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Effects of oxygen active elements, yttrium and cerium, as additives in commercial
lubricants on corrosive wear were investigated. Sliding wear losses of stainless steel 304
and Al alloy 6061 lubricated by oil and thin grease respectively with and without yttrium or
cerium additive in a corrosive environment were determined. Dilute H2SO4 solution (10%
H2SO4) was used as the corrosive medium and added to the lubricants for the corrosive
wear test. The wear test was performed on a pin-on-disc tribometer with the capability of
measuring wear in lubricant. The disc was coiled with a copper tube, through which
cooling water could pass, so that the wear losses respectively under cooling condition and
non-cooling condition could be determined. The results showed that wear losses of the
tested materials caused by synergistic attack of wear and corrosion can be effectively
reduced by adding small amounts of yttrium or cerium to the lubricant. In addition, the
effect of the additives was found more distinctive under the non-cooling condition. Worn
surfaces were examined using SEM to clarify the wear mode and thus the wear
mechanism. C© 2000 Kluwer Academic Publishers

1. Introduction
Corrosive wear often results in severe material losses.
Since this wear mode is common in mining, mineral and
chemical processing, energy production industries as
well, the synergic attack by wear and corrosion has re-
ceived increasing interest [1, 2]. Efforts are being made
to develop effective techniques to diminish corrosive
wear of materials. Previous research and engineering
efforts in combating corrosive wear include modifica-
tion of existing materials, surface protection, and en-
vironmental control. However, no general approaches
have been developed to efficiently prevent corrosive
wear.

In general, guidelines for selecting or modifying en-
gineering materials against either corrosion or wear
have been well established. Adequate materials can be
reasonably selected or developed to resist mechanical
wear such as abrasive wear in the absence of electro-
chemical reactions. This may be achieved, for instance,
by increasing the hardness of the material through
precipitation strengthening or embedding hard parti-
cles into the matrix to form wear-resistant composites.
However, such fabricated materials are not necessar-
ily suitable for corrosive wear applications because the
materials may have a low corrosion resistance due to
the microstructural inhomogeneity. In the case of cor-
rosion, the material degradation can be reduced by al-
loying with elements, e.g., Cr or Al, which assist in pre-
venting corrosion attack by forming a protective oxide

film, Cr2O3 or Al2O3. It is known that the corrosion
resistance of a corrosion-resistant material may result
from the rapid passivation with forming a protective
oxide film on the surface [3, 4]. However, when wear is
involved, the protective oxide film can be broken down
and removed from the surface. The resultant bare metal
surface is vulnerable to continuous corrosion-wear at-
tack. Furthermore, the residual fragements of the oxide
film on the surface may act as the cathodes and thus ac-
celerate the corrosion process. The combined effect of
wear and corrosion can make corrosion-resistant mate-
rials such as stainless steels as ineffective as ordinary
carbon steels to such attack.

