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bstract

In this study, the synergistic effects of abrasion and corrosion on UNS S30403, S31603 and S32760 stainless steels have been investigated using
micro-abrasion test rig. The stainless steel samples have been studied under both pure abrasion (PA) and abrasion–corrosion (AC) conditions

imulated by using silicon carbide based slurries in either distilled water or 3.5% sodium chloride solutions. Tests have been conducted at various
brasive concentrations (0.006–0.238 g/cm3) and at 38 and 180 m sliding distance to enable the interactions between abrasion and corrosion to
e better understood. Wear mode identification and regime mapping was used to establish the dominant wear mechanism at the different slurry
oncentrations. The synergistic effect has been quantified and related to the material composition and the grooving or rolling abrasive wear
echanisms present. The synergistic levels were typically positive and have been discussed in terms of their dependence on the integrity of the

assive films and the repassivation kinetics. The three-body abrasion–corrosion rates for all steels were found to be 14 times higher than two-body

brasion–corrosion rates. S30403 shows weak repassivation performance with electrochemical activity being proportional to mechanical activity.
31603 showed a constant electrochemical activity over a variety of mechanical conditions, indicating a stronger repassivation performance than
30403. S32760 has the best repassivation performance with negative synergistic characteristics until abrasion rate are such that depassivation
ccurs and the electrochemical activity is then comparable to the other steels.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In selecting materials for engineering applications, especially
n conditions where corrosion is an issue, stainless steels usu-
lly receive greater preference over other metals due to their
nherent corrosion resistance properties attributed to the contin-
ous formation of a passive oxide layer on the surface. However,
hen such applications involve sliding against other materials,
combination of mechanical (abrasion) and electrochemical

corrosion) processes takes place, termed abrasion–corrosion.
he electrochemical activity is enhanced by abrasion due to
bradants disrupting the integrity of the passivating oxide

ayer. In this context, abrasion–corrosion will be defined as
he mechanical abrasion of a metal surface and the subsequent
eterioration of the metal by the combined influence of cor-
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osion and mechanical damage. The combined effect, often
ermed synergy, of abrasion and corrosion can lead to greater
amage than simply the summation of the two parts and as a
esult can considerably shortens the service life of components.
esearch interest in the abrasive and abrasive–corrosive proper-

ies of stainless steels has increased considerably in recent times
1–3]. Acselrad et al. using the micro-abrasion ball-cratering
est showed that abrasive wear performance of S30403 stainless
teel is strongly influenced by the post-manufacture treatment
pplied to the sample [1]. Their results show that samples that
ere chemically treated wear at a rate approximately 25% faster

han those that the cooling rates were carefully controlled. Sim-
larly, other authors have also investigated the abrasive wear
f laser-produced stainless steels and 304L with emphasis on
etallurgical and micro-mechanical properties of the materials
2,3].
Significant effort has been undertaken into developing a

reater understanding of the abrasion–corrosion wear proper-
ies of stainless steels and for a range of different applications

mailto:bjo@soton.ac.uk
dx.doi.org/10.1016/j.wear.2006.12.044
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centrations, effort will be made to (1) quantify the amount of
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4–11]. Stainless steels are known to have the ability to form
protective passive film on their surface when exposed to a

orrosive media. However, when such exposure is combined
ith some form of mechanical action (such as abrasion or slid-

ng motion), the passive oxide film can be locally or evenly
estroyed. Garcia et al., adopting a ball-on-disc (stainless steel
isc against an alumina ball) test method, have studied the passi-
ation of S31603 in the presence of a 0.5 M H2SO4 solution [5].
passive range was observed which could be divided into three

egions based on the applied load. Below 2 N, no passive film
reakdown occurred. However, between 2 and 12 N, removal of
assive oxide film on S31603 sample resulted from of periodic
elamination of the oxide. Above 12 N, a relationship between
he thickness of the passive oxide film and wear rate could not
e established because both film and the bulk material were
orn simultaneously [5]. Lee and Shih [11] studied the abra-

ive corrosive wear of plasma-nitrided alloy steels of type UNS
30400, UNS S41000 and UNS G41400 in a tribotest in which

he specimen was held under potentiostatic control at anodic
nd cathodic potentials in 3% sodium chloride (NaCl) solution
pH 6.8). The stainless steel materials studied showed significant
eight loss as the applied potentials was increased anodically.
he wear rate and coefficient of friction was found to decrease

n the order UNS S30400 > UNS S41000 > UNS G41400
11].

