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Abstract

The effects of the water environment, such as teatpes, dissolved ions, dissolved
oxygen etc., on the tribological properties of dimu-like carbon (DLC) against brass were
studied as part of the development of water-lubeidehydraulics, valves and cylinders based on
metals (Fe alloys, Cu alloys etc.). A ball-on-digke tribotester was used to examine the above
various factors. DLC was deposited on stainlessl sfiisks using an unbalanced magnetron
sputtering system. Pure water and quasi-tap wat@ich imitates typical tap water sampled in
Tokyo, were used to study the effects of dissoleed. The water temperature was elevated from
20°C to 80C. The results show that temperature as well adidsolved ions have a major impact
on friction and wear. More specifically, the coeifint of friction was increased at elevated
temperatures. Also, in pure water, abrasive weaDbC was observed due to aluminum
condensation on the brass surface, whereas it veagmted in quasi-tap water since aluminum

was removed from the contact region due to theotlied ions. EPMA, XPS and AES indicated
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that the tribo-layer on the metal surfaces, whichsists of carbon and the base metal as well as

some elements from water, plays an important role.
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1. Introduction

The development of water hydraulic systems usinghimsed materials has been carried out
as a national research project in Japan. Althougfemhydraulic systems made primarily from
ceramics and plastics are commercially availabf@egent, their use is limited because of high
cost and inferior fracture toughness. The use dédhimsed-materials could improve and eliminate
such difficulties.

The water to be used in these systems is tap wadtteno additives, for ease of use and
drainage. In addition, the operating condition¢hefwater, such as the water temperature, water
pressure, dissolved oxygen and dissolved ionsvailf depending on the machinery, plant,
system, region etc. Thus, the developed system lpeusibust in a water environment.

Combinations of diamond-like carbon (DLC) vs. skedés steel and DLC vs. brass are
expected to achieve low friction and wear underewhibricated conditions, for excellent
tribological performance [4]. Researchers have studied the effects of therealvironment on
wear and friction of DLC rubbed against AISI 638istess steel, and they have shown that the
water temperature and the dissolved ions haven#isant impact on the phenomena [5].
Specifically, wear and friction increased at eledaiemperatures especially in tap water
environment. It was also found that that the tildoger on the steel surface, which is affected by
the temperature and dissolved ions, plays an irapbrole in inhibiting direct contact and
subsequent wear by a degraded DLC top-layer andé¢lae debris [5]. The importance of the

tribo-layer on the DLC counter surface has alsolzsmonstrated in previous work [4, 6-9].
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With regards to DLC vs. brass in a water-basedrenmient, investigations by Ohana et al.
and Yamamoto et al. have shown larger wear of tagsband higher friction than those of DLC vs.
steel [4, 10]. Also, these studies have shownttietvear of brass and friction are strongly
affected by the hardness and surface roughnebe @ltC. However, most studies related to water
lubrication with DLC were conducted in pure waterd there are no previous reports on the
tribological aspects of DLC vs. brass focusingl@temperature, dissolved ions etc. in a tap
water environment, which is more realistic fromagaplications point of view.

This study therefore is aimed at clarifying theeef§ of the water environment on the

tribological properties of DLC rubbed against brass

2. Experimental

A ball-on-disk type rotating tribotester in an altwe, which can be operated under a
controlled water environment in terms of tempemat{#0-80C), water pressure (0.1-20MPa) and
dissolved oxygen (0.01-8ppm), was used in thisarete(Fig. 1)[5]. The water temperature was
controlled using a constant temperature bath asvishio Fig. 1. The water pressure and the
amount of dissolved oxygen were controlled withighhpressure pump and,Mnd N+O, gas
aeration, respectively.

A DLC coating with 1um thickness was applied on H900 hardened AISI @&ihlsss steel
disks (Fe-17Cr-4Ni-4Cu) by an unbalanced magnesputtering system [4]. The measured
nano-indentation hardness of the DLC coating wa$sP@. More details on the coating can be
found in Refs. [4, 5]. The balls were made of ti81CHL high tensile brass (Cu-26Zn-3Al-2Ni)
9.5 mm in diameter. The hardness of the ball natevias HV 500 (4.9 GPa). The surface
roughness of both specimens was 68in Ra.

Quasi-tap water, imitating typical tap water sardgle Tokyo, was prepared and used for the
experiment. The properties of the quasi-tap watediated in Table 1. Pure water de-ionized with

an ion-exchange resin was also used for comparison.
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Experiments were carried out in two steps. The esgrgy of environmental factors was
conducted first using an L9 orthogonal table asashin Table 2. The normal load was also
varied as indicated in Table 2. In this L9 experitmeéhe number of repetition is one. Then, a
detailed examination of varying the temperature gnreddissolved ions, which were found to be
significant for wear in the L9 experiment, was cocd according to the experimental
conditions shown in Table 3. The experiment waslooted twice at each condition.

The wear volume of the DLC disk was calculated franear scar profiles obtained with a
stylus profilometer. An optical microscope was eoypld to estimate the wear volume of the ball
specimen under the assumption that the wear sdatisScanning electron microscopy (SEM),
electron probe micro analysis (EPMA), Auger electrgpectroscopy (AES) and X-ray

photoelectron spectroscopy (XPS) were employeduddiace characterization of the specimens.

