JOURNAL OF MATERIALS SCIENCE 36 (2001) 3479—- 3486

Improvement in the corrosion-erosion resistance
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It has been previously demonstrated that yttrium can improve the resistance of stainless
steel to sliding wear in corrosive environment. However, the mechanism responsible for
the beneficial effect of yttrium on corrosive wear is not well understood. In this work, the
erosion behavior of Y-free and Y-containing 304 stainless steel in a dilute H,SO, slurry
containing silica sand was investigated, with the aim of exploring the role that yttrium
plays. The failure and self-healing of passive films on Y-free and Y-containing 304 stainless
steel samples under combined attack by corrosion and mechanical scratch were studied,
using an electrochemical scratch technique. The failure of the passive films during dry
scratch and identation was also investigated using a micro-mechanical probe with in situ
monitoring changes in the electrical contact resistance. In addition, effect of yttrium on
electron work function was investigated. All the results demonstrated that yttrium
effectively improved properties of the passive film, including corrosion resistance,
mechanical behavior and the film stability, resulting in enhanced resistance to
corrosion-erosion. © 2001 Kluwer Academic Publishers

1. Introduction
Stainless steel is widely used in oil production, chem-
ical, and mining industries to make hydro-turbines,
pumps and pipelines, because of its combination of
good corrosion resistance and mechanical properties
[1,2]. The corrosion resistance of stainless steel is at-
tributed to the formation of passive film, which protects
the material from continuous corrosion attack. How-
ever, when subjected to the attack combining corro-
sion and erosion, the passive film could be damaged
by solid particle impingement, resulting in exposure of
bare metal surface to the corrosive medium and thus
increasing the corrosion-erosion rate. Approaches for
resisting the synergistic attack of erosion and corro-
sion include alloying elements and surface modification
[3—10]. Usually, corrosion-erosion of stainless steel in-
volves the failure and recovery of its passive film. Me-
chanical properties of the passive film and the substrate
all affect the erosion damage. The interfacial bonding
strength is also an important factor affecting the protec-
tive function of the passive film. If the bonding between
the passive film and the substrate is weak, the impinge-
ment of solid particles may easily remove the passive
film during corrosion-erosion, and the resultant fresh
metal surface is vulnerable to continuous corrosion-
wear attack. Therefore, both the mechanical properties
and interfacial bonding strength of the passive film are
of importance to the material against corrosion-erosion.
Yttrium is beneficial to the oxidation resistance of Cr-
and Al-containing alloys, due to its high oxygen affin-
ity that helps to form a protective oxide film [11, 12].
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Yttrium can reduce the oxidation rate and suppress lat-
eral growth of the film [13—15], which may diminish
the internal stress and thus oxide buckling and interfa-
cial failure. Yttrium also enhances the interfacial bond-
ing by developing oxide pegs that penetrate into grain
boundaries [12], by forming second phases of Y-Al gar-
nets, and by reducing outward cation diffusion [16, 17].
The enhancement in oxide adherence would be benefi-
cial in resistance to oxidative wear. Indeed, yttrium can
enhance the resistance of 304 stainless steel to dry slid-
ing wear [18], during which the flashing temperature
could be high enough to induce local oxidation and thus
oxidative wear. In the case of corrosive wear, the addi-
tion of yttrium also helps to diminish corrosive sliding
wear of stainless steel in dilute acid [18] and corrosion-
erosion of aluminide coatings in both acidic and salty
solutions [10]. It has been shown that yttrium has little
effect on mechanical properties of the materials but it
significantly improves their corrosion resistance [18].
Therefore, modification of passive film could be the
main role that yttrium plays. There are two possible
mechanisms responsible for the beneficial effect of yt-
trium. One could be the improvement in the passive film
adherence. If the bonding between the passive film and
the substrate is enhanced by yttrium, rupture of the pro-
tective oxide film would be reduced and this may help
to diminish further corrosive erosion. The other could
be possible enhancement in the mechanical properties
of the passive film.

