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Abstract
In the field of microabrasion-corrosion, there has been limited research progress in modelling the process due to the complex 
interplay between the two processes involved. One of the crucial developments in the field has been the microabrasion-
corrosion maps based on experimental results. However, mathematical modelling to develop the maps has not been attempted 
before. This work aimed to construct mathematical models for predicting the microabrasion-corrosion rate for mild steel 
and pure titanium in aqueous slurry conditions. The methodology developed was used for the construction of microabra-
sion-corrosion maps. The maps were constructed in two forms: (1) regime maps that identify the underlying mechanisms 
of microabrasion-corrosion and (2) wastage maps that identify the magnitude of the wastage rate. The effects of abrasive 
particle size and solution pH were shown on the maps. These maps have not been reported before and can form a basis for 
material selection and process optimisation for various microabrasion-corrosion applications, such as hip joint conditions. 
The advantages and applications of these maps are addressed in this paper.
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1 Introduction

Microabrasion-corrosion causes material surface degra-
dation in various applications, ranging from offshore to 
healthcare. For example, microabrasion-corrosion can 
lead to premature failure of artificial joints such as hip 
or knee prostheses. When the process occurs on these 
implants, there can be an accumulation of abrasive par-
ticles up to 10 μm in size on the surface of the implant. 
This can lead to wear taking place at relatively low loads 
through the process of microabrasion-corrosion [1].

In the literature, extensive laboratory-based experi-
mental studies have been reported on both microabra-
sion and microabrasion-corrosion behaviour of different 
materials under varied tribological conditions [1–3]. Most 
of these experimental studies have used a micro-scale 
abrasion test (also known as the ball-cratering abrasive 
wear test), in which a ball rotates against a specimen, 
and a slurry of fine abrasive particles is fed at the ball-
specimen contact. The theories and models developed in 
the field of microabrasion have been mainly based on 
the above experimental setup, and the modelling work 
attempted here was also based on this setup. As wear is 
heavily dependent on system properties, and caution must 
be taken when considering a microabrasion-corrosion 
application that is different from the ball-cratering test.

The interaction between the two processes of micro-
abrasion and corrosion is now well understood. There 
are two possible interactions: (1) the "synergistic" effect 
of corrosion on the microabrasion and (2) the "additive" 
effect of microabrasion on the corrosion [2]. The synergis-
tic effect refers to corrosion reducing microabrasion resist-
ance by the formation of a fragile corrosion/passivation 
film on the target surface. However, when the corrosion 
product is stable and durable, microabrasion resistance 
can be enhanced. In that case, the value of the synergistic 
component is negative, and the mechanism is then referred 
to as the "antagonistic" effect [4]. The additive effect can 
appear through a mechanism when the microabrasion pro-
cess enhances the corrosion rate. That can happen when 
abrasive particles remove any inherent protective oxide 
film from the target surface, causing an increase in the 
corrosion rate.

Significant research progress has been made in the 
field of microabrasion alone [1, 5, 6]. The mechanisms of 
microabrasion can be two-body or three-body abrasion [2]. 
During two-body abrasion, the abrasive particles adhere 
to one surface, creating deep linear grooves on the other 
surface [2]. Two-body abrasion can usually be seen at 
high applied load levels for low concentrations of abrasive 

particles [5]. During the process of three-body abrasion, 
the abrasive particles roll between the two sliding surfaces, 
creating multiple indentations on both surfaces without 
a clear pattern or direction [2]. Three-body abrasion can 
usually be seen at low applied load levels for high concen-
trations of abrasive particles [5]. In this study, material 
microabrasion loss was considered due to the three-body 
abrasion mechanism and, therefore, is synonymous with 
three-body abrasion.