3. Reaults

Figure 2 shows the results of the L9 experimentath be seen that the temperature strongly
affects the wear of the DLC. In addition, the weste of the brass ball decreased with an increase
in the load probably due to topographical changé¢hefball specimens, i.e., the actual contact
pressure decreases with flattening of the ballsl{4jan also be observed that the wear of thesbras
ball is much smaller in a pure water environment.

Figure 3 shows the specific wear rate of the DL€ksliat various water temperatures and load
conditions, as shown in Table 3. The average officants of variation in pure water and
quasi-tap water at each condition were 30 % an®2fespectively. It can be seen that the wear of
the DLC increased with increasing temperature.dditéon, the wear of the DLC is larger in a
pure water environment compared to that in qugsiviater. These results are consistent with
those of the L9 experiment.

Changes in the coefficient of friction as a funotiaf time in various water environments are

shown in Fig. 4. At first, the friction decreasesiafunction of the sliding distance for all cases.
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However, at 80C, the friction increased after a sliding distan€00 m, different from that of
the case at 2€C.

Figures 5 and 6 compare the morphologies of the Di€ar scars in different water
environments. As can be seen, the wear scar in water shows deep and severe scratches,
whereas the scar in the quasi-tap water shows @ avid shallow profile with a smaller number of
scratches. Since the depth of the scratches800 nm) is less than the coating thicknessir(l),
contact between the brass and stainless steetaigbsais not occurred.

Figure 7 shows SEM images and the correspondingAPMges of the brass wear scars in
the two environments. In pure water, as shown @1 Fa), condensation of aluminum is seen on
the wear scar, whereas in the quasi-tap water,ialumaccumulates on the backside of the wear
scar, as shown in Fig. 7(b)-region A. Oxygen arainall amount of carbon are also found on the
wear scars for both tribo-surfaces. AES depth f@efdf the brass wear scars shown in Fig. 8 also
demonstrate condensation of aluminum in the wear scpure water. Carbon from the DLC is
present in the tribo-layer with a thickness of @600 nm or more in both pure water and
guasi-tap water. With regards to the elements ftoenquasi-tap water, calcium and magnesium
were found in the tribo-layer in, as shown in R¢b). Figure 9 compares the morphologies of the
tribo-layer on the brass surfaces formed at diffetemperatures in quasi-tap water. At°Z0) a
thick tribo-layer with a mud-crack structure wadaibed. Localized AES analysis revealed that
the part with the mud-crack in Fig. 9(a) containfa® amount of calcium and magnesium, as
shown in Fig. 8(b). The tribo-layer at 8C (Fig. 9(b)) also contained calcium and magnesium,
however, it was rather thin and heterogeneous.r&id® shows the compliance curves of the
tribo-layer obtained in quasi-tap water at°Zd Since the layer becomes softer in water, itlman
assumed that the tribo-layer is gel-like. The muaktk structure shown in Fig. 9(a) was probably
formed when the specimen was desiccated for SEMreasons. As for the chemical composition

of the DLC surfaces, no notable change was observed
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4. Discussion

4.1 Effects of dissolved ions

As shown in Figs. 5 and 6, the DLC was worn in hrasive mode in pure water. However,
abrasion was inhibited in the quasi-tap water emvitent. The aluminum oxide on the brass
counter surface, as shown in Figs. 7(a) and &djkely responsible for this, i.e., hard aluminum
oxide can abrade DLC surface [8, 14]. On the othand, in quasi-tap water, aluminum
accumulated on the backside of the wear scar orbthgs ball, not within the wear scar (Fig.
7(b)). The amount of dissolved ions is small (Orhg/l in total), however, its effect is not
negligible. The following is a possible explanatfonthis process.

When a fresh surface of metals is exposed by rgpkdniocal cell is created [11-13]. Then,
metal is ionized and dissolves into water. The Wtsgrocess for this is illustrated in Fig. 11.
Aluminum can be selectively ionized because it thees lowest standard potential (Cu:0.337V,
Ni:-0.250V, Zn=-0.763V, Al-1.66V), which means that it is the easiest to lézed [15]. The

dissolved aluminum releases electrons as follows.

Al - Al*+3e

The released electrons are used to produce, @htl AP* then accumulates outside of the wear

scar, which is cathodic, after being trapped byQhE.

120, + H,0+2¢ - 20H

AI*+30H" - AI(OH),

The Al(OH); produced will be accumulated on the backside efittass wear scar because of the
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movement of the fluid, which is consistent with Fig(b). This kind of phenomenon is called
"parting” or "selective dissolution”, and is knowm occur in copper-alloy containing aluminum,
CoCrMo alloy etc. [15, 16]. This process will beasfically accelerated compared to static
corrosion due to exposure of a fresh surface byrtbehanical action.