The objective of this study was to investigate the
corrosion-erosion behavior of Y-containing and Y-free
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stainless steels in dilute H,SO4 slurry mixed with sil-
ica sand, with the intention to explore the mechanisms
involved. The failure of passive films on Y-free and Y-
containing 304 steel samples during corrosive scratch,
mechanical scratch and indentation was investigated.
Electron work functions of the samples were also mea-
sured for better understanding of yttrium effects on
properties of the passive film.

2. Experimental procedure

Steel specimens for erosion test were prepared from
commercial 304 stainless steel powder using an induc-
tion-melting furnace. The steel specimens contained
19 wt% Cr, 9 wt% Ni, 2 wt% Mn, 1 wt% Si, 0.08 wt% C,
0.04 wt% P, and 0.03 wt% S. 1 wt% pure yttrium powder
was alloyed into some of the specimens. The specimens
having a size of 40 x 5 x5 mm® were mechanically
ground using emery paper up to 600-grit.

The corrosion-erosion test was performed at room
temperature using a slurry-pot tester illustrated in
Fig. 1a. The pot was made of stainless steel with volume
capacity of 9 liters. Four vertical baffles were placed in
the pot to break up the rotational flow. The slurry was
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Figure 1 Several tribological testers used in the present study.

3480

prepared by mixing 30 wt% silica sand with 0.1 mol/1
H,SO4 solution. A specimen was weighed before and
after the erosion test to determine its weight loss. The
specimen velocity relative to the slurry was varied from
0.7 m/s to 6.1 m/s. The erosion loss was then evaluated
under different velocity and at a constant distance of
10 Km.

To better understand the corrosion-erosion behavior
of the Y-free and Y-containing stainless steel speci-
mens, an electrochemical scratch tester, illustrated in
Fig 1b, was employed to evaluate the resistance of the
materials to corrosive scratch. During this test, a Vick-
ers diamond tip scratched the surface of a sample that
was immersed in a 0.1 mol/1 H,SOy4 solution. The cur-
rent response under a constant applied electrochemi-
cal potential was measured using a Gamry framework
commercial corrosion measurement system. Variations
in the transient current provided the information about
failure and self-healing of the passive film. A saturated
calomel electrode (SCE) was used as the reference elec-
trode, and a piece of platinum was used as an auxiliary
electrode. Specimens having a size of 5 x 5 x 5 mm?
for the scratch test were mounted with epoxy resin and
polished using emery paper up to 600-grit.

A CETR universal micro-tribometer (see Fig. 1c) was
used to evaluate the resistance of a passive film to me-
chanical scratch and indentation. The tip was a pyra-
midal tungsten carbide. During the micro-scratch test
or the micro-indentation test, the tip moved either hor-
izontally or vertically under a force that was increased
linearly from O to a designed level. The velocity of
the tip was 0.02 mm/s and the duration of indentation
and scratch processes was 30 s and 60 s, respectively.
Failure of the passive film during micro-indentation and
micro-scratch was determined by monitoring variations
in the electrical contact resistance between the indenter
tip and the target sample surface.

A scanning Kelvin probe was used to measure
electron work functions of passive films respectively
formed on Y-free and Y-containing 304 steel samples.
The work function is related to the inertness of a ma-
terial to electrochemical attack. The measurement was
performed by applying a 5-volt DC potential to the sam-
ple and detecting the output signal via an amplifier con-
nected to an Au electrode tip. The average peak-to-peak
value (V) over 10 cycles with respect to the applied
potential (5 volt) was determined by a data acquisi-
tion system. The fractional changes in the capacity and
thus the electron work functions were determined from
the obtained data. The test process was controlled by a
computer.

3. Results and discussion
3.1. Corrosion-erosion with respect to the
erodent velocity

Weight losses of Y-free and Y-containing 304 stainless
steel (304SS) specimens in a 0.1 mol/l H,SO;4 slurry
containing 30% silica sand were measured, with respect
to the erodent velocity. Fig. 2 presents results of the
corrosion-erosion test. One may see that at low veloci-
ties, weight losses of both Y-free and Y-containing spec-
imens decreased as the velocity increased. However,
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Figure 2 Variation in corrosive erosion loss versus the velocity for Y-
free and Y-containing 304 stainless steels in 0.1 mol/1 HySOy4 slurry
containing 30% silica sand.

when the velocity exceeded a critical value around
3.3 m/s, substantial increases in the erosion loss oc-
curred. As shown in Fig. 2, yttrium diminished the
corrosion-erosion when the erodent velocity was below
4 m/s. However, when the erodent velocity exceeded
4 m/s, yttrium did not show any detectable influence on
the corrosion-erosion performance of 304 steel.