An attempt has been made by the present authors
to combat corrosive wear by using oxygen-active ele-
ments, e.g., yttrium and cerium, as additives in lubri-
cant. Recent work reported by Zhang and Li [5, 6] have
demonstrated that oxygen-active elements can consid-
erably enhance the resistance of stainless steel and alu-
minide coatings to corrosive wear as well as to cor-
rosion. They observed that the polarization behavior
of 304 stainless steel was greatly improved when it
contained 1 wt %Y and also the volume loss of the
Y-containing 304 steel in corrosive wear was markedly
lower than that of 304 steel. In addition, they did not
observe significant influence of yttrium on the mechan-
ical properties of 304 steel. This implies that the role
of yttrium in improving the corrosive wear resistance
is not to enhance the mechanical behavior of the steel
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but to enhance its corrosion resistance. It is known that
inhibiting corrosion can decrease the synergistic action
of corrosion and wear, and thus diminish the corro-
sive wear. Although it is clear that the reduction in cor-
rosive wear by alloying yttrium is mainly attributable
to the inhibition of corrosion, the mechanism respon-
sible for the reduction in corrosive wear is still not un-
derstood well on finer levels. Another possible effect
of yttrium is the enhancement of the oxide adherence.
In a corrosive environment, stainless steel can rapidly
form a protective oxide film on the surface to prevent
further corrosion. However, the breakdown of the film
under the combined attack by wear and corrosion makes
the stainless steel ineffective. If the bonding between
the oxide film and the substrate is enhanced, the protec-
tive role of the oxide film could be improved. Oxygen-
active elements may strengthen the interfacial bonding.
Previous studies on oxidation of Al and Cr alloys [7–22]
show that the bonding between the oxide films and the
alloys can be significantly enhanced by alloying with
small amounts of oxygen active elements. Although
these studies are focused on the effect of oxygen-active
elements on the oxide films developed during oxidation,
it is also possible that the oxygen-active elements may
play a similar role in enhancing the oxide adherence
during corrosion. However, this is just a hypothesis and
the conclusion can not be drawn without justification.
The mechanism responsible for the beneficial effect of
oxygen-active elements could be the improvement in
polarization behavior; this enhances the corrosion re-
sistance, thus leading to an increase in the resistance to
corrosive wear. Polarization tests [5] have demonstrated
that the passivation current of 304 steel can be consider-
ably reduced by alloying with small amounts of yttrium,
and such a reduction was also observed when yttrium
was added to aluminide coatings, alone with an increase
in the corrosion potential [6]. The improved polariza-
tion behavior is definitely beneficial to decreasing the
synergy of corrosion and wear.

Although the mechanism responsible for the reduc-
tion in corrosive wear by alloying with oxygen-active
elements are not completely understood, the beneficial
effect of the elements on inhibiting corrosive wear has
been experimentally confirmed. In this study, an at-
tempt was made to reduce corrosive wear of stainless
steel and aluminum alloy by adding small amounts of
fine yttrium and cerium powder to lubricants. It was
anticipated that, the yttrium and cerium additives could
function similarly to that when they were alloyed into
the materials. The practical significance of this research
lies in improving commercial grease lubricants using
the oxygen active additives for corrosion-wear applica-
tions.

2. Experimental details
Wear tests were performed on a pin-on-disc tribometer.
The tested materials were stainless steel 304 and alu-
minum alloy 6061. The chemical compositions and me-
chanical properties of the materials are listed in Tables I
and II, respectively. The dimensions of the pin speci-
mens for the wear testing were 6× 12× 40 (mm). The

TABLE I Chemical compositions

SS 304 C Mn P S Si Cr Ni
0.08 2.0 0.04 0.03 1.0 19.0 9.0

Al 6061 Cu Si Fe Mn Mg Zn Cr Ti Al
0.3 0.6 0.7 0.15 1.0 0.25 0.2 0.15 Balance

TABLE I I Mechanical properties

Mechanical Tensile Yield
properties/ strength strength Elongation Brinell

Materials (MPa) (MPa) (% in 50 mm) hardness

SS 304 579 276 50 200
Al 6061 238 154 21 65

surface of the specimens was flat so that the nominal
contact pressure could remain constant. The specimens
were machined from commercial stainless steel and alu-
minum alloy bars. The surface of the specimens was
smoothly finished by a lathe, with an average roughness
(Ra) equal to 1.0µm. The disc was made of stainless
steel 304. The roughness (Ra) of the disc surface was
2.5µm. The disc was set into a container which has
a wall of 10 mm high to retain the lubricant. A coil of
copper tube was attached to the bottom of the container,
through which cooling water could pass to reduce the
temperature rise caused by frictional heat.