This process is possible only when all the reast&imwn above proceed simultaneously, i.e.,
ionization of aluminum does not occur just by its&he second step, the production of QHoes
not easily occur in pure water because of the méhg low electrical conductivity of pure water
(< 0.09 mS/m which is less than (1/38f that in quasi-tap water) [17]. Once the remaini
aluminum is oxidized and embedded as hard partmtethe brass surface, it will be difficult to
remove these and will continue abrading the DLGasa. The smaller wear of brass in pure water
shown in Fig.2 is responsible for this layer whiebrks as a protective layer for brass. This
assumption suggests that attentions must be pdfkttyiibo-electrochemical aspects for selection
of a metal in water lubrication.

Another possible mechanism for prohibiting of alomih condensation in quasi-tap water is
the formation of a tribo-layer which makes aluminuemoval easier. However, as for now, the
authors have found no evidence to support this idea

4.2 Effect of temperature

The wear of DLC increased with increasing tempeeatwhich is consistent with the
results obtained in previous research in Refs.8[69, 14], which were conducted in various
environments. As shown in Figs. 9 (a) and 10, #&rcirand lubricious tribo-layer was formed at 20
°C. However, the growth of this layer was suppresgegD°C (Fig. 9(b)). The frictional behavior,
showing a gradual decrease in the first stage 4Fidikely corresponds to the growth of the
tribo-layer as well as topographical run-in. Theragase in friction after 100 m of sliding is
probably due to the temperature rise at the coritaetface by frictional heat generation and

surrounding temperature. To support this idea, temidil experiments were carried out at a
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decreased speed. Figure 12 shows the averagectamffof friction at steady state at a lower
sliding speed of 0.04 m/s. Friction did not inceeasth an increase in the water temperature when
the sliding speed was lower, i.e., frictional hgaheration is smaller. SEM observations revealed
that a tribo-layer was successfully formed whendliging speed was lower even at €0 Hence,

it can be stated that a higher temperature at ¢mtact interface makes it difficult to form a
beneficial tribo-layer. Once direct contact betwd@nbrass and DLC occurs, the friction and wear
will increase [7]. Increased friction would makeetltontact temperature higher and makes
beneficial tribo-layer formation more difficult. Th, the tribological properties spiral into a
vicious circle due to the elevated temperaturefentional heat generation. This also suggests that
it is not necessarily 50 or 80C at which inferior tribo-performance is seen. Hietcontact
temperature is elevated by increased sliding spdeder thermal diffusivity etc., the
tribo-performance will suffer even at lower temparas. The lack of a lubricious tribo-layer
causes more frequent direct contact between thelrmetl DLC and results in higher friction and
wear [18]. More frequent direct contact may promite degradation of the DLC top-layer by

larger frictional heat generation [9, 19] and resularger wear of the DLC.

5. Conclusion

In this paper, the tribological properties of DLGbbed against high tensile brass in various
water environments were studied. Wear and frictidoehavior of DLC rubbed against brass in
water are affected by the water temperature arsbldied ions. Specifically, elevated temperature
and frictional heat generation prevent the forrmatid intact and lubricious tribo-layer resulting in
higher friction and wear. Aluminum oxide condensation the brass surface was seen in pure
water and caused severe abrasive wear of the Dlisdoed ions prevented this by removing

aluminum from the brass wear scar. One possibleoredor this is electrochemical selective
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dissolution from exposed fresh surface formed byrthbbing.
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ACCEPTED MANUSCRIPT

Table 1
Tap water Quasi-tap
sampled water
in Tokyo
Dissolved ions Cl- 30 31
(mg/h NO; - 12 13
S0, 36 37
Na* 22 24
K" 2.8 2.5
Mg** 5.0 5.3
Ca* 22 23
Electrical 289 29.4
conductivity (mS/m)
pH 72 - 78 74 - 79
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ACCEPTED MANUSCRIPT

Table 2
Exp. Load Temper- Dissolved Water
no. [N] ature oxygen pressure
[°C] [ppm] [MPa]
1 10 20 0.01 0.1
2 10 50 0.1 1.0
3 10 80 7 19
4 30 20 0.1 19
5 30 50 7 0.1
6 30 80 0.01 1.0
7 57 20 7 1.0
8 57 50 0.01 19
9 57 80 0.1 0.1
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ACCEPTED MANUSCRIPT

Table 3
Turning speed 0.4 m/s
Load (on three balls) 11,31, 58N
Number of revolutions 36,000(Approx)
Water pressure 0.1 MPa
Dissolved oxygen 7 — 8 ppm
Water temperature (20, 50, 80) £ 2 °C
Water Pure water, quasi-tap water
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Figure(s)
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Figure(s)
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Figure(s)
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Figure(s)

(a)In pure water (b)In quasi-tap water
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Figure(s)
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Figure(s)

S sof Hi .
=
S 1
S 60t 1 -
f =
) 4 J
(&)
S 4ot 1t -
e f {—~4_o0o
£
° 20 Zn
< 1|Ca
0 500 1000 1500 2000 0 =~ 500 1000 1500 2000
Sputter Depth(nm) Sputter Depth(nm)
(a)ln pure water (b)In quasi-tap water
Fig. 8

Page 26 of 28



Figure(s)
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