As demonstrated previously [18], the Vickers hard-
ness and strain-hardening capability of 304 stainless
steel were almost unchanged when yttrium was alloyed
into the steel, which implies that the enhancement in
corrosion-erosion resistance of the stainless steel by
yttrium is not attributable to possible changes in its me-
chanical properties. Therefore, the observed corrosion-
erosion response of the Y-free and Y-containing speci-
mens to the variation in velocity may result from effects
of yttrium on properties of the passive film of 304 stain-
less steel.

3.2. Polarization behavior and
electrochemical scratch resistance

Corrosive wear is a dynamic process involving rup-
ture and reformation (repassivation) of the passive film.
Many studies on stainless steel have shown the influ-
ence of passive film on wear or erosion of the material
in dilute acid media [19-22]. The repassivation ability
of an alloy and the properties of the passive film are im-
portant to the surface damage of the material when at-
tacked by simultaneous solid particle impingement and
electrochemical reaction. When yttrium is alloyed into
304 steel, it could help to form a stronger and more ad-
herent protective passive film, thus leading to improve
corrosion resistance.

TABLE I Measured polarization parameters

The polarization test demonstrated that both Y-free
and Y-containing 304 steels exhibited good capability
of self-passivation. Various electrochemical parameters
that characterize the polarization behavior of the mate-
rials were determined and are given in Table 1. Details
of the electrochemical polarization measurement have
been given in Ref. [18]. As shown in Table I, 1 wt%
yttrium strongly affected the passivation current, the
passive potential, and the current in the passive state.
Clearly, the addition of yttrium significantly improved
the passivation behavior of 304 stainless steel. Accord-
ing to a phase diagram of Fe-Y binary system [23],
Fe-Y alloy mainly consists of «-Fe and Fe7Y, phases
when the content of yttrium is less than 10 wt%. The
solid solubility of yttrium in y-Fe is less than 0.8 at%
at the Fe-rich eutectic temperature [24]. In our case,
however, the amount of yttrium was not sufficient to be
detected by using available X-ray diffractometer and
the energy dispersive X-ray spectroscopy (EDS). Fur-
ther microstructural examination is therefore needed by
using other techniques such as a transmission electron
microscopy (TEM).

An electrochemical scratch technique was used to in-
vestigate the rupture and reformation of passive films,
respectively, on the Y-free and Y-containing 304 stain-
less steel specimens during corrosive scratching. This
test may simulate the damage process of a passive film
on a target surface eroded by a single incident particle.
The rupture and self-healing of the passive film could
be monitored by recording variations in the transient
current during scratching a stainless steel specimen un-
der a certain corrosion potential. Results of the scratch
test are illustrated in Figs 3 and 4. When the diamond
tip scratched the sample surface, the transient current
increased rapidly with time (line AB). This increase in
the transient current reflects the electrochemical disso-
lution of 304 steel when the passive film is ruptured
during scratch. Since the Y-containing and Y-free steel
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Figure 3 A typical transient current ~ time curve of Y-free 304 stainless
steels recorded during scratch in 0.1 mol/1 H, SOy solution under a load
of 6.9 N.

Alloy E. Ep ip iep Ey
Y-containing 304 SS —80 mVscE 60 mVscg 22 uAfem? 1.7 uAfem? 852 mVsce
Y-free 304 SS —100 mVscg 253 mVscg 32.3 pAfcm? 58.4 [LAfcm? 932 mVscg

E.—the corrosion potential.

