanism of the Deactivation Effects

of Additives for Nascent Surface

An MAC oil, a saturated hydrocarbon, was applied onto

steel and the steel was rubbed under vacuum conditions.

The MAC oil was tribochemically decomposed into

hydrogen and hydrocarbons such as methane. The causes

of the decomposition include temperature increases due to

friction and the activity of the rubbed surfaces. Decom-

position and gas formation increased gradually with rub-

bing time. The activity of rubbed surfaces remained at an

approximately constant level beyond the induction period.

Since the coefficient of friction remained almost the same

between the start and the end of the friction test, it can be

assumed that no change over time in friction heating

occurred. This implies that the temperature rise caused by

friction heating is not the sole factor involved in the

decomposition. It is clear that the gas formation rate

increased with the rubbing time due to the exposure of

chemically active nascent surfaces after the surface layers

were removed by friction. Moreover, in a test of nascent

surfaces exposed not by friction but by cutting, breakdown

products were detected immediately following the cutting,

without any induction period. This proves that nascent

surfaces play a significant part in decomposition reaction.

Now the roles of nascent surfaces are examined below.

It has been reported that in an experiment of chemisorption

of gas by nascent steel surfaces, chemisorption of benzene

and olefin that have p electrons occurs on nascent steel

surfaces, while hexane, a saturated hydrocarbon, is not

absorbed [9]. This implies that no chemical interaction

occurs between nascent steel surfaces and saturated

hydrocarbons at room temperature. Consequently, one

possible cause of the decomposition of MAC, a saturated

hydrocarbon, is synergistic action brought about by nascent

steel surfaces and a temperature rise in the contact area. It

has been observed that additives suppress MAC oil

decomposition reaction and the rate of hydrogen gas for-

mation by decomposition decreases by an order of mag-

nitude. This is an effect of surface layers formed by

additives. It is generally known that elements high in

electronegativity play as a catalyst poison to reduce cat-

alytic activity. Sulfur exhibits a stronger catalyst poison

effect than phosphorous [18]. However, to suppress tribo-

chemical decomposition, phosphorous compounds are

more effective than high-electronegativity sulfur. Conse-

quently, it is necessary to take into consideration not only

the poisoning effect of phosphorous and sulfur, but also

additives’ effectiveness in reducing the exposure of nascent

surfaces (i.e., surface protection) as contributing to the

deactivation effects of additives.

The results of a surface analysis included the detection of

phosphate films in phosphate ester and carbonate films in

OBCS. It was revealed that the dosage of additives led to the

covering of rubbed surfaces with calcium phosphate and

other salts. It suggests that the covering raises the critical

load and enhances the effect on hydrogen formation. More

specifically, it is believed that the exposure of nascent sur-

faces caused by friction was suppressed by boundary films

comprising calcium phosphate, iron phosphate and calcium

carbonate as well as metal oxides, thereby reducing tribo-

chemical decomposition effected by nascent surfaces. Since

boundary films formed as a result of using OBCS alone

principally comprise calcium carbonate and are relatively

soft, it is assumed that the films’ protection effects were low

and decomposition suppression action was at a low level.

Meanwhile, the combined use of OBCS and phosphate ester

was highly effective in suppressing decomposition. It is

surmised that boundary films of calcium phosphate formed

on rubbed surfaces reduced the exposure of nascent surfaces

and suppressed the decomposition.

4 Conclusion

A friction test was conducted under vacuum conditions by

applying an MAC oil, a synthetic hydrocarbon oil, to

bearing steel AISI52100. In the test, decomposition of the

MAC oil and the formation of hydrogen gas and low

molecular weight hydrocarbons such as methane and

ethane were detected with a quadrupole mass spectrometer.

Use of phosphate ester and OBCS as additives was effec-

tive in suppressing the decomposition reaction and the

following findings were obtained.

1. The rate of hydrogen gas formation resulting from

decomposition gradually increased and exhibited an

almost steady value beyond a certain rubbing distance.

2. After reaching a steady state, the hydrogen gas

formation rate increased linearly with the cube root

of the load and the line representing the hydrogen gas

formation rate intercepted the load axis. This revealed

a certain critical load below which no decomposition

was observed.

3. The use of additives, namely phosphate ester, OBCS

and a mixture of these, each reduced the hydrogen gas

formation rate by an order of magnitude or more. Their

effects ranked in the following order: OBCS\ phos-

phate ester\mixture. The mixture exhibited a specif-

ically high decomposition suppression effect under

severe contact conditions.
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4. The results of analyzing rubbed surfaces using XPS

and TOF–SIMS showed that in the case of using the

mixture of additives, films of calcium phosphate were

formed on the wear tracks. It was assumed that the

films suppressed the exposure of nascent surfaces and

as a result reduced the decomposition of the hydro-

carbon oil.
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