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Summary

This paper is the continuation of prews research and reflects the results
of sulphur and phosphorus containingological compounds considered

as potential anti-wear additives for heavy-loaded a-C:H:W coated ma-
chine parts. In Part[L. 1] the results focused on CHO and CHNO model
compounds were presented. In the gneéswvork four kinds of organic
sulphur compounds and two kinds of organic phosphorus compounds
were investigated. The compoundsrevadded at 0.1% wt. and 1% wt.
concentration in PAO-8 base ollhe a-C:H:W coating was deposited on
bearing steel (100Cr6) balls usi®)/D reactive sputtering. The load-
carrying capacity was measured asffsog load using the T-02 four-ball
apparatus. Similarly as {iL.. 1], both uncoated steel balls and the steel a-
C:H:W coated balls were investigat and the method with continuously
increasing load was applied.

For a-C:H:W coated balls using 0.2. and 1% wt. concentration
of organic sulphur compounds, in thase oil, only 1-adamantanethiol
showed a slight increase in the sauffiload value. The increase in con-
centration of benzyl disulphide (BD&ip to 1% wt. increased the scuff-
ing load values for the uncoated steel tribosystem, but the increase in
concentration of this compound is hdufrfor coated balls. Also the both
organic phosphorus compounds at treatmrate of 0.1% and 1% wt. in
the base oil did not show any improverhan scuffing load values for the
coated balls. On the other hand, thereasing concentration of these
phosphorus containing compounds in the base oil, improved the load-
carrying capacity of the steel tribosystem. Thus, this work also aims at
accounting for the action mechanism difference of BDS interaction with
steel and the coating. The same is tiuthe tested phosphorus containing
model compounds.

This paper contributes to better urstanding the interaction of sul-
phur and phosphorus containing compouadd shows that such kind of
compounds are not effective for incresthe load-carrying capacity of
a-C:H:W coated machine parts. Prabethe research is being continued
with focus on commercial additives and new materials.

INTRODUCTION

The present study was intended to stigate the effectiveness of various
model organic sulphur and phosphoogsnpounds as potential anti-wear
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or extreme-pressure additives for heavy-loaded a-C:H:W coated steel
machine parts. It is an extensiof previous research based on model
compound tribological additives.. 1].

Many studies indicated that sulphur-containing additives are widely
used in anti-wear and extreme-presduticants because of their ability
to provide effective surface film afon sulphide on ferrous-based sur-
faces which improve the tribological properties for steel/steel friction
pairs by reducing frictin, wear and scuffinffL. 2]. Numerous products
of tribochemical reactions wereund for steel-steel tribosystem lubri-
cated with oils containing vus organic sulphur compounfs. 3-6].

Lara Javier et al. investigated sulphur-containing additives (dimethyl
disulphide, diethyl disulphide, carbalsulphide) tested using a conven-
tional pin and V-block apparatus, the results show that these additives
thermally decompose on the surface to yield an FeS film. Dimethyl disul-
phide thermally decomposes on an iron surface via half-order kinetics to
yield a film that consists of FeS. Dimethyl disulphide also acts as an anti-
seizure extreme-pressure additive, and in this case, the seizure load in-
creases with thadditive concentration increafe. 7].

Castro Waleska et al. investigatitnlee additives: an organo-sulphur
phosphorus anti-wear additive, ppbsroditioate and amine phosphate
in the vegetable oils were evaluated in the four-ball wear tester to demon-
strate the importance of chemical structure of the base fluids and the ef-
fectiveness of the additives in controlling friction and wear. The study
shows that organo-sulphur phospirand phosphoroditioate additives
functioned well as anti-wear additives only in the two unsaturated vege-
table oils while amine phosphate s\effective in all three fluiddL. 8].