In relation to mathematical modelling in the fields of 
both microabrasion and microabrasion-corrosion, there 
has been limited progress. In the field of microabrasion-
corrosion, there have been virtually no mathematical 
modelling studies except a published report on the use 
of neural networks to predict lab results [7]. However, 
using neural networks remains challenging as insufficient 
experimental data are currently available to train the soft-
ware [7]. On the contrary, modelling of the microabra-
sion process (without the effect of corrosion) has been 
studied extensively; however, the modelling approach 
primarily relied on the use of Archard equations with 
an effort particularly to modify the wear coefficient for 
metallic and non-metallic coating systems [8–12].

Although there is demand for the development of 
predictive mathematical models for the microabrasion-
corrosion process, fulling that is difficult mainly because 
of the complex interplay between the microabrasion and 
the corrosion process involved. One of the ways to sim-
plify the complexity could be by considering the model-
ling approach based on tribo-corrosion mapping already 
established for other tribological processes, such as 
erosion-corrosion [13]. Theoretical microabrasion-cor-
rosion maps have not been reported before and are of 
high importance in predicting the regimes and rates of 
wastage that can lead to the formulation of a degrada-
tion mitigation method or appropriate material selection 
strategy.

The objective of this paper was to construct predic-
tive mathematical models for microabrasion-corrosion 
and finally use those for the construction of theoretical 
microabrasion-corrosion maps. Maps were presented 
in two different forms: (1) "regime" maps that identify 
different mechanisms of microabrasion-corrosion and 
(2) "wastage" maps that predict the rate of degradation 
as high, medium, and low. Maps were constructed for 
mild steel and pure titanium, referred to as Fe and Ti. 
Tribo-corrosion responses of these two materials were 
compared at several different microabrasion-corrosion 
conditions.
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2  Methodology

2.1  Model Creation

2.1.1  List of Assumptions

In this modelling study, the following simplistic assumptions 
were made.

 (i) The microabrasion process was considered as the test 
configuration used in a ball-catering wear tester [2]; 
majority of the models used in this work are based 
on this test configuration.

 (ii) Target materials were mild steel and pure titanium, 
and ball material was polypropylene. [Although con-
sideration of actual biomaterial grades, such as stain-
less steel and Ti-alloy, could have been most appro-
priate, published data for the extensively different 
mechanical and corrosion property values (Tables 1, 
2, 3) required for this mathematical modelling study 
were not available for these materials].

 (iii) The abrasive particles used were silicon carbide par-
ticles and they were assumed spherical.

 (iv) The concentration of the abrasive particles in the 
aqueous solution was 25 kg  m−3.

 (v) During the microabrasion process, the concentration 
of slurry (supplied from an external source) remained 
the same at the contact area between the ball and 
the specimen. Although in some cases clumping of 
abrasive particles, giving rise to a variation in slurry 
concentrations at the contact area, is possible; how-
ever, this effect was neglected in this study.

 (vi) At the ball-specimen contact, there was a continuous 
flow of slurry

 (vii) The concentration of abrasive particles in the aque-
ous solution always remained constant.

 (viii) The abrasive particles had hardness greater than that 
of the ball and the target.

 (ix) The metal ion concentration in equilibrium with the 
target material was  10–6 molar.

 (x) The aqueous solution used was water.
 (xi) In the active corrosion conditions, there was no cor-

rosion products or passive films on the target surface.
 (xii) The passivation process was instantaneous through 

the formation an oxide film on the target surface; 

Ti passivated through the formation of  TiO2, and Fe 
passivated through the formation of  Fe2O3.

 (xiii) In the passivation conditions, there was no subse-
quent dissolution of the passive film.

 (xiv) The microabrasion-corrosion process was additive in 
the passive conditions when the microabrasion pro-
cess enhanced the corrosion rate due to the removal 
and reformation of the passive film.

2.1.2  Criteria for Defining the Microabrasion‑Corrosion 
Regimes

The total rate of metal wastage under microabrasion-corro-
sion conditions ( Kac) can be expressed as [1, 6, 14].

where Ka is the total microabrasion rate and Kc is the total 
corrosion rate. 