Ep—the critical passivation potential.
ip—the critical passivation current density.
icp—the passivation current density.
Ey—the film breakdown potential.
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Figure 4 A typical transient current ~ time curve of Y-containing 304
stainless steel recorded during scratch in 0.1 mol/1 H,SO4 solution under
aload of 6.9 N.
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Figure 5 The slope of line AB (see Fig. 3) versus the applied load.

samples have similar mechanical properties [18], the
slope of I ~t curve therefore mainly reflects the resis-
tance of the passive film to scratch. A lower slope cor-
responds to greater resistance to scratch. Fig. 5 plots
the slopes of the transient current ~ time curve with
respect to the normal load for both the Y-free and Y-
containing specimens. Clearly, yttrium helped to di-
minish the failure of the passive film caused by scratch.
The decrease in slope by yttrium addition was larger un-
der low loads. The lower slope for Y-containing steel
could be attributed to possible improvement in mechan-
ical properties and the adherence of its passive film.
The less damage of the passive film was beneficial to
the prevention of corrosion-erosion. However, under
higher loads, the difference in the slope of the transient
current ~ time curve between Y-free and Y-containing
specimens decreased. This occured because the dia-
mond tip could penetrate into the sample surface deeply
and completely damage the passive film, thus decreas-
ing the difference between the Y-containing and Y-free
specimens. The small current fluctuations observed dur-
ing the scratching process (see Figs 3 and 4) indicated
that there was a dynamic competition between damage
and recovery of the passive film. The peak current (/;ax)
corresponded to the maximum dissolution rate and in-
creased with an increase in the scratching load. Under
the same load, /¢ of Y-free steel was larger than that
of the Y-containing steel, implying that the Y-free steel
was more vulnerable to corrosive wear. Microhardness
test indicates that 1 wt% yttrium does not markedly in-
fluence the hardness of 304 steel [18]. Therefore, the
enhanced resistance of the Y-containing 304 steel to
electrochemical scratch could be mainly attributed to
the improvement in properties of its passive film.
After reaching the peak current, the decay of the tran-
sient current corresponded to self-healing of the pas-
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Figure 6 The slope of line BC (see Fig. 3) versus the applied load.

sive film or repassivation after the diamond tip left the
scratched surface. In the rapid decay period, it appeared
that the passive film on Y-containing steel grew slower
than that on the Y-free stainless steel, which can be seen
from the difference in the slope (line BC, see Fig. 3)
between Y-free and Y-containing specimens (Fig. 6).
The latter had a less steep slope than the former. This
might be related to the decreases in the electrochemical
reaction rate and the suppression of lateral growth of
the film due to the presence of yttrium [13—15]. How-
ever, by comparing Fig. 3 with Fig. 4 under the same
scratching load, one may not see significant difference
in the total repassivation time between the Y-free and
Y-containing specimens. These results imply that the
reformed passive film on Y-free steel that completely
covered the scratched surface area could be thicker than
that on the Y-containing stainless steel. In general, a
thicker passive film has higher interfacial stress at the
passive film/substrate interface (on nano-meter scale),
and thus it is relatively easier to be ruptured by me-
chanical scratch or particle impingement. Therefore, a
thinner passive film of Y-containing steel could favor
the resistance of the steel to corrosion-erosion or cor-
rosive scratch.

Another useful parameter is the area under the
scratching curve, which may reflect the electrochemical
dissolution of the metal by a single particle scratching
action. It can be seen in Fig. 7 that the total consumed
quantity of electricity for the Y-free steel from the be-
ginning of scratching to the completion of repassivation
was larger than that for the Y-containing steel under
the same scratching condition. Obviously, yttrium di-
minished the electrochemical dissolution of 304 steel
during scratching in the corrosive medium.
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Figure 7 Quantities of electricity consumed during the electrochemical
scratch process under different loads.