Minami et al. described the lubricati properties omine salts of
diaryl phosphates (triphenyl phospéadiphenyl phosph@ and ortho-
phenylene phosphate) in polyether typese oils whic were evaluated
using four-ball wear test. The uniqogclic phosphategrtho-phenylene
phosphate, prevented wear and redufredfion when combined with
tertiary amines. Amine salts ofatyl phosphates reduce wear in poly-
ether fluid. Ortho-phenyle phosphate gave bettesults than diphenyl
phosphate. Adsorptivity, solubility, andreosivity of the additives were
taken into accourfiL.. 9]. Detailed action mechanism of AW and EP ad-
ditives, including sulphide and dighide compounds along with ZDDP
and MDTP additive types was recentlsesented and discussed by Buy-
anovsky et al[L. 10]. Tysoe &Kotvis [L. 11] described mechanisms and
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effectiveness of extreme pressudsgliives both, sulphur containing and
especially chlorine containing ones.

Recently, Minami et al. in other paper presented that hydroxyalkyl
phosphates [P(O)(OCHRGHBH);], and hydroxyalkyl phosphonates
[P(OH)(OCHRCHOH)3.n, where n =1, 2] prevent wear in polar syn-
thetic esters and are evaluated urtle boundary conditions using four-
ball apparatus. Effects of substituent in additive molecule on anti-wear
properties are found: alkyl and agérivatives reduce wear remarkably,
whereas allyl derivatives exhibit pooesults. It is speculated that the
anti-wear inefficiency of allylic cmpounds is due to auto-oxidation of
the additiveg§L. 12].

Earlier research on tribologicalggerties of DLC coating using dif-
ferent ZDDP-based AW and sulpHoased EP compounds in poly-alpha-
olefin base oil tested using a load-scanning test rig demonstrated that
these additives improve the tribological properties of DLC coatings. It
was found that in the DLC/steel mbination smoother running-in proc-
ess proceeds and there is a better tribological performance than in the
case of DLC/DLC and steel/steel camdtion. The standard EP and AW
additives tested reduced the steadyesfriction of DLC-coated surfaces,
probably due to formation of a new type of tribofilm on the exposed steel
surfaces, composed from coating mialeand reaction products from the
additives[L. 13].

Although investigations of DLE@eated surfaces showed improved
tribological properties when lubricated by additivated oil, the mechanism
responsible is not fully understood. Vizintin aRddgornik determined
the mechanism responsible forethlow-friction behaviour of W-
containing DLC coatings when lubated with polyalpha-olefin (PAO)
oil containing sulphur-based EBr phosphorus-based AW additives
which were tested using a high frequency test rig. The results of the in-
vestigation show that low-friin behaviour of boundary-lubricated W-
DLC coatings is governed by formation of W&ntaining tribofilms on
the steel countersurface or exposemklksubstrate, which reduce friction
by up to 50%4L. 14, 15].

The objective of this research was to test the effect of organic sul-
phur and phosphorus compounds in ayfadpha-olefin base oil on load-
carrying capacity in heavy-loadediding contact for a-C:H:W coated
specimens.



1-2009 TRIBOLOGIA 159

EXPERIMENTAL

Coatings

Similarly as in the previous researda 1] a-C:H:W coating was used.
The a-C:H:W coating representingCaH:Me group of DLC coatings was
selected for investigation.

The a-C:H:W coating was depositading PVD process by reactive
sputtering on 100Cr6 chrome allogdring steel balls (diameter of 12.7
mm, surface roughness R 0.032 um and hardness 60—65 HRC).

Lubricants

Four various organic sulphur mpounds and two organic phosphorus
compounds were tested. Thengmounds are presented in tlables 1
and2.

Table 1. Organic sulphur compounds
Tabela 1. Organiczne zywiki siarki

Compound Code Chemical structure

benzyl disulphide S-1 ©/\S/S ;

dibenzyl sulphide S-2 QCHZ_S_CHZO

octyl sulphide S-3 CH;—(CH,)§—CH,—S——CH,—(CH,)s —CH,

SH

1-

- Hy,
adamantanethiol S-4 i

7 //
///
H
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Table 2. Organic phosphorus compounds
Tabela 2. Organiczne zywki fosforu

Compound Code Chemical structure
(|)|
/P\
dibenzyl phosphite P-1 0 | o
H
CHs 0
diethyl -
1-phenylethyl P-2 P OCH,CHs
phosphonate
OCH,CHs

The compounds were added at 0.1%amd 1% wt. concentration in
a poly-alpha-olefin base oil demot as PAO-8 (viscosity 7.8 nifa at
100°C and viscosity index 136).