Thomann et al. compared the wear–corrosion properties of
wo biocompatible stainless steels; S31603 and Rex 734, used
or biomedical applications; with specially developed alloy steel
P558). Their experiments used an aerated 22% NaCl solution at
emperatures ranging between room temperature and 80 ◦C, and
hey found that although the P558 alloy is not the cheapest, it has
uperior wear resistance and mechanical properties [6]. Dearn-
ey suggested an alternative way of improving the resistance
f S31603 stainless steel to surface degradation by applying
thin (6–8 �m) plasma-based hard cathodic coating of CrN

nd an experimental S-phase [7]. The success of this approach
epended on the nature of the pervading corrosion–wear mech-
nisms.

As discussed above the stainless steels depend on a passive
lm for their corrosion resistance and damage to this passive
urface layer will typically result in localised and accelerated
orrosion. Such damage or fracture leads to depassivation and
an be instigated by wear processes such as abrasion or slid-
ng between the steel surface and a counter-body. The wear
rocesses can lead to disruption and/or removal of the thin
10–100 nm for stainless steels) passive layer resulting in dis-
ontinuous layers or highly reactive nascent surfaces that induce
ccelerated electrochemical activity (current) by micro-galvanic
oupling between worn areas and unworn areas. This results typ-
cally in increased material removal when wear and corrosion act
ogether. Goldberg and Gilbert [12] has suggested an equation
n which the current transient (I(t)) and repassivation current by
ingle scratch test could be modelled and predicted. Oxide film

racture due to mechanical sliding according to the following
quation:

(t) = Ipeak e−(t−t0)/τ + I∞ (1)

s
l
i
m
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here Ipeak is the peak current given by Ipeak = Imax − I∞, τ

he time constant for repassivation, τ0 the time to produce the
cratch, and I∞ is the baseline current at t = ∞. Thus, the value
f τ is a critical characteristic of surfaces and relates to the
epassivation kinetics of the tribo-system.

Mischler et al. have proposed a model (see Eq. (2)) to calcu-
ate the average current per stroke, Ip,av during a reciprocating
ear-accelerated corrosion test (Pin-on-Plate) of passive metals

n tribocorrosion systems by considering the real depassivated
rea [13]:

p,av = KstLf

(
FN

H

)0.5

Qp (2)

here Kst is a proportionality factor which includes the prob-
bility of depassivation of a contacting surface element, L the
in displacement, f the stroke frequency, FN the normal applied
oad and H is the surface hardness. The charge per unit sur-
ace area serving for repassivation and film growth during one
ycle Qp = ∫ 1/f

0 i dt was determined by separate galvanostatic
r potentiostatic experiment. The authors concluded that in order
o understand the mutual interactions between mechanical and
lectrochemical parameters under sliding wear conditions, it is
ecessary to consider the tribocorrosion system as a whole,
ncluding the behaviour of the rubbing pin and possible role
f wear debris. The proposed model was found to correctly
redict the influence of sliding velocity, stroke length, and fre-
uency, and of applied normal load on the wear-accelerated
orrosion rate of different passivating metals and alloys [13]. The
odel has also been applied successfully in other areas of wear–

orrosion [14,15].
In spite of the considerable effort that has been invested

nto understanding the abrasion–corrosion of stainless steels, it
ppears little progress has been made to quantify the amount of
ynergy during abrasion–corrosion of stainless steels. In-depth
nderstanding of the subject of abrasion–corrosion cannot be
chieved without a clear view of the role of synergy. It is there-
ore the aim of this paper to further clarify the important role
ynergy plays in the understanding of the abrasion–corrosion
f three grades of stainless steels, UNS S30403, S31603 and
32760, using the micro-abrasion test method. The reason for

he selection of these materials is mainly due to the expected
ariety in their repassivation rates. The super duplex stainless
teel (S32760) has the strongest passivation tendency with the
ow-carbon molybdenum austenitic stainless steel (S31603) hav-
ng an intermediate tendency while the low-carbon austenitic
tainless steel (S30403) has the lowest tendency. This varia-
ion in corrosion resistance is largely due to the composition
f each steel sample is shown in Table 1 and related to the
evels of Cr and Mo present. Hence, adopting the Adachi
nd Hutchings [16] wear mode mapping as a starting point
o establish abrasive severities over a range of abrasive con-
ynergy involved during abrasion–corrosion tests; (2) estab-
ish the nature of the synergy and its physical meaning and
ts effect on the overall performance of the stainless steel

aterials.
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Table 1
Stainless steel chemical composition

Composition (wt.%)

Cr Ni Mo Mn S C Fe

UNS S30403 18.06 9.24 0.08 1.48 0.006 0.02 Balance
UNS S31603 16.41 10.10 2.07 1.30 0.008 0.02 Balance
UNS S32760 25.33 7.08 3.77 0.55 0.001 0.019 Balance

F
∼

2

2

i
i
T
g
w
t
t
a
u
a
S
e
r
s
e

2

a
M
r
a
t
d
o
b
s
t
o
s
T
(
w
w
t
t
fi

2

T
S

N

U
U
U

ig. 1. SEM of SiC abrasives used in the slurry with a mean particle size of
4.5 �m.