As there is an interaction between the microabrasion and 
corrosion process, the total rate of corrosion and microabra-
sion (in Eq. 1) can be given as

where Kao is the rate of microabrasion in the absence of cor-
rosion, ΔKa is the change in the rate of microabrasion due to 
the influence of corrosion (i.e. the synergistic effect) [4], Kco 
is the rate of corrosion in the absence of microabrasion and 
ΔKc is the change in the rate of corrosion due to the influ-
ence of microabrasion (i.e. the additive effect) [4].

By substituting Eqs.  2 and 3 into Eq.  1, a complete 
expression for the total microabrasion-corrosion rate can be 
obtained as follows:

For the active region of metal dissolution, it was assumed 
that both the synergistic and additive effects of the micro-
abrasion and corrosion interaction are not significant and, 
therefore, can be negligible. However, for the passive region, 
the additive effect of microabrasion on corrosion is signifi-
cant as the passive film is likely to provide some resistance 
to the metal dissolution process, especially under mild abra-
sive conditions when passive film removal and reformation 
are possible. However, the synergistic effect of corrosion on 
microabrasion is very complex and assumed in this study to 
be negligible in the passive region. Therefore, for the active 
region,

(1)Kac = Ka + Kc

(2)Ka = Kao + ΔKa

(3)Kc = Kco + ΔKc,

(4)Kac = Kao + ΔKa + Kco + ΔKc

(5)Ka = Kao

Table 1  Hardness values of materials modelled

Material Hardness (Pa) References

Iron 8.2 ×  108 [13]
Titanium 2.25 ×  109 [19]
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and for the passive region,

2.1.3  Determination of the Rate of Microabrasion (Kc = Kao) 
in the Units of kg  m−2  s−1

For the work in this paper, microabrasion rate was calculated 
using the model developed by Rabinowicz et al. [15]. The 
model is based on a simple theory of three-body abrasive wear 
for a rounded abrasive particle creating a groove in the target 
over a given sliding distance. The final expression developed 
by Rabinowicz et al. for the volume loss (V) per unit siding 
distance (L) is given below:

where  kA is the wear coefficient, P is the applied load and  Ht 
is the hardness of the target.

Please note, Eq. 9 is similar in form to Archard's equation 
[8].

Equation 9 was then modified to calculate the mass of target 
material lost (m) per unit time (t) as follows:

where ρt is the density of the target,  Rb is the radius of the 
ball and ω is the balls angular velocity.

During the micro-abrasion process, the wear loss is contrib-
uted by the number of abrasive particles per area of contact 
(N1). This can be expressed from the particle concentration 
at the contact.

where C is the concentration of slurry, Rp is the radius of 
abrasive particles and ρp is the density of abrasive particles.

It was then possible to find the rate of microabrasion, Ka 
(or Kao), in the absence of corrosion in units of kg  m−2  s−1 by 
multiplying Eq. 10 (expressed in kg  s−1) to Eq. 11 (expressed 
in  m−2), and the final expression can be given as

(6)Kc = Kco

(7)Ka = Kao

(8)Kc = ΔKc

(9)
dV

dL
=

kAP

3Ht

,

(10)
dm

dt
=

kAP�tRb�

3Ht

,

(11)

N1 =
(mass concentration of slurry) ∗ (diameter of abrasive particle)

(mass of abrasive particle)

N1 =
C

2

3
�R2

p
�p

,

(12)Ka = Kao =
1

2�

kaP�tRb�C

HtR
2
p
�p

Further to the assumptions listed in 2.1.1, in deriving 
Eq. 12, it was assumed that the separation distance between 
the ball and the specimen is equal to or less than the diam-
eter of the abrasive particles.