Test Method

Similarly as in Part I, both uncoated steel balls and the steel a-C:H:W
coated balls were investigatesdathe method with continuously increa-
sing load was applied.

Experiments were carried out ugia four-ball tester, denoted T-02.
According to the test method, the dbrstationary steel balls are pressed
against the upper one in the presencea ddibricant to be tested at the
continuously increasing load. The uppetl rotates at # constant speed.
During the run friction and load are measured.

The test conditions used are as follows: rotational speed: 500 rpm,;
speed of continuous load incread®9 N/s; initial applied load: 0 N;
maximum possible load: 7200£100 N; timEa run test 18 seconds. For
each oil at least three tests were preformed.

The changes in wear scar surface topography and roughness in de-
pendence of used additives were observed using AFM. To get informa-
tion on reaction productgenerated under conditiore$ T-02 four-ball
apparatus, the wear scar surfaces igefouffing initiation were analysed
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by SEM/EDS and AFM. The surface analyses were performed for wear
scars obtained in test runs stopped s¢@ (steel-steelibrosystem) or at
10 sec. (a-C:H:W — a-C:H:W tribosystem) before the scuffing initiation.

Surface analyses

To explain the anti-scuffing actioof the used compounds, the authors
performed surface analyses using Scanning Electron Microscopy / Energy
Dispersive Spectrometry (SEM/EDS) and Atomic Force Microscopy
(AFM). The aim was to identify possible changes in the wear scar surface
layer composition. Prior to analyseéBe specimens (balls) were cleaned
with 95% n-hexane in an ultrasonic washer for 10 min to remove the
remnants of the tested olil.

The Q- ScopB' 250 model of AFM manufactured by Quesant was
used. 3D images with ¢hnano-meter scale were achieved. All measure-
ments were performed using head with 80 pum range in XY axes in con-
tact and intermittent contact scan modes (scan size 50x50 um, scan reso-
lution 600 lines). The 3D RMS (RodWlean Square) parameter was
measured.

Scanning Electron Microscopeoatel S-2460N manufactured by Hi-
tachi and Energy Dispersive &proscopy model Voyager 3050 were
used to observe the morphologiestltd worn investigated surfaces. All
measurements were realized in the following line scan conditions: magni-
fication 100x and 30x, acceleratingltage 15 kV and take-off angle 25°.

RESULTS AND DISCUSSION

Tribological experiments

The tests were performed under comatifi of scuffing according to the
method described in th€est method subsectionsing T-02 four-ball
tester.

The results of tribological prop@s obtained for the tested lubri-
cants, measured by the scuffing load parametgraifé presented in
Fig. 1-Fig. 4. In all charts the standard\dation is added which reflects
the repeatability of the run tests.
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Fig. 1. Scuffing load (Py) for organic sulphur compounds at 0.1% wt. in PAO-8
base oil: a) uncoated steel-steel tribosystem, b) coated a-C:H:W-a-C:H:W
tribosystem

Rys. 1. Obcizenie zacierace (R) dla skojarzé smarowanych olejem PAO-8 z 0,1%
w/w dodatkiem organicznych zaeikow siarki: a) skojarzenie stal—stal, b) sko-
jarzenie a-C:H:W-a-C:H:W

As can be seen froifig. 1a, in the uncoatedribosystem only one
organic sulphur compound denotedldas% S-1 showed a higher\Rlue
than the one obtained for the base oil