. Experimental details

.1. Sample preparation

UNS S30403, S31603 and S32760 stainless steels were cut
nto test samples of 20 mm × 10 mm. The samples were pol-
shed to produce a surface roughness of approximately 1 �m.
he samples were kept in a desiccator throughout the test pro-
ramme. The abrasive slurry was prepared by mixing a known
eight of dry F1200 silicon carbide (SiC) particles (mean par-

icle size of ∼4.5 �m, see Fig. 1) in either distilled water, for
he pure abrasion (PA) tests or in a 3.5% NaCl solution, for the
brasion–corrosion (AC) tests to give a series of abrasive vol-
me fractions ranging from 0.006 to 0.238. The hardness of the
brasive particles was 2500 Hv. The hardness of the S30403,
31603 and S32760 samples, measured using a standard Vick-
rs hardness tester, were approximately 223, 175 and 328 Hv,

espectively. The chemical compositions of the three stainless
teels are detailed in Table 1 and the mechanical/physical prop-
rties are presented in Table 2.

w
w

able 2
tainless steel mechanical properties

ames/properties Density (kg/cm3) Tensile strength M

NS S30403 8.03 485
NS S31603 8.03 485
NS S32701 7.80 795
Fig. 2. Schematic of the micro-abrasion ball-cratering test rig.

.2. Methodology

The experiments were performed using a commercially avail-
ble micro-abrasion test apparatus, the Phoenix Tribology TE66
icro-Scale Abrasion Tester. A schematic diagram of the appa-

atus is shown in Fig. 2. The samples were secured in the holder
nd loaded against the ball, which is held by friction and able
o rotate parallel to the plane of the sample, while the slurry is
rip-fed onto the ball at the rate of 0.1 (cm3/s). The geometry
f the imposed wear scar is spherical. A conditioned alumina
all (with a roughened wear track by separate tests on virgin
teel samples) with a diameter of 22 mm was used as the coun-
erface, having a surface roughness of Ra ∼ 1 �m and hardness
f 1100 Hv. To prevent the SiC abrasives from settling out the
lurry was constantly agitated with the aid of a magnetic stirrer.
he test conditions are detailed in Table 3. For the pure abrasion

PA) tests, the slurry used was made with distilled water only,
hile the slurry for the abrasion–corrosion (AC) tests was made
ith a corrosive 3.5% NaCl solution. For each test condition,

hree measurements were made to ascertain the repeatability of
he tests. Post-test analysis of the samples was conducted by a
eld emission gun scanning electron microscope (FEG-SEM).

.3. The wear rate
For micro-abrasion tests, the wear is usually measured in two
ays: either by measuring the displacement or depth of wear scar
ith respect to the machine frame using a transducer or alter-

in. (MPa) Elastic modulus (GPa) Hardness (Hv)

193 223
193 175
200 328
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Table 3
Details of the micro-abrasion test conditions

Test conditions Quantities

PA AC RC

Load (N) 0.25 0.25 0.25
Speed (m/s) 0.05 0.05 0.05
Temperature (◦C) 25 25 25
Slurry concentration (g/cm3 of distilled water) 0.006, 0.03, 0.072, 0.135, 0.238 N/A N/A
Slurry concentration (g/cm3 of 3.5% NaCl solution) N/A 0.006, 0.03, 0.072, 0.135, 0.238 None
S 3 0.1 0.1
S 38, 180 38, 180
C Al2O3 Al2O3
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Fig. 3. Wear mode mapping at the various abrasive volume fractions used for the
micro-abrasion tests. Test materials: UNS S30403, S31603 and S32760 stainless
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to three-body). This range represents an increase in the slurry
concentration by a factor of 4.5 with the resulting k increasing by
a greater factor of 6.2 for AC and 7.0 for PA tests. This suggests
lurry feed rate (cm /s) 0.1
liding distance (m) 38, 180
ounterface material Al2O3

atively the wear crater dimension (diameter) can be measured
sing a calibrated eyepiece. In this paper the latter method was
sed. The wear volume was calculated using an approximate for-
ula, assuming the spherical cap geometry of the ball, Eq. (3):