2.1.4  Determination of the Rate of Corrosion (Kc = Kco) 
in the Active Corrosion Media (in the Units of kg 
 m−2  s−1)

The rate of corrosion in the absence of the effects of micro-
abrasion, Kc (or Kco), can be given as [13]:

where

where RAM is the relative atomic mass of target material, 
ianet is the net anodic current density for the metal dissolu-
tion under activation-controlled conditions, F is the Faradays 
constant, io is the exchange current density, ba and bc are the 
Tafel slope value for both the anode and cathode, respec-
tively and ΔE is the difference between the applied potential 
and the standard reversible equilibrium potential.

Equation 13 is expressed in kg  m−2  s−1. In this work, the 
number of electrons, n, for both the iron and titanium metals 
considered in this study was considered as 2.

2.1.5  Determination of the Rate of Corrosion (Kc = ΔKc) 
in the Passive Corrosion Media (in the Units of kg 
 m−2  s−1)

It can be seen from Eqs. 5–8 that the corrosion in the passive 
region was assumed to be entirely contributed by the addi-
tive effect of microabrasion on the corrosion rate (ΔKc). In 
the passive conditions, the process of passivation and micro-
abrasion acts simultaneously; ΔKc was, therefore, assumed 
to be the rate of re-passivation over the abraded surface 
formed due to microabrasion.

To model this behaviour, the area of re-passivation needs 
to be determined. In a ball-cratering abrasive wear test, 
according to Adachi and Hutchings [2], in three-body abra-
sion conditions, the initial contact area between the ball and 
target specimen (for one ball rotation) can be given as

(13)Kc = Kco =
RAM(ianet)

nF
,

(14)ianet = io

(

exp

[

2.303(ΔE)

ba

]

− exp

[

2.303(−ΔE)

bc

])

,

(15)A = �
[

a2 + 4RbRp

]

,
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where Rb is the radius of the ball and Rp is the radius of the 
abrasive particles, and a is the radius of the Hertzian contact 
area [16], which can be given as

where

and Et and Eb are the Young's moduli and νt and νb are the 
Poisson's ratios of the target and the ball, respectively.

The contact area (in Eq. 15) is the area of the target 
material that is subjected to re-passivation process during 
a ball-cratering abrasive wear test [2]. Hence, the mass 
of passive oxide film (Mf) produced on the target surface 
can be given as

where ρf is the density of passive film and h is the passive 
film thickness, which can be given as [13]:

where ho = 10−9m  and Ep is the passivation potential.
The passive film was assumed to form instantly on the 

surface of the target material when the applied potential 
is equal to the passivation potential [13, 17]. The passive 
film thickness was assumed to increase by 3nm per volt of 
overpotential [13, 17].

The mass of target material required to form the passive 
film can be calculated based on the mass ratio between the 
target material and the passive film.

For iron (Fe) at the modelled conditions of pH 3, 7 and 
9, passivation was assumed to take place according to the 
following reaction,

and the mass ratio between  Fe0 and  Fe2O3 is equal to 0.699.
For Titanium (Ti), at the modelled conditions of pH 3, 

7 and 9, the passivation reaction was assumed as

and the mass ratio between  Ti0 and  TiO2 is equal to 0.5997.
Therefore, the mass target required (Mt) to passivate per 

rotation of the ball can be given as

(16)a =

(

3PRb

4E∗

)1∕3

,

(17)1

E∗
=

(

1 − �2
t

)

Et

+

(

1 − �
2
b

)

Eb

(18)Mf = �

[

(

3PRb

4E∗

)2∕3

+ 4RbRp

]

h�f,

(19)h = ho + 3 ∗ 10−9
(

E − Ep

)

,

(20)2Fe0 + 3H2O → Fe2O3 + 6H+ + 6e−

(21)Ti + 2H2O → TiO2 + 4H+ + 4e−

The rate of corrosion in the passive region Kc (or ΔKc) 
can be expressed in the unit of kg  m−2  s−1 by multiplying 
Eq. 22 by the number of abrasive particle (N2) present at 
the ball-specimen contact per  m−2  s−1.