It has been generally accepted that the extreme pressure performance
of disulphides is better than thaf monosulphides. Overall action
mechanism of these additives has been discussed by Buyanovsky et al.
[L. 10] and Vizintin[L. 16], also considering the mechanism based on
the anionic-radical lubrication model according to wdtk17].
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If the coating is applied { Palues are approximately fourfold bigger
than for uncoated tribosystem (sEi. 1b). Only one organic sulphur
compound (1-adamantanthiol) deedtas 0.1% S-4 presentsvBlue big-
ger than théase oil. InFig. 2 is presented the effect of concentration; in
the case where coating was applied. It is interestingly to note that the 10
times higher concentration of the model additvé provides the same P
value like in case when it was usedda% wt. concentration. The results
are of particular interest due to very special chemical structure of this
sulphur containing compourideeTable 1).
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Fig. 2. Scuffing load (P;) for organic sulphur compounds at 1% wt. in PAO-8 base
oil: a) uncoated steel-steel tribosystem, b) coated a-C:H:W-a-C:H:W tri-
bosystem

Rys. 2. Obcizenie zacierace (R) dla skojarzé smarowanych olejem PAO-8 z 1%
w/w dodatkiem organicznych zgakow siarki: a) skojarzenie stal-stal, b) sko-
jarzenie a-C:H:W-a-C:H:W



164 TRIBOLOGIA 1-2009

In the case of steel-steel combination increasing of concentration
play a significant role for improvingribological properties. At 1% wt.
concentration in base oil for lubridardenoted as 1% S-1 and 1% S-4 are
obtained higher Pralues than for 0.1% wt. concentration in base oil (see
Fig. 2a).
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Fig. 3. Scuffing load (P for organic phosphorus at 0.1% wt. in PAO-8 base oil:
a) uncoated steel-steel tribosystem, b) coated a-C:H:W-a-C:H:W tribosys-
tem

Rys. 3. Obcizenie zacierajce (R) dla skojarzé smarowanych olejem PAO-8 z 0,1%
w/w dodatkiem organicznych zyakéw fosforu: a) skojarzenie stal—stal, b) sko-
jarzenie a-C:H:W-a-C:H:W

In Fig. 3a are presented the results for scuffing load parameter at
0.1%wt. in base oil of the organic phosphorus compounds using steel-
steel combination. It is showed thidr the both investigated organic
phosphorus compounds the vRlues are higher than base oil, a visible
improvement is showed by the oakthe organic phosphorus compound
denoted as 0.1% P-1. For a-C:HAAG:H:W combination are obtained
smaller R values for both investigatetlibricants than base oil (see
Fig. 3b).

In Fig. 4 is presented the effect @bncentration for both organic
phosphorus compounds investigated. It banseen in the case of steel-
steel combinationKig. 4a) at high concentrain (1% wt.) was obtained
an increasing for scuffing load for both lubricants. For small concentra-
tion (0.1% wt.) and in the casef a-C:H:W-a-C:H:W tribosys-
tem (Fig. 4b) no effect of concentration was observed. Thealues are
smaller even than that obtained for pure base oil.
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Fig. 4. Scuffing load (P, for organic phosphorus at 1% wt. in PAO-8 base oil:
a) uncoated steel-steel tribosystem, b) coated a-C:H:W-a-C:H:W tribosystem

Rys. 4. Obcizenie zacierace (R) dla skojarzé smarowanych olejem PAO-8 z 1%
w/w dodatkiem organicznych zyakéw fosforu: a) skojarzenie stal—stal, b) sko-
jarzenie a-C:H:W—-a-C:H:W

Surface analyses

AFM (Atomic Force Microscope) analyses
For AFM investigations, the worsurfaces were obtained using four-

ball apparatus settled at 10 sec. for a-C:H:W (coated) balls and at 2 sec.
for steel balls, before scuffing propagation.

The AFM measurements are presenteBig 5-Fig. 8.

a) b)
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Fig. 5. AFM images and RMS values for the wear scars of uncoated steel balls
obtained for various concentration of S-1 compound in PAQO-8 base oil:
a) 0.1% S-1,b) 1% S-1

Rys. 5. Obrazy AFM oraz parametr chropowat®MS dlasladéw zuycia na kulkach

stalowych (bez powtoki) uzyskane dlazngch stzen dodatku S-1 w oleju
PAO-8: a) 0,1% S-1, b) 1% S-1
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In Fig. 5 are presented the 3D AFM images of the wear scars for un-
coated steel balls lubriead by PAO-8 used as base oil with 0.1% wt. and
1% wt. of benzyl disulplie (denoted as S-1).