≈ πb4

64R
for b � R (3)

here V, b and R are the volume of wear, diameter of crater
nd radius of the ball, respectively. The specific wear rate, k,
as estimated by dividing the wear volume from Eq. (3) by the

pplied load, N and total sliding distance, L, see Eq. (4):

= kLN (4)

.4. Potentiodynamic polarisation

Potentiodynamic polarisation measurements were carried out
n a closed three-electrode cell in order to assess the corrosion
ehaviour of the three samples, with a sweep rate of 0.2 mV/s
sing a Gamry PC4-750 potentiostat and CMS100 software. The
amples were secured in a electrochemical cell with an exposed
rea of 1.1 cm2 to be accessed by the test electrolyte, 3.5%
odium chloride (NaCl) solution at room temperature (20 ◦C).
he counter electrode was graphite and the reference electrode
as a silver/silver chloride (Ag/AgCl) electrode.

. Results and discussion

.1. Wear mode mapping

The micro-abrasion test critically depends on the nature of the
brasive within the contact zone; whether the abrasive particles
oll producing multiple indents or slide causing grooving abra-
ion. Adachi and Hutchings [16] have developed a principle to
etermine the wear regimes in which two-body grooving abra-
ion or three-body rolling abrasion is dominant. This is important
ecause it allows an initial prediction of the wear mechanism.
ig. 3 shows the wear mode map for all the abrasive concentra-

ions for the three stainless steels investigated. A mixed-mode
egion exists between two- and three-body abrasion, where a

ombination of the two wear mechanisms can occur simulta-
eously. The difference in performance of the stainless steels
n Fig. 3 is due to the variations in hardness ratio between the
tainless steels and the alumina ball.

F
S

teel types. Sc is severity of contact, W the applied load, A the interaction area
wear scar), v the volume fraction of abrasive, Hs the hardness of sample and

b is the hardness of counterface ball.

.2. Wear rate versus volume fraction of abrasives

The pure abrasive (PA) and abrasive–corrosive (AC) wear
ests at 180 m sliding distance (SD) are shown for the three stain-
ess steel types in Table 4 and Fig. 4. The specific wear rate, k,
ncreases with increasing abrasive volume fraction for both PA
nd AC tests, for all the three stainless steels. From Fig. 4 it can
e seen that a linear relationship exists between k and abrasive
olume fraction between the values 0.03 and 0.135 (mixed mode
ig. 4. Specific wear rates for abrasion and abrasion–corrosion tests on UNS
30403, S31603 and S32760 and a sliding distance of 180 m.
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Table 4
Specific wear rates vs. volume fraction of SiC abrasive

Volume fraction Specific wear rate, k (m3/Nm)

PA AC C1

S30403
0.006 9.08 × 10−14 1.12 × 10−13 1.25 × 10−14

0.030 1.43 × 10−13 2.06 × 10−13 1.25 × 10−14

0.072 4.34 × 10−13 6.03 × 10−13 1.25 × 10−14

0.135 1.03 × 10−12 1.28 × 10−12 1.25 × 10−14

0.238 1.31 × 10−12 1.47 × 10−12 1.25 × 10−14

S31603
0.006 1.06 × 10−13 9.36 × 10−14 8.01 × 10−14

0.030 1.23 × 10−13 2.59 × 10−13 8.01 × 10−14

0.072 4.89 × 10−13 6.09 × 10−13 8.01 × 10−14

0.135 9.87 × 10−13 1.19 × 10−12 8.01 × 10−14

0.238 1.25 × 10−13 1.51 × 10−12 8.01 × 10−14

S32760
0.006 1.33 × 10−13 1.05 × 10−13 2.88 × 10−14

0.030 1.42 × 10−13 1.26 × 10−13 2.88 × 10−14

0.072 5.46 × 10−13 5.61 × 10−13 2.88 × 10−14

−12 −12 −14

t
r
t
f
a
o
w
t
a
w
t
a
c
t
p
e
s

S
h
l
i
t
b
r
i
fi
I
fi
l
p

l
c

s
f
m
s
m
s
i
s
a
U
s
i
s
t
d
f
a
b
l
a
e
s

3

s
m
e
a
s

3

s
c
r
a
b
t
a
m
f
s
wear, electrochemical oxidation) was assessed and the specific
wear rate determined. Table 5 lists for the values of k obtained
from these tests which will be referred to as RC (corrosion with
rotation of the ball).