A vegetable-based oil lubricant and polyester grease
were used for the wear test. The former did not con-
tain petroleum or mineral components and heavy met-
als; the latter was non-metallic and non-silicone. Small
amounts (less than 5 vol.%) of yttrium powder (420 mi-
cron, 99.9%) and cerium powder (250 micron, 99.9%)
were added to the lubricants, respectively. In order to
evaluate the wear performance of the tested materials in
a corrosive environment, 10% H2SO4 was added to the
lubricants with the volume ratio of H2SO4 to, for exam-
ple, the oil lubricant approximately equal to 1 : 4. For
a comparison, wear tests were conducted in plain oil,
oil-H2SO4, oil-H2SO4-Y and oil-H2SO4-Ce lubricants,
respectively. The sliding speed was 60 m/min. The wear
resistance of the material was evaluated by measuring
its weight loss after sliding over 600 m. In order to in-
vestigate the effect of normal load on the wear loss, the
applied loadP was changed in the range from 0.05 to
0.167 kN, corresponding to a contact pressure from 0.7
to 2.3 MPa. To reflect the effects of temperature rise
caused by frictional heat on corrosive wear, the wear
tests were conducted under cooling and non-cooling
conditions, respectively.

3. Results and discussion
3.1. Wear losses
Weight losses of stainless steel 304 and the aluminum
alloy 6061 per unit contact area were measured, with
respect to the applied load. Wear under four lubrica-
tion conditions was investigated, i.e. in plain oil, oil-
H2SO4, oil-H2SO4-Y and oil-H2SO4-Ce lubricants, re-
spectively. Fig. 1a and b illustrate the results of wear
losses without cooling. Under each load, three speci-
mens were tested in the same condition and linearized
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Figure 1 Wear losses under non-cooling condition vs. the applied load; (a) Stainless steel 304, (b) aluminum alloy 6061.

Figure 2 Reductions in wear loss, caused by cooling the disc, vs. the applied load; (a) Stainless steel 304, (b) aluminum alloy 6061.

weight loss∼ load curves were obtained using the least-
square method. It was observed that corrosive wear un-
der the oil-H2SO4 lubrication condition resulted in the
largest weight loss, while wear in plain oil resulted in
less weight loss. However, when the wear test was per-
formed in the oil-H2SO4-Y or the oil-H2SO4-Ce lubri-
cation condition, the corrosive wear was markedly re-
duced and the resultant weight losses were even smaller
than that under the plain oil lubrication condition. Also,
yttrium showed a greater effect than cerium on inhibit-
ing corrosive wear. It should be mentioned that the
presented results were obtained in liquid lubricant, i.e.
oil, but no distinct difference was observed when thin
grease was applied, in which the Y or Ce powder was
distributed homogeneously. Under the maximum load
of 167 kN, the combined attack by corrosion and wear
increased the wear of the stainless steel by a factor
about 21%, and that of the aluminum alloy by a fac-
tor of about 7%. When yttrium or cerium was added
to the lubricant, the wear losses of both the stainless
steel and the aluminum alloy were markedly reduced;
the differences became more obvious with increase in
applied load. This is clearly shown in Fig. 1a, which
illustrates the wear losses of stainless steel 304 un-
der different lubrication conditions. 38% and 29% re-
ductions in corrosive wear of the stainless steel were
observed when Y and Ce respectively were added to
the lubricant, while 17% and 12% reductions were ob-

served for Al alloy 6061, under the maximum load of
167 kN.

In addition, it was found that the wear loss was con-
siderably reduced when the disc or the counterface was
cooled. In order to investigate the cooling effect, differ-
ences between the wear loss under the cooling condition
and that under non-cooling condition were determined.
The reductions in wear loss of stainless steel 304 and
Al alloy 6061 caused by cooling the disc are illustrated
in Fig. 2a and b, respectively. In the plain oil lubri-
cation condition, when the disc was cooled, the wear
loss was greatly reduced and the reduction was more
significant under high loads. This phenomenon is un-
derstandable, based on the fact that frictional heat may
increase the extent of adhesive wear and/or corrosive
wear. They became more severe as the applied nor-
mal load was increased, because the friction increased
with the applied load. When corrosion was involved
by adding H2SO4 to the oil, the situation became even
worse. This occurred because the temperature rise due
to friction also accelerated the corrosive reaction and,
thus, resulted in greater corrosive wear loss. In this case,
the cooling effect on the reduction in wear loss was
greater. However, it may be seen in Fig. 2 that, when
yttrium or cerium additive was used, the cooling ef-
fect on the reduction in corrosive wear was not as large
as that without the additives. This implies that yttrium
and cerium effectively reduced the negative effect of
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the friction heat on corrosive wear, thus decreasing the
difference between the wear under the cooling condi-
tion and that under the non-cooling condition. In other
words, the oxygen-active additives were more effective
at elevated temperatures. Therefore, it can be concluded
that yttrium and cerium additives played a more dis-
tinctive role in reducing corrosive wear in the case of
corrosion and adhesion were promoted due to greater
friction heating under higher loads.