3.3. Resistance to mechanical scratch
and indentation

In order to clarify if yttrium benefits the mechani-
cal properties of the passive film, micro-indentation
and micro-scratch tests were performed on surfaces of
Y-free and Y-containing 304 stainless steel samples,
respectively. All the samples experienced passivation
treatment in a dilute sulfuric acid solution in order to
obtain thicker passive films for study. During the tests,
the electrical contact resistance was in situ measured.
Since the passive film on stainless steel is a semicon-
ductor, its electrical resistance is significantly larger
than that of metals. When the passive film failed dur-
ing indentation or scratch by a tungsten carbide tip un-
der an applied load, the electrical contact resistance
dropped steeply. The critical normal load correspond-
ing to the drop in the electrical contact resistance is a
measure of the laod-carrying capability of the passive
film. Results of the indentation and scratch tests are
presented in Figs 8 and 9, respectively. Two curves in
each figure represent the applied normal load and the
contact electric resistance, both of which are plotted
versus time. One may see that as the applied load was
increased and reached a critical value, the contact re-
sistance suddenly dropped as Figs 8 and 9 illustrate.
During the indentation test, the passive film of the Y-
containing steel failed when the applied load reached
about 10-gram (Fig. 8a); while the passive film on the
Y-free 304 steel failed when the load was about 5.5 g
(Fig. 8b). In the case of micro-scratch test, the situation
was similar. The passive film on the Y-containing steel
started to fail when the load exceeded 5 g and severe
damage occurred when the load reached about 7.5 g
(Fig. 9a), while the critical load for the Y-free speci-
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Figure 8 Variation in the electrical contact resitance with respect to the
indentation load.
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Figure 9 Variation in the electrial contact resistance with respect to the
scratch load.

men was about 4 g (Fig. 9b). Both the micro-scratch and
micro-indentation tests indicated that the passive film
on Y-containing steel surface had higher load-carrying
capability than that on the Y-free steel surface.

The scratch tracks were examined under an opti-
cal microscope. Fig. 10 illustrates scratch tracks of the
Y-free and Y-containing 304 steel specimens. For the
Y-free steel, its scratch track showed brittle-spalling
characteristics with micro-cracks (Fig. 10a). While the
scratch track of the Y-containing steel was continu-
ous and the damage was made by plowing with little
brittle-spalling characteristic (Fig. 10b). In addition, no
micro-cracks were observed on the passive film of the
Y-containing 304 steel. It was thus demonstrated that
the passive film of the Y-free steel was brittle, com-
pared to that of the Y-containing steel. Clearly, yttrium
improved the mechanical properties of the passive film
by reducing its brittleness with enhanced resistance to
scratch and indentation.

3.4. Electron work function

The electron work function reflects the ability of an
electron to escape from the Fermi surface of a material
and become a free electron. Because the formation and
dissolution of a passive film involve electron transfer,
the electron work function could therefore be a measure
of the stability or inertness of the passive film. Fig. 11
presents electron work functions of Y-containing and
Y-free samples after passivation treatement in a dilute
sulfuric acid solution. The work function of the pas-
sive film of Y-containing sample is remarkably higher
than that on Y-free sample. This implies that the pas-
sive film on Y-containing steel is more stable or inert
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(a) Y-free 304 stainless steel

Figure 10 Optical micrographs of scratch tracks.
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Figure 11 Electron work functions of the passive films on Y-containing
and Y-free steel samples.

against electrochemical attack than the passive film on
Y-free steel. The result of the work function measure-
ment is consistent with the electrochemical scratching
test and the polarization experiment [18]. Because the
passive film could contain Y,O3 phase when yttrium
was implanted into the surface layer of the stainless
steel [25], this phase might be responsible for the dif-
ference in electron work functions between the passive
film of Y-containing steel and that of Y-free steel.

3.5. Possible corrosive erosion mechanism

When yttrium was added, corrosion-erosion was re-
duced when the erodent velocity was below a critical
value around 3.3 m/s (see Fig. 2). The electrochemical
scratch test showed that the resistance of the passive
film on the Y-containing 304 steel to corrosive scratch-
ing was higher than that of the passive film on the Y-
free 304 steel, evidenced by the difference in slope of
the transient current curve (line AB) between Y-free
and Y-containing specimens. The resistance to corro-
sive scratching enhanced by yttrium should be largely
attributed to the improvement in the mechanical behav-
ior of passive film as Figs 8-10 illustrate. In addition,
the increase in electron work function of the passive
film could also be beneficial, which may improve the
stablity of the film against electrochemical attack. An-
other possible effect of yttrium is the enhancement of
the interfacial bonding between the passive film and
the substrate. Such an expectation is based on the ben-
eficial effect of yttrium on the oxide adherence that
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Figure 12 Possible mechanism responsible for the variation in
corrosion-erosion of 304 stainless steel at different erodent velocities.

was demonstrated by previous studies on oxidation, al-
though direct evidence is needed before drawing a firm
conclusion. Besides, another possible factor favoring
the adherence of the passive film on Y-containing 304
steel is its smaller thickness. It should be relatively easy
for the interfacial misfit stress to be relaxed when the
film is thin (on nano-meter scale).