Table 5
The specific wear rate, k, for the three samples from the pure corrosion tests
with only the alumina ball and no SiC abrasives

Samples k (m3/Nm)
0.135 1.02 × 10 1.24 × 10 2.88 × 10
0.238 1.32 × 10−12 1.53 × 10−12 2.88 × 10−14

hat for these concentrations, the wear rate is not only directly
elated to the number of abrasive particles being entrained into
he contact (assuming these are proportional to the slurry volume
raction) but also to the fact that three-body abrasion mech-
nisms are more efficient at material removal than two-body
r mixed mode mechanisms. Clearly, these results suggest that
hen the mechanism changes from a two-body grooving to a

hree-body rolling the wear damage is more severe. It is reason-
ble to assume that material removal during three-body wear,
hich is characterised by multiple indentations, is more efficient

han two-body wear, usually associated with micro-ploughing
nd/or grooving. Above a slurry concentration of 0.135, the
hange in k was minimal. This trend is probably due to the reduc-
ion in the contact severity (Sc) due to the reduction in the load
er abrasive particle or it relates to the inability of the contact to
ntrain higher numbers of abrasive particles (i.e. the contact is
aturated at a volume fraction of 0.135).

Table 4 also shows that S32760 performed slightly better than
30403 and S31603 for all AC tests. There is evidence that k is
igher for all AC tests compared to the PA tests except for the
owest abrasive volume fraction, i.e. the two-body regime. This
mplies that corrosive activities and tribochemical wear, within
he contact zone, leads to more material removal during three-
ody than for mixed and two-body grooving abrasive wear. The
easons for the high PA values at low abrasive volume fractions
s discussed later in Section 3.4 but clearly relates to the passive
lm thickness, composition, integrity and repassivation kinetics.
t is thought that the rate of fracture/removal of the passive oxide
lm in two-body wear mode is lower than in three-body due to

ower number of abrasives in the contact zone to remove the

assive film.

An SEM inspection of the AC wear scars on the three stain-
ess steels at 0.006, 0.030 and 0.238 abrasive volume fractions
an be seen in Fig. 5(a)–(i). It is clear that by increasing abra-

U
U
U

3 (2007) 149–159 153

ive volume fraction the predominant wear mechanism changes
rom an initial two-body grooving (Fig. 5(a)–(c)), followed by
ixed-mode (Fig. 5(d)–(f)) to finally three-body rolling abra-

ion (Fig. 5(g)–(i)), which is consistent with the wear mode
apping discussed above. In addition to the characteristic abra-

ion, the influence of the corrosive electrolyte appears to result
n an additional corrosion activity, primarily for the S30403
tainless steel. This is evident as a partial oxide film formation
nd corrosion debris within the abrasion grooves and indents.
sually, when a metal is heavily cold worked, energy may be

tored in the metal (in the order of 8–80 kJ/kg mol) as a result of
ncreased dislocation density within the microstructure [17]. A
light potential difference of a few millivolts may result between
he undamaged and cold-worked areas. This may lead to quite
ifferent reaction kinetics on the affected areas resulting in dif-
erent corrosion rates. Also, the continuous creation of defects
nd dislocation movements at microstructural interfaces (grain
oundaries, inclusions and voids) at the near-surface of the stain-
ess steels may affect the growth of the Cr2O3 oxide film. With
discontinuous oxide present at plastically deformed sites gen-
rated by micro-grooving or indents, these areas may be more
usceptible to corrosion [17].

.3. Corrosion testing

Two corrosion tests were performed on the three stainless
teel types in an effort to obtain a specific wear rate due to
ainly ‘corrosion’: (a) mechanical—Al2O3 ball rotated against

ach sample with only the corrosive electrolyte (no SiC abrasive)
nd (b) electrochemical—potentiodynamic polarisation of the
teels in static electrolyte as described in Section 2.4.