3.2. SEM analyses of worn surfaces
In order to understand better the protective effect of Y
and Ce additives on corrosive wear, worn surfaces of

Figure 3 SEM micrographs of worn surfaces under oil-H2SO4 lubrication condition; (a) Stainless steel 304, (b) aluminum alloy 6061.

stainless steel 304 and Al alloy 6061 were examined
using SEM. The damage by corrosion and mechanical
wear is clearly illustrated in Figs 3–7. During a wear
process, plough indents were formed on the material
surface due to the mechanical force. The edges of the
plough indents are the areas with large plastic defor-
mation, associated with a high density of dislocations.
Since the intensely deformed regions become anodes
and the other regions are the cathodes in a corrosive en-
vironment [1], they are with high activity for corrosion.
Therefore, wear expedites the electrochemical reaction
and promotes the material removal thereby [23, 24].
On the other hand, the density of defects, such as dis-
locations and voids, is high in the plastically deformed
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Figure 4 SEM micrographs of the cross section of the worn surfaces shown in Fig 3; (a) Stainless steel 304, (b) aluminum alloy 6061.

regions; as a result, these regions are relatively easy for
the corrosive medium to penetrate, which may promote
cracking when corrosion and stress simultaneously at-
tack the surface. As shown in Fig. 3, cracks of various
lengths and depths exist in the corroded regions. With
the propagation of initiated cracks under an external
force, the cracks eventually propagated to form deep
fractures, which can be clearly seen in the cross-section
metallographs of the surface layer (see Fig. 4). Since the
propagation of cracks due to the simultaneous corrosion

and stress attacks is more rapid than crack propagation
under mechanical wear, the extent of material removal
by corrosive wear is more severe.

A significant improvement in the reduction of crack-
ing by yttrium and cerium additives during corrosive
wear was observed (see Fig. 5). Compared to the
cracked and fractured surfaces without Y or Ce pro-
tection, shown in Fig. 4, few cracks are found in the
surface layers when Y or Ce additive was added to the
lubricant (see Fig. 6). This elimination of cracking by
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Figure 5 SEM micrographs of worn surfaces under oil-H2SO4-Y (or Ce) lubrication condition; (a) Stainless steel 304 in oil-H2SO4-Y, (b) aluminum
alloy 6061 in oil-H2SO4-Ce.

yttrium or cerium is consistent with the results of the
sliding wear tests.

In regard to the worn surfaces in the plain oil, plastic
flow was observed in most regions of the surface, see
Fig. 7a, and cracks were found below the surface in the
cross-section of the specimen, see Fig. 7b. It is known
that the sliding wear of a material in non-corrosive con-
ditions depends on its mechanical properties, the ap-
plied load, and the contact geometry. The subsurface
of the material undergoes plastic deformation. When
the maximum plastic strain beneath the contact area
accumulates and reaches the fracture strain of the ma-
terial, cracks nucleate, then propagate, and eventually

lead to material delamination at the surface [23–25].
Furthermore, direct rubbing between two surfaces may
increase the adhesive force due to the frictional heat.
When a high load is applied, the temperature at the
counter-face increases. As a result of the increase in ad-
hesion, the contact surfaces tend to stick to each other,
which enhances material transfer or removal from the
surface in bulk, as shown in Fig. 7a.