Finally, an expression for the rate of corrosion in the pas-
sive region Kc (or ΔKc) can be derived by multiplying Eq. 22 
with Eq. 23, and can be given as

2.1.6  Determination of Passivation Potentials for Pure Fe 
and Ti at Various pH and Potential Range

To find the passivation potential of Fe and Ti, simplified 
Pourbaix diagrams of the metals were used (Figs. 1, 2) [18]. 
The passivation potential is a potential at which thermo-
dynamically stable passive oxide layer forms on the target 

(22)Mt = Mass Ratio ∗ �

[

(

3PRb

4E∗

)2∕3

+ 4RbRp

]

h�f

(23)

N2 =
Particle flux at the conatact due angular velocity of the ball

Mass of abrasive particle

N2 =
CRb�

4

3
�R3

p
�p

(24)

Kc = ΔKc =

Mass Ratio�

[

(

3PRb

4E∗

)2∕3

+ 4RbRp

]

h�fCRb�

4

3
�R3

p
�p

Fig. 1  Pourbaix diagram for Fe [18]
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surface. Based on the simplified Pourbaix diagram of Fe and 
Ti in water, in Figs. 1 and 2 [18], the passivation potential 
for Fe is the potential at which  Fe2O3 formation is thermo-
dynamically stable. Thus, the passivation potential  (Ep) for 
Fe can be given as

Equation 25 is expressed in SHE volts, and is valid for the 
pH 3, 7 and 9 considered in this modelling study.

Whereas, for Ti the passivation potential is the potential at 
which  TiO2 formation is thermodynamically stable. Hence, 
the passivation potential  (Ep) for Ti at the modelled condition 
of pH 3 and 7 can be given as

(25)Ep = 1.08 − 0.177pH

(26)Ep = −0.325 − 0.1182pH

whereas the passivation potential  (Ep) for Ti at the modelled 
condition of pH 9 can be given as

2.1.7  Boundary Conditions for the Regime and Wastage 
Maps

For the construction of regime maps, the following boundary 
conditions [1] were used particularly for the determination 
of the regime boundaries as a function of applied load and 
applied potential.

(27)Ep = −1.306 − 0.0591pH

(

Kc

Ka

)

< 0.1 (Microabrasion)

Fig. 2  Pourbaix diagram for 
Ti [18]
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For the wastage maps, the following boundary conditions 
[13] were used particularly for the determination of the Low, 
Medium and High wastage contours.

As per the boundary conditions, the expressions for Ka 
and Kc (i.e. Equation 12, 13 and 24) were combined and 
rearranged to find an expression for the transition load. The 
calculation for the transition load is shown below.

0.1 ≤

(

Kc

Ka

)

< 1 (Microabrasion−Corrosion)

1 ≤

(

Kc

Ka

)

< 10 (Corrosion−Microabrasion)

(

Kc

Ka

)

> 10 (Corrosion)

Kac < 1mm per year(Low wastage)

1 ≤ Kac < 10mm per year(Medium wastage)

Kac > 10mm per year(High wastage)

2.1.8  Calculation of Transition Load for the Regime 
and Wastage Maps

For the active region, the expression for the transition load 
(P) is given in Eq. 28. The transition load was calculated for 
every value of ianet for each of the three boundary conditions 
set for the regime map:

For the passive region, the expression for the transition 
load (P) is given in Eq. 29. The transition load was cal-
culated for every thickness of passive film for each of the 
boundary conditions for the regime map:

To calculate the transition load (P) in Eq. 29, MATLAB 
2020a was used to perform the iteration. Microsoft Excel 
was used to do the necessary calculations and construction 
of the regime maps.

To find the transition loads for the wastage maps, the pro-
cess differed slightly.

For active region, the expression for the transition load 
is given in Eq. 30.

For the passive region, the expression for the transition 
load is given in Eq. 31.