.3.1. Alumina ball without SiC abrasive
To help isolate the corrosion component enhanced by abra-

ion, an attempt was made to establish the corrosion only
omponent under flowing electrolyte conditions induced by the
otating ball and any influence of crevices created by the ball
nd steel contact. A series of tests were performed within the
all-cratering rig with no SiC abrasive slurry but only using
he 3.5% NaCl solution. However, the contact between the ball
nd steel surface resulted in some passive film disruption and
ild abrasion by the ball asperities. The scar diameter resulting

rom a combination of tribocorrosion, i.e. the continual depas-
ivation/stripping of the passive film (simultaneous mechanical
NS S30403 1.25 × 10−14

NS S31603 8.01 × 10−14

NS S32760 2.88 × 10−14
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Table 6
Summary of the values of Ecorr and icorr for the three samples

Samples icorr (�A/cm2) Ecorr (V)

UNS S30403 0.08 −0.2285
U
U

a
p
c

F
f
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.3.2. Potentiodynamic polarisation in 3.5 wt.% NaCl
olution

Fig. 6 clearly shows that the more highly alloyed sample,
32760, has a superior corrosion performance compared with
30403 and S31603, remaining passive over a wide potential
ange with no evidence of pitting activity. Pitting is a well-known
henomenon for stainless steels which is reported to take place
referentially at inclusions within the microstructure situated
t the exposed metal/solution interface, most notably man-
anese sulphide (MnS) inclusions [18–22]. Overall, the pitting
ehaviour has been reported to depend on the most damaging

ulphide inclusion; i.e. the largest inclusion [23]. Metastable pit-
ing activity can be clearly seen for the S30403 as revealed by a
eries of transients from −0.200 V to the breakdown potential at
0.030 V. Metastable pitting on stainless steels can be observed

a
o
d
s

ig. 5. SEM micrographs of UNS S30403, S31603 and S32760 stainless steels after
action.
NS S31603 0.06 −0.1734
NS S32760 0.01 −0.1416

t potentials below the pitting potential, or above the pitting
otential before the start of stable pitting [23]. In addition, the
orrosion performance of S30403 when compared with S31603

nd S32760 stainless steels is usually often related to the role
f alloying molybdenum; it has been reported that the molyb-
enum changes the anodic dissolution kinetics of the active pit
urface [24,25]. Table 6 details the values of corrosion potential

being subjected to abrasion–corrosion (AC) and varying SiC abrasive volume



J.O. Bello et al. / Wear 263 (2007) 149–159 155

Conti

(
t
t
g
o
a

w
c
e

F
U

s
l

c
c
o
T
c

Fig. 5. (

Ecorr) and the corresponding corrosion current density (icorr) for
he three stainless steels. The icorr values were determined using
he Tafel extrapolation method, from which the mass loss for a
iven time can be calculated using Faraday’s law (see Eq. (5))
n the assumptions that the metallic components of the alloys
re oxidised to Fe2+, Cr2+, Ni2+ and Mo6+ during dissolution:

�w = IM
(5)
t zF

here �w is the mass loss (g), t the test duration (s), I the
urrent (�A), M the molar mass for the alloy, z the number of
lectrons (calculated by composition) and F is the Faraday con-

ig. 6. Polarisation curves from pure (electrochemical) corrosion tests for the
NS S30403, S31603 and S32760 (sweep rate: 0.2 mV/s).
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tant (96485 A s mol−1). The mass loss was converted to volume
oss using a density of 7910 kg m−3.

Therefore, to calculate the mass loss and the equivalent spe-
ific wear rate, k, for the three stainless steels from the pure
orrosion (polarisation) tests, the method described in a previ-
us paper [26] was adopted using the data in Tables 1 and 2.
he k obtained, denoted as C, from the polarisation test is small
ompared with typical k values obtained using the Al2O3 ball
otation and corrosive electrolyte. Ultimately, this will have an
ffect on the synergy analysis as discussed in Section 3.4.

.4. Synergistic effect

Evaluating synergy during wear–corrosion processes has
een a subject of much debate [27–29] and has at times reflected
he use of measurements that are easily made. Some authors have
uggested that corrosion leads to increase abrasion resistance in
ome materials [29], while others hold the opposite opinion. The
esults of abrasion–corrosion tests seem to be dependent more
n techniques and test conditions adopted during any test. How-
ver, the ASTM G119-93 [31] has given a general guideline
or determining synergy during wear–corrosion test. The cur-
ent investigation has attempted to evaluate synergy via three
pproaches, allowing comparisons to be made between differ-

nt methods of estimating synergy. Mathematically, these terms
re listed below:

= AC − PA (6)
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I = AC − (PA + RC) (7)