The AFM images demonstrate that tinereasing concentration of
benzyl disulphide irthe base oil generates little bit smoother surfaces
than using smaller concenti@ti of benzyl disulphide compounit
PAO-8 base oil (seBig. 5a and5b).

In the case of coated a-C:H:W-a-C:H:W tribosystem the effect of
benzyl disulphide is different than the steel — steel tribosystem In the
latter one, at 0.1% wt. in base oil bénzyl disulphide was obtained a
smoother surface, compared by BMalue (RMS = 54.1 nm) — see
Fig. 6a than for 1% wt. of benzyl difphide when was obtained a rough
surface (RMS = 66.5 nm) — sBiz. 6b.

800.0 nm 800.0 nm

{

0.1% S-1 1% S-1
RMS =54.1 nm RMS = 66.5 nm

800.0 nm 800.0 nm
f f
I

0.1% S-4 1% S-4
RMS =63.2 nm RMS =94.2 nm

Fig. 6. AFM images and RMS values for the wear scars of a-C:H:W coated balls
obtained for various concentration of organic sulphur compounds in PAO-8
base oil: a) 0.1% S-1,b) 1% S-1,¢) 0.1% S-4,d) 1% S-4

Rys. 6. Obrazy AFM oraz parametr chropoweitdiRMS dlasladéw zuycia na kulkach
stalowych z powlok a-C:H:W uzyskane dla tdych dodatkow organicznych
zwiazkow siarki w oleju PAO-8: a) 0,1% S-1, b) 1% S-1, ¢) 0,1% S-4, d) 1% S-4
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The AFM results confirmed the logical behaviours of these or-
ganic sulphur compounds.

In Fig. 7 are described the 3D AFM images for the wear scars of
dibenzyl phosphite (P-1) and dietlyphenylethyl phosphonate (P-2) at
0.1% wt. and 1% wt. in PAO-8 for uoated steel — steel tribosystem.
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Fig. 7. AFM images and RMS values for the wear scars of uncoated steel balls
obtained for various concentration of organic phosphorus compounds in
PAO-8 base oil: a) 0.1% P-1,b) 1% P-1,¢) 0.1% P-2,d) 1% P-2

Rys. 7. Obrazy AFM oraz parametr chroposeittRMS dlasladéw zuycia na kulkach
stalowych (bez powloki) uzyskane dlazmych stézen dodatkdédw organicznych
zwiazkow fosforu w oleju PAO-8: a) 0,1% P-1, b) 1% P-1, ¢) 0,1% P-2, d) 1% P-2

It can been seen iRig. 7 that increasing of concentration for both
phosphorus compounds does not havergrovement effect on surfaces
of steel-steel tribosystem lubated by organic phosphorus compounds
(P-1 and P-2) in base oil; tHfeMS values for both phosphorus com-
pounds at 1% wt. are slightly higher than RMS values for 0.1% wt.
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In Fig. 8 are presented the AFM images of wear scars of dibenzyl
phosphite (P-1) at 0.1% wt. and 1% wt PAO-8 for a-C:H:W- a-C:H:W
coated tribosystem.

a) b)
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Fig. 8. AFM images and RMS values for the wear scars of a-C:H:W coated balls
obtained for various concentration of organic phosphorus compounds in
PAO-8 base oil: a) 0.1% P-1,b) 1% P-1

Rys. 8. Obrazy AFM oraz parametr chropowat®MS dlasladéw zuycia na kulkach
stalowych z powtok a-C:H:W uzyskane dla #aych stzen dodatkéw orga-
nicznych zwazkow fosforu w oleju PAO-8: a) 0,1% P-1, b) 1% P-1

It can be seen that wear scarface for coated a-C:H:W- a-C:H:W
tribosystem lubricated by dibenzyhosphite at 0.1% wt. in base oil ob-
tained after tribological tests at 10 sec. the surface is much rougher com-
pared by RMS value, in this case RMS = 91.0 nm Fige8a) than the
surface obtained using 1% wt. obdnzyl phosphite which is smooth
and the RMS value is significip smaller (RMS = 67.1 nm) — see
Fig. 8b.