Regarding the variation in material loss with respect
to the erodent velocity, when the erodent velocity ex-
ceeded 3.3 m/s, there was almost no difference in weight
loss between Y-containing and Y-free 304 steel spec-
imens. This phenomenon could be explained by con-
sidering the following possible process of surface dam-
age, as shown in Fig. 12. At low velocities of the sand
flow, the impact force by solid particles is relatively
small, and the time interval between two successive par-
ticle impacts is relatively larger so that a thicker passive
film could form. Because of the lattice mismatch and
the constraint from outer-growth atomic layers, a thick



passive film may introduce relatively large interfacial
stress and this increases the probability of interfacial
debonding. Rupture of the thicker passive film could
thus be easier during erosion, compared to that of a thin-
ner passive film. As a result, the corrosion could be pro-
moted because the exposure of bare metal surface to the
corrosive medium was increased and the electrochemi-
cal dissolution is also accelerated due to the undamaged
passive region as cathode. Fig. 12a schematically illus-
trates the rupture and peeling of a relatively thick film
under the impact of a solid particle. As demonstrated by
the erosion test, at moderate velocities, the corrosion-
erosion loss decreased. This phenomenon could be at-
tributed to the formation of a thinner passive film as the
erodent velocity was increased. A thinner passive film
should be associated with lower interfacial stress, which
is beneficial to the reduction of interfacial debonding
or failure under the influence of internal stress and ex-
ternal impact force by solid particles (see Fig. 12b). As
a result, the resistance to corrosion-erosion could be
improved. However, this situation is valid only when
the film involves limited atomic layers (on nanometer
scales, as the case for passive films). Such a difference in
the interfacial stress between thin and thick films should
not be seen if the films are thick enough. At high ero-
dent velocities, no passive film could form timely and
the bare metal surface is always under the successively
combined attack of electrochemical dissolution and di-
rect solid particle impingement (Fig. 12c). The steep in-
crease in material loss with respect to the velocity could
thus be resulted. When yttrium is added, it improves the
mechanical and electrochemical properties of the pas-
sive film and may also reduce the thickness of the film
as suggested by the electrochemical scratch test. The
resistance to corrosion-erosion is thus enhanced. How-
ever, when the velocity exceeds a critical value, yttrium
may not show any effect on the resistance to corrosion-
erosion, since no passive film could form. Thus, no
difference in corrosion-erosion was observed between
the Y-containing and Y-free specimens when the ero-
dent velocity was high as Fig. 2 illustrates. One may
notice that the critical velocity for Y-containing 304
steel at which the erosion loss increased was slightly
lower than that for the Y-free 304 steel; this might be
attributed to thinner passive film on the former.

In summary, the corrosion-erosion, electrochemical
scratch and polarization tests have clearly demonstrated
that yttrium is beneficial to 304 stainless steel for im-
proved resistance to corrosion-erosion and corrosive
wear. A small amount of yttrium does not markedly
influence mechanical properties of the stainless steel
but plays a role in improving properties of the passive
film. As demonstrated by the micro-scratch and micro-
indentation tests as well as the electron work function
measurement, the failure resistance and the stability of
passive film were enhanced due to the presence of the
yttrium addition. Yttrium also reduced the thickness of
passive film, which could help to relax the interfacial
misfit stress and thus benefitted the interfacial bonding.
However, whether or not yttrium can markedly enhance
the interfacial bonding as it does in the case of oxidation
needs further investigation.