Finally, Microsoft Excel was used to do the necessary cal-
culations and construction of the regime and wastage maps 
in the form of applied load vs applied potential plots.

The other conditions used for the construction of maps 
are shown in Table 1, 2 and 3.

(28)P =
2�HtR

2
p
�pRAMianet

kA�tRb�C
(

Kc

Ka

)

nF

(29)Kc

Ka

=

3Mass Ratio�Hth�f

[

(

3PRb

4E∗

)2∕3

+ 4RbRp

]

2RpkaP�t

(30)Kac = Kc + Ka =
RAM(ianet)

nF
+
(

1

2�

)KaP�tRb�C

HtR
2
p
�p

(31)
Kac = ΔKc + Ka =

Mass Ratio�
[

(

3PRb
4E∗

)2∕3
+ 4RbRp

]

h�fCRb�

4
3�R

3
p�p

+
( 1
2�

) kaP�tRb�C
HtR2

p�p

Table 2  Density of passive films formed

Material Passive film 
forming

Density of film (Kg 
 m−3)

References

Iron Fe2O3 5240 [13]
Titanium TiO2 4230 [20]

Table 3  Constants used to construct regime and wastage maps

Variable Values

Fe References Ti References

io 10–4 [13] 7 ×  10–4 [21]
ba 0.04 [13] 0.06 [22]
ρp 3210 [13] 3210 [13]
ρt 7800 [13] 4506 [23]
Rp 0.0125 [1] 0.0125 [1]
Rb 10–4 [1] 10–4 [1]
ω 10.472 10.472
Et 2.11 ×  1011 [13] 1.03 ×  1011 [24]
vt 0.293 [13] 0.34 [25]
Eb 1.50 ×  109 [2] 1.50 ×  109 [2]
vb 0.4 [2] 0.4 [2]
ka 2 ×  10–3 [15] 2 ×  10–3 [15]
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3  Results

3.1  Effect of Increasing the pH on Applied Load: 
Applied Potential Maps for 100 μm Abrasive 
Particles

The two metals studied here, namely mild steel (Fe) 
and titanium (Ti), do not only have different mechanical 

properties but they also show very different thermody-
namic responses to corrosion mediums, as evident from 
their Pourbaix diagrams (in Figs. 1, 2). Both Fe and Ti 
show a transition from dissolution (or active corrosion) to 
passivation as the potential and pH were varied. However, 
the stability regimes of dissolution and passivation for Ti 
are significantly different than those of Fe. In particular, 
the dissolution and passivation regimes of Ti commence 

Fig. 3  Applied load—applied potential regime maps for a Fe and b Ti under solution pH 3 and particle size of 100 μm
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at significantly lower potentials compared to Fe. Conse-
quently, the microabrasion-corrosion maps constructed in 
this study (Figs. 3, 4, 5, 6, 7, 8, 9) showed significantly 
different material degradation regimes for the Fe and Ti in 
the modelling conditions studied.

The microabrasion- corrosion regime and wastage maps, 
Fig. 3, 4, 5, 6 and 7, are given as applied load vs applied 

potential map constructed for the abradant size of 100 μm 
at various pH. In Fig. 3, at pH 3, the Fe showed only dis-
solution-dominated regimes, whereas the Ti showed both 
dissolution and passivation-dominated regimes in the cor-
rosion potential range (from -1 to 0.2 V SCE) modelled. 
This was consistent with the trends from the Pourbaix 
diagram (Figs. 1, 2). It should be noted that the corrosion 

Fig. 4  Applied load—applied potential regime maps for a Fe and b Ti under solution pH 7 and particle size of 100 μm
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potential values in all the maps reported here are given with 
respect to saturated calomel electrode (SCE), consistent 
with the earlier erosion-corrosion mapping work [13, 17]. 
Additional interesting features in Fig. 3 include the follow-
ing. The region of "pure microabrasion" was shown only 
by the Fe (Fig. 3a) rather than the Ti (Fig. 3b); this is due 
to the Fe being immune to corrosion at lower potentials 
(up to − 0.86 V SCE), resulting in the only wear mecha-
nism dominated in these conditions was microabrasion. 
Additionally, in the active corrosion potential range, the 

dissolution-dominated behaviour of the Ti extends to a sig-
nificantly higher load compared with the Fe; this may be due 
to Ti having a much larger exchange current density than Fe 
leading to the rate of corrosion being much larger for the Ti.