SEM/EDS analyses

The SEM pictures of the worn surfaces are giverFig 9 and
Fig. 12.

It is seen that after tribologicést (after 10 sec. of running) when
organic sulphur compounds are usee, ¢bating is still present (showed
in Fig. 9) and confirmed by EDS analysis (d&g. 10) indicating of W
appearance on the worn surfaces.
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Effect of concentration of bewpkz disulphide (S-1) on coated
a-C:H:W- a-C:H:W tribosystem reflects that for high concentration was
obtained a rough surface, the coating was removedFige®b); for
small concentration a smooth surface was obtained Kiggeda). The
effect of 1-adamantanethiol (S-4) on coated steel balls after 10 sec. of
running was similar for both concerticms (0.1% wt. and 1% wt.) the
surfaces are smoother (déigs. 9c and9d).

2401 an

Fig. 9. SEM images of the wear scars of a-C:H:W coated balls for organic sul-
phurs compounds at 0.1% wt. and 1% wt. in PAQO-8 base oil: a) 0.1% S-1,
b) 1% S-1,¢) 0.1% S-4,d) 1% S-4

Rys. 9. Obrazy SEM z#&adow zuycia na kulkach stalowych pokrytych powipk
a-C:H:W otrzymanych dla #diych stzen organicznych zwizkéw siarki:
a) 0,1% S-1, b) 1% S-1, ¢) 0,1% S-4,d) 1% S-4

In Fig. 10 are presented the EDS restitis benzyl disulphide (S-1)
and 1-adamantanethiol (S-4) for coastelel balls at 0.1% wt. and 1% wit.
concentration in base oil.
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Fig. 10. EDS analysis of the wear scars of a-C:H:W ball sliding against a-C:H:W
ball in base oil with organic sulphur compounds: a) S-1 at 0.1% wt.,
b) S-1 at 1% wt., ¢) S-4 at 0.1% wt., d) S-4 at 1% wt.

Rys. 10. Widma EDS zéladow zuycia na kulkach stalowych pokrytych powipk
a-C:H:W otrzymanych dla éfych organicznych zwrkéw siarki: a) 0,1%
S-1, b) 1% S-1, ¢) 0,1% S-4, d) 1% S-4

After tribological tests (10 sec.) in the surface layer of the wear scars
oxygen and sulphur were detectedHYS analysis in the cases of benzyl
disulphide (S-1) at 0.1% wt. and 1%4. and 1-adamantanethiol (S-4) at
0.1% wt. and 1% wt. when it usedated a-C:H:W — a-C:H:W tribosys-
tem (sedFig. 10). In the case when was uskenzyl disulphide (S-1) at
0.1% wt. was detected a higher comtehW on wear scar than for 1%
wt. benzyl disulphide (S-1), theiigsten (W) was detected only in the
zones which are not scuffed. The gnese of oxygen and sulphur might
come from chemical reactions attive compounds with the steel sub-
strate existingn some zones where coating was partially removed

In the case of uncoated steel — steel tribosystem, the EDS results
showed that at high concentrationbainzyl disulphid€S-1) was detected
an amount of sulphur on wear scar (k&g 11b) while, for small con-
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centration of benzyl disulphide {B§ was found only the elements con-
tained on the steel substrate (Bége 11a).
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Fig. 11. EDS analysis of the wear scars of uncoated steel ball sliding against un-
coated steel balls in base oil with organic sulphur compounds: a) S-1 at
0.1% wt., b) S-2 at 0.1% wt.