II = AC − (PA + C) (8)

here RC is k determined by rotating the alumina ball against
he sample in the presence of corrosive electrolyte without SiC
brasive particles and will take galvanic affects between con-
act area and non-contact area into account. C is k determined
rom electrochemical tests (Section 3.3). Gant et al. [32] have
ttempted to evaluate synergy of some hard metals using Eq.
6) and but have not considered Eq. (8), which is equivalent to
he ASTM [31] guidelines for estimating synergy. Eq. (7) is an
ttempt to develop Eq. (6) by including a dynamic corrosion
erm rather than a static corrosion rate which does not account
or mass transport, micro-galvanic or crevice effects generated
y ball/steel contact. The simplest approach, Eq. (6), is the most
ttractive; however, it does not accommodate the influence of
orrosion. The research literature debates this as well and cer-
ain research groups have introduced C from polarisation curves

ade under static conditions. However, by their nature polarisa-
ion type approaches will consider the whole wetted surface as
pposed to the small active wear scar area that is formed during
he micro-abrasion test. The alternative approach is to attempt
o generate RC by rotating the counterface alumina ball against
he sample in the presence of a corrosive electrolyte but with no
iC abrasive particles. This is likely to produce tribochemical
ear but the alumina asperity will also induce additional mild
echanical abrasion. To understand the contributions of abra-

ion on corrosion (�AC) and of corrosion on abrasion (�CA)
ake to the synergistic levels, the ASTM recommends in situ

lectrochemical measurements. These have been shown to be
ifficult to interpret in the present work and will be the subject
f future work. However, we can expand Eq. (8) to be rewritten
s

C = PA + C + �AC + �CA (9)

Fig. 7 compares the calculated synergies, S for all three
amples at 180 m. SII was not plotted since C was typically
.98 × 10−17 and 5.25 × 10−17 m3/Nm and as such has little

verall effect on the synergy. As can be seen from the figure
he relationship between S and the volume fraction of abra-
ive is non-linear for all steels tested. As outlined above C
oes not involve any mechanical input with the implication

ig. 7. Synergy% (S) vs. volume fraction of the abrasives for UNS S30403,
31603 and S32760.
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ig. 8. SEM of UNS S31603 after corrosion testing RC using a rotating alumina
all without abrasives showing the effect of ball asperities.

hat the passive film is not damaged or removed to any great
xtent. However, in the case of RC, the tribochemical wear
nd possibly alumina ball asperities continually remove the pas-
ive film exposing an active surface area of the material to the
orrosive electrolyte. In addition, the formation of imperfect
xide films at plastic deformation sites during repassivation may
ave caused these areas to be more susceptible to corrosion,
ee Fig. 8 for the SEM of a S31606 sample tested under this
ondition.

It can be seen from Fig. 7 that the synergy resulting from
two-body wear mode was highly variable as evident by the

arge degree of scatter. Both S31603 and S32760 stainless steels
roduced negative values of S under this wear condition while
was positive for S30403. The large negative synergies pro-

uced by the two-body wear mechanism may be a reflection
f the differences in repassivation kinetics and/or composition
f the passive films reducing the overall level of two-body
brasion [26]. However, the mixed-mode region shows a sig-
ificant reduction in scatter for each stainless steel. Likewise all
hree stainless steel types within the three-body region showed
mproved reproducibility with increasing volume fraction of
brasive. Rabinowicz et al. [33] in their study of abrasive wear
nder a three-body regime reported that three-body abrasion
eads to more reproducible test results compared with two-
ody. Batchelor and Stachowiak [30] have also suggested that
hree-body abrasion is more effective in removing the corrosion
roducts, and by implication any passive film present, during
brasion–corrosion. Fig. 7 also shows that under three-body
ear, S generally converges with increasing slurry concentra-

ion to a uniform positive synergy of 18% for the three stainless
teels. The comparison between S and SI for each stainless steel
ample is shown in Figs. 9–11 and reveals a significant difference
n synergy terms for two-body and mixed-mode regimes, com-
ared with synergies within the three-body region. This result
urther demonstrates the inefficiency of two-body abrasion in
emoving the corrosion product and the lack of reproducibility

f this wear mode. As expected, SI was observed to be lower
han S for all three stainless steel samples, since SI accommo-
ates the presence of an associated corrosion component, RC
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Fig. 9. Comparing S and SI for UNS S30403.
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Fig. 12. Mapping of AC–PA for all the UNS S30403, S31603 and S32760 against
PA. Where AC and CA are the abrasion–corrosion and corrosion–abrasive
regimes, respectively. Note: The negative synergy points for S32760 are not
plotted. Also plotted for comparison are points for CoCrMo obtained using
similar test techniques but with Ringers solution [34].