3.3. Discussion on corrosive wear and the
beneficial effect of yttrium and cerium

The wear tests and the SEM analysis of worn sur-
faces showed that the presence of yttrium or cerium in
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Figure 6 SEM micrographs of the cross section of the worn surfaces shown in Fig. 5. (a) Stainless steel 304 in oil-H2SO4-Y, (b) aluminum alloy
6061 in oil-H2SO4-Ce.

lubricant as an additive markedly diminished the cor-
rosive wear of stainless steel 304 and Al alloy 6061
in dilute H2SO4 solution. Corrosion of a metal usually
produces loose and fragile oxide scales. The higher the
temperature of the corrosive medium, the more rapid
is the electrochemical reaction, leading to aggravated
corrosion damage. Corrosive wear is an action com-
bining mechanical wear and electrochemical reaction
and these two factors can enhance each other. During
corrosive wear, both anodic and cathodic reactions oc-
cur. According to electrochemical theory [26, 27], de-
fects in a metal, such as dislocations, grain boundaries,
and precipitates, are relatively anodic to the rest of the

material, and the corrosion penetrates selectively along
these defects. Various defects generated by wear, there-
fore, promote the corrosion process. On the other hand,
corrosion can accelerate the material removal by wear,
e.g., stress-corrosion cracking is one of well-known
combined effects of corrosion and stress. Therefore,
if either corrosion or mechanical wear is suppressed,
the corrosive wear could be greatly diminished.

Regarding the role of yttrium and cerium playing
in corrosive wear, it appears that they mainly help to
inhibit corrosion, as little influence of these elements
on the mechanical behavior of the materials was ob-
served [5, 6]. The polarization measurement by Zhang
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Figure 7 SEM micrographs of worn stainless steel 304 in plain oil. (a) Worn surface, (b) cross section.

and Li [5, 6] provides direct evidence that the oxygen-
active elements can strongly improve the polarization
behavior of stainless steel and aluminide coatings. An
improved corrosion resistance definitely benefits the re-
duction in corrosive wear because the synergy of corro-
sion and wear can be weakened if the corrosion process
is suppressed. The effect of oxygen-active elements
on inhibiting corrosion was also reported by other re-
searchers. For instance, Lu and Ives [28] demonstrated
that cerium implantation into UNS S31603 stainless

steel effectively inhibited the cathodic kinetics of the
reduction of oxygen and protons in a solution, reducing
the rate by more than two orders of magnitude. The pas-
sive current density during anodic polarization was re-
duced by more than one order of magnitude after cerium
implantation, indicating that cerium affected the anodic
reaction kinetics as well. The cerium implantation, as
they discussed, helped to reduce the cathodic and an-
odic reactivities by blocking the reactive surface sites,
such as kinks in atomic ledges.
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It should be noticed that it is not very clear how yt-
trium and cerium affect the corrosion and thus corrosive
wear on finer levels, but the beneficial effect of Y and Ce
might be attributable to 1) possible improvement in the
interfacial bonding between the oxide film and the sub-
strate, 2) corresponding microstructural changes of the
oxide, and 3) possible improvement in the self-healing
capability of the adherence. Further studies are needed
in order to justify the above possible mechanisms.

It was interesting to observe that the weight loss un-
der the oil-H2SO4-Y lubrication condition was surpris-
edly lower than that in the plain oil, as shown in Fig. 1.
It is possible that yttrium or cerium in the lubricant may
act as interfacial separators to reduce the adhesion be-
tween two sliding metal surfaces and thus cracking and
adhesive wear. However, it should be indicated that it is
unclear how yttrium or cerium powder in lubricant in-
teracted with the sliding surfaces and how it influenced
the corrosion process, since in lubricant Y and Ce may
act differently from the case when they are in alloying
state. Further investigation on this issue is necessary.

4. Conclusions
Effects of oxygen active elements, yttrium and cerium,
as additives in lubricants on corrosive wear of stainless
steel 304 and aluminum alloy 6061 were investigated. It
was demonstrated that the yttrium and cerium additives
markedly reduced corrosive wear of the tested materi-
als. The beneficial effect of the oxygen active elements
on corrosive wear could be attributable to their effect
on inhibiting corrosion, which reduced the synergy of
corrosion and wear. The mechanisms responsible for
the reduction in corrosive wear by Y and Ce were dis-
cussed.
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