4. Conclusions

Effects of yttrium on the corrosion-erosion behavior
of 304 stainless steel were investigated using different
experimental techniques, including corrosion-erosion
test, electrochemical scratch, mechanical scratch and
indentation, polarization and electron work function
measurement. The following conclusions were drawn
from the study:

1. The corrosion-erosion of 304 stainless steel is re-
lated to the failure and self-healing of its passive film;
in the velocity range for the present corrosion-erosion
test, the weight loss of 304 stainless steel initially de-
creased to a minimum and then rapidly increased as the
erodent velocity increased;

2. Yttrium addition improved the resistance of 304
stainless steel to corrosion-erosion. However, yttrium
did not show any influence when the erodent velocity
exceeded a certain level;

3. Yttrium enhanced the resistance of the passive
film to corrosive scratch in dilute H,SO4 solution;

4. Yttrium improved the mechanical properties of
the passive film, resulting in enhanced resistance to
mechanical scrtatch and indentation. Yttrium also sta-
bilized the passive film and made it more inert to elec-
trochemical attack.

Acknowledgements

The authors are grateful for financial support from
Natural Science and Engineering Research Council of
Canada (NSERC), Syncrude Canada Ltd., and Alberta
Science and Research Authority (ASRA).

References

1. B. S. MANN, Wear 208 (1997) 125.

2. C. J. LINandJ. G. DUH, Surface and Coatings Technology 73
(1995) 52.

3. D. RAGHU andJ. B. C. WU, MP Nov (1997) 27.

4. S.J. MATTHEWS,P. CROOK,L. H. FLASCHE andJ. W.
TACKETT, Welding J 12 (1991) 331.

5. A. MATHEWS, Engineering (London) 227(12) (1987) i-iv.

6. L. D. REDDEN,R. D. GROVES andD. C. SEIDEL, Report
of Investigation United States, Bureau of Mines, n9210 (1988) 35.

7. P. C WILLIAM, Welding J. 64(3) (1985) 69.

8. A. M. JOHN, Mater. Eng. 92(4) Oct (1984) 44.

9. F. A. SMIDT, “Nuclear instruments and methods-in physics re-
search,” Section B, Vol. 10/11, Part 1, May 15 (1984) p. 532.

10. T. ZHANG and D. Y. LI, Mater. Sci. Eng. A 277 (2000) 18.

11. M. J. BENNETTE,H. E. BISHOP,P. R. CHALKER and
A. T. TUSON, ibid. 90 (1987) 177.

12. D. P. WHITTLE andJ. STRINGER, Phil. Trans. R. Soc. Lon-
don, A295 (1995) 309.

13. S. MROWEC, A. GIL andJ. JEDLINSKI, Werst. Korros. 38
(1987) 563.

14. F. A. GOLIGHTLY, F. H. STOTT and G. C. WOOD,
J. Electrochem. Soc. 126 (1979) 1035.

15. Idem., Oxid. Met. 10 (1976) 163.

16. B. PIERAGGI andR. A. RAPP,J.Electrochem.Soc. 140 (1993)
2844.

17. J. C. PIVIN,D. DELAUNAY,C. ROQUES-CARAMES,
A. M. HUNTZ andP. LACOMBE, Corros. Sci. 20 (1980) 351.

18. T. ZHANG and D. Y. LI, Mater. Sci. and Tech. 15(12) (1999)
1441.

19. R. OLTRA, “Wear-Corrosion Interactions in Liquid Media,” edited
by A. A. Sagues and E. I. Meletis (TMS, 1989) p. 3.

3485



20. T. C. ZHANG, X. X. JIANG, X. C. LU,S. Z. LI and
C. X. SHI, Corrosion 50(5) (1994) 339.

21. S. WEBER,R. LIEBE andE. HEITZ, Corrosion 90, Paper No
24, NACE, Houston (1990).

22.J. LI, Y. G. ZHENG,J. Q. WANG,Z. M. YAO,Z. F.
WANG and W. KE, Wear 186/187 (1995) 562.

23. B. M. THADDEUS, “Binary Alloy Phase Diagrams,” Vol. 2
(ASTM, Metals Park, Ohio, 44073, Oct. 1986) p. 1125.

3486

24. 0. KUBASCHEWSKI, “Volume Iron-Binary Phase Diagrams”
(Springer-Verlag, 1982) p. 168.

25. E. CAUDRON, H. BUSCAIL,R. CUEFF,Y. P. JACOB
and M. F. STROOSNIIDER, Thin Solid Films 350 (1999) 168.

Received 3 May
and accepted 27 November 2000