Rys. 11. Widma EDS z&adow zuycia na kulkach stalowych (bez powtoki) otrzyma-
nych dla rénych organicznych zwikow siarki: a) 0,1% S-1, b) 0,1% S-2

In Fig. 12 are presented SEM images for coated balls using the both
organic phosphorus compounds at 0.486 1% wt. in PAO-8 after 10
sec. of running. It is seen thattef tribological test when dibenzyl
phosphite (P-1) is used at 0.1% and W&oin PAO-8, the coating is still
present (showed iRigs. 12a and 12b) and confirmed by EDS analysis
(seeFig. 13) indicating the presence of tungsten (W) on the worn sur-
faces while, for diethyl 1-phenylgthphosphonate (P-2) at both concen-
trations after 10 sec. the coating was removedKige12¢ and12d).

As can be seen ifFig. 13a at 0.1% wt. in PAO-8 of dibenzyl
phosphite (P-1) was detectad amount of oxygen on wear scar of coated
ball while, with increasing conceation of dibenzyl phosphite (P-1)
were found on wear scar the presence of oxygen and phosphorus (see
Fig. 13b). Their presence might come from reaction of chemical active
components from oil with steel substrate exisiimgome zones where
coating was partially removedAdditional and more detailed surface
analysis, e.g. XPS and FTIRM, is needed for explanation of tribochemi-
cal mechanism which is taking place.
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400 un -

Fig. 12. SEM images of the wear scars of a-C:H:W coated balls for organic phos-
phorus compounds at 0.1% wt. and 1% wt. in PAO-8 base oil: a) 0.1%
P-1,b) 1% P-1,¢) 0.1% P-2,d) 1% P-2

Rys. 12. Obrazy SEM z#@adow zuycia na kulkach stalowych pokrytych powipk
a-C:H:W otrzymanych dla edych stzefi organicznych zwizkéw fosforu
w oleju PAO-8: a) a) 0,1% P-1, b) 1% P-1, c) 0,1% P-2, d) 1% P-2
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Fig. 13. EDS analysis of the wear scars of a-C:H:W ball sliding against a-C:H:W
ball in base oil with organic phosphorus compounds: a) P-1 at 0.1% wt.,
b) P-1 at 1% wt.

Rys. 13. Widma EDS zé&ladéw zuycia na kulkach stalowych pokrytych powipok

a-C:H:W otrzymanych dla eiych organicznych zwikéw fosforu: a) 0,1%

P-1, b) 0,1% P-2
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CONCLUSIONS

The tribological results reflect that for a-C:H:W coated balls using
0.1% wt. and 1% wt. concentration @fganic sulphur compounds, in the
base oil, only 1-adamantanethiol showed increase in scuffing load value.
The increase in concentration of bgndisulphide (BDS) up to 1% wt.
increased the scuffing load values for the uncoated steel tribosystem, but
the increase in concentration ofsthcompound is harmful for coated
balls.

In the case when are used angasulphur compounds EDS spectrum
indicated presence of amount of oxygen and sulphur in the surface
layer of the wear scars in the casebehzyl disulphide (S-1) at 0.1% wt.
and 1% wt. and 1-adamantanethiot4Sat 0.1% wt. and 1% wt. were
used for coated a-C:H:W — a-C:H:Wibosystem. The presence of oxy-
gen and sulphur might come fromethical reactions of active com-
pounds with the steel substrate exisimgome zones where coating was
partially removedin the case of uncoated steel — steel tribosystem, the
EDS results showed that at high centration of benzyl disulphide (S-1)
was detected an amount of sulphumggar scar while, for small concen-
tration of benzyl disulphide (S-Wyas found only the elements contained
on the steel substrate.

The both organic phosphorus compourdishe treat rate of 0.1%
and 1% wt. in the base oil did ndtasv any improvement in scuffing load
values for the coated balls. Nevertheless the increasing concentration of
these phosphorus containing compounds in the base oil, improved the
load-carrying capacity for the steel-steel tribosystem.

In the case of coated a-C:H:W — a-C:H:W tribosystem, the EDS re-
sults showed that when dibenpylosphite (P-1) was used an oxygen on
wear scar of coated ball was detelcté-or higher concentration of diben-
zyl phosphite (P-1) oxygen and phospiswere found on the wear scar.
Their presence might come from réan of chemical active components
from oil with steel substrate existing some zones where coating was
partially removed Additional and more detailed surface analysis, e.g.
XPS and FTIRM, is needed for eagpltion of tribochemical reaction
mechanism.