Table 7
Relationships between synergy levels S and mechanical wear levels PA

Material Equation Constant A Equation number

S30403 S = A(PA)0.77 4E−4 (6)
S
S

t
t
t
i
t
e

m
c
t
i

Fig. 10. Comparison of the S and SI for UNS S31603.

Eq. (6)) and results larger negative synergies at low volume
ractions. Although it was hoped that RC would compensate for
nfluences of the dynamic entrainment of the electrolyte, micro-
alvanic phenomena between worn and unworn surfaces and
revice influences, these effects were overwhelmed by tribo-
hemical and mild abrasive processes induced by direct contact
etween the rotating ball and steel surfaces. Thus, emphasis will
e placed on S while the true position is likely to be that the actual
ynergy levels are between S and SI.

To establish the balance between mechanical and elec-
rochemical degradation the data have been graphically
epresented on a mechanistic map where AC–PA (electro-

hemical processes/losses) is plotted against PA (mechanical
rocesses/losses), see Fig. 12. The term AC–PA represents the
lectrochemical contribution to synergy if �AC is assumed to
e negligible. It is apparent that the majority of the data for the

Fig. 11. Comparison of the S and SI for UNS S32760.
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31603 S = A(PA)0.19 3E−11 (7)
32760 S = A(PA)3.32 6E+25 (8)

hree stainless steels are in the abrasion–corrosion regime where
he material losses by mechanical processes are equal to or up
o ten times the losses due to electrochemical processes. It is
nteresting to note (albeit tentatively) the variation in trends for
he three steels on this map, although the errors are high. The
quations for the power law trends are given in Table 7.

If the electrochemical and mechanical contributions to total
aterial loss are balanced then S = A(PA)1.00. From Table 7 is

lear that S30403 is closest to this case indicating that repassiva-
ion effects are negligible and that as the wear sites or intensity
ncreases the electrochemical response increases as the depas-
ivation rate outstrips the repassivation rate. This is in contrast
o S31603 where S is almost independent of the level of PA,
ndicating stronger repassivation than S30403 such that repas-
ivation equals depassivation rates. The S results for S32760
re mainly negative and therefore are not plotted in Fig. 12
ut the conditions that give positive S show a high sensitivity
o PA. This suggests that the passive film remains intact (giv-
ng negative or very low positive synergies) until PA reaches
× 10−12 m3/Nm then the film is suddenly ruptured or removed
ith the consequence that S levels are comparable to those of
30403 and S31603 at these high PA values where mechanical
brasion losses are 10 times those of electrochemical losses and
ittle material type has little influence over S levels.
. Conclusions

The specific wear rate, k, generally increases with increas-
ing abrasive volume fraction for both pure abrasion and
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abrasion–corrosion tests, for all the three stainless steels. The
three-body wear mode generally has abrasion–corrosion rates
that are about 14 times higher than two-body.
The abrasive particle volume fraction influenced the degree
of synergy in a non-linear manner. For S31603 and S32760 a
negative synergy was seen for two-body abrasion while a pos-
itive synergy was seen for mixed and three-body abrasion. For
S30403, only positive synergies were seen and this behaviour
was attributed to S30403 having weaker repassivation/passive
oxide film structure.
In this study, two-body abrasion showed greater inconsis-
tency than three-body for abrasion–corrosion, evident by the
relatively high scatter in the synergy.
The overall relative performance of the three stainless steels
showed that S32760 was superior to S31603 and S30403,
which can be attributed to its excellent corrosion resistance
and repassivation kinetics.
A mechanistic abrasion–corrosion map has been developed
to establish the overall influence between electrochemical
and mechanical degradation processes. This plots S (elec-
trochemical contribution from corrosion synergy) against
PA (mechanical contribution from abrasion). Variations in
trends for the three steels are seen. For S30403, the elec-
trochemical and mechanical contributions to total material
loss are balanced indicating that repassivation effects are
negligible and that as the wear intensity increases the elec-
trochemical response increases due to the depassivation
rate outstripping the repassivation rate. This is in con-
trast to S31603 where S is almost independent of the
level of PA, indicating stronger repassivation such that
repassivation equals depassivation rates. For S32760, the
passive film remains intact (giving negative or very low
positive synergies) until PA reaches 1 × 10−12 m3/Nm then
the film is suddenly ruptured or removed with the conse-
quence that S levels are comparable to those of S30403 and
S31603.
Although an attempt was made to include the corrosion rate
induced by the rotating ball, the tribo-chemical and mild
abrasion this contact causes made this interpretation difficult.
Therefore, for stainless steels, S should be calculated simply
by S = AC–PA.
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