Interaction of organic sulphuand phosphorus compounds with
coated steel tribologicalements showed that such kind of compounds
are not effective for increasing the load-carrying capacity of a-C:H:W
coated machine parts. Knowing thigeet of selectedCHO, CHNO, sul-
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phur- and nitrogen containing mdd®mpounds on the steel-steel and a-
C:H:W — a-C:H:W tribosystems further work will be focused on the
steel/a-C:H:W tribosystem using both the most effective model com-
pounds and commerciAW/EP additives.
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Recenzent:
Jarostaw SEP

Streszczenie

Artykul jest kontynuacja wczesniejszych prac i zawiera wyniki ba-
dan organicznych zwiazkow siarki i fosforu jako potencjalnych do-
datkow przeciwzuzyciowych dla wysokoobciazonych wezléw tarcia
z elementami pokrytymi powlokg a-C:H:W. W czesci pierwszej [L. 1]
przedstawione zostaly wyniki badan dla zwigzkéw typu CHO
i CHNO. W biezacym artykule zaprezentowano wyniki uzyskane dla
czterech rodzajow organicznych zwigzkéw siarki i dwoch rodzajow
organicznych zwigzkéw fosforu. Zwiazki te dodawano w stezeniu
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0,1% w/w i 1% w/w do polialfaolefinowego oleju bazowego (PAO-8).
Powloke a-C:H:W osadzono na kulkach wykonanych ze stali tozy-
skowej (100Cr6) wykorzystujac metode¢ reaktywnego rozpylania
PVD. Nosnosé¢ warstwy smarowej mierzono jako obcigzenie zaciera-
Jjace z wyKkorzystaniem aparatu czterokulowego T-02. Stosowano me-
tode z ciaglym narastaniem obcigzenia. Podobnie jak w czeSci I pra-
cy [L. 1] badania wykonano dla elementéw bez powloki oraz dla
wszystkich elementéw z powloka a-C:H:W.

Dla skojarzen z elementami pokrytymi powloka a-C:H:W sma-
rowanych olejem z dodatkiem organicznych zwigzkéw siarki w ste-
zeniu 0,1% w/w i 1% w/w w oleju bazowym, tylko dla
1-adamantanetiolu odnotowano nieznaczny wzrost obcigzenia zacie-
rajacego. Wzrost stezenia disiarczku benzylu (BDS) do 1% w/w spo-
wodowal wzrost odpornosci na zacieranie skojarzenia stalowego (bez
powloki), jednoczesnie okazalo to si¢ szkodliwe dla skojarzen z ele-
mentami pokrytymi powloka. Réwniez dla obu badanych organicz-
nych zwiazkow fosforu w stezeniu 0,1% w/w i 1% w/w w oleju ba-
zowym nie odnotowano wzrostu odpornosci na zacieranie skojarzen
z elementami pokrytymi powloka. Przy czym zwig¢kszenie stezenia
organicznych zwiazkow fosforu skutkowalo wzrostem wartosci ob-
cigzenia zacierajacego skojarzen elementéw bez powloki. W pracy
wzi¢to réwniez pod uwage réznice w mechanizmie dzialania dodatku
BDS w skojarzeniu elementéw stalowych bez powloki i z powloka.
Dokonano réwniez analizy mechanizmu dzialania tychze dodatkéw
dla przypadku stosowania organicznych zwigzkow fosforu.

Praca jest przyczynkiem do lepszego zrozumienia wspéldziatania
zwigzkow zawierajacych siarke i fosfor. Dowiedziono, Ze ten rodzaj
zwigzkow nie jest efektywnym dodatkiem dla zwigkszania nosnoSci
warstwy smarowej skojarzen z elementami pokrytymi powloka
a-C:H:W. Prace beda kontynuowane z uwzglednieniem dodatkéw
handlowych i nowych materialéw.