When solution pH was increased to 7 (Fig. 4), the passive 
potentials for both the Fe and Ti shifted to lower values. 
Consequently, at pH 7, the Fe showed both dissolution and 
passivation-dominated regimes, whereas the Ti showed only 
passivation-dominated regimes in the condition modelled. 
These behaviours are again consistent with the Pourbaix 

Fig. 5  Applied load—applied potential regime maps for a Fe and b Ti under solution pH 9 and particle size of 100 μm
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diagram of the metals (Fig. 1, 2). Further comparing Fig. 3 
with Fig. 4 revealed the following. In the active corrosion 
potentials, increases in solution pH from 3 to 7 had no 
effect on the transition load to the dissolution-dominated 
regimes of the Fe. However, in the passive potential range, 
increase in pH significantly affected the passivation-domi-
nated regimes of both the Fe and Ti. The Ti showed higher 
transition load to the passivation-dominated region when 

solution pH increased from 3 to 7, whereas the Fe showed 
passivation-dominated regions at pH 7, but not at pH3.

As the solution pH was further increased to 9 (Fig. 5), the 
passive potential for both the Fe and Ti further lowered. As a 
result, the regime maps for both the Fe and Ti are dominated 
by the passivation process. Additionally, comparing Fig. 3 
with Fig. 4 revealed that the transition load to passivation-
dominated region for both Fe and Ti was increased with the 

Fig. 6  Applied load—applied potential wastage maps for Fe under a pH 3 and 7, b pH 9 (particle size of 100 μm)
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increase in solution pH. This may be due to the thickness 
of the passive film being increased at a higher pH. Accord-
ing to the assumptions used in this work, the mechanism of 
material removal in the passivation region is supported only 
by the removal of the passive film from the target surface; 
therefore, the higher the passive film thickness, the higher 
the transition load required for the passivation-dominated 
regions.

The microabrasion-corrosion wastage maps of the Fe 
and Ti, Figs. 6 and 7, are given as applied load vs applied 
potential area maps for the abradant particle size of 100 μm 
at various solution pHs. The wastage regimes of the Fe, 
Fig. 6, were dependent on the applied potential; the low and 
medium wastage regions of the Fe were associated with the 
lower potentials, where the microabrasion-corrosion process 
was affected by the immunity and dissolution behaviour of 
the metal consistent with the Pourbaix diagram (Fig. 1).

The wastage map for Fe was identical at the solution pH 
of 3 and 7; this is because the rate of wastage was independ-
ent of the applied load in the immunity region (i.e. up to 
− 0.86 V SCE), after which the wastage rate increased very 
fast in the dissolution affecting conditions shown by rapid 
tapering of the regime boundaries for both pH 3 and pH 7. 
However, when solution pH was increased to 9, the Fe did 
not undergo the dissolution process rather showed the tran-
sition from immunity to passivation. As a result, the taper-
ing which was seen for pH 3 and pH 7 was not seen here; 
instead, there was a rapid change from low and medium 
metal wastage rates to a high wastage rate in the passivation 
conditions.

The wastage maps of the Ti, Fig. 7, showed only the high 
wastage area for the solution pH of 3, 7 and 9 attempted in 
this study. This is mainly because the microabrasion-corro-
sion rate of the Ti under the influence of both dissolution 
and passivation was high. Comparing the wastage maps of 
the Fe and Ti, Fig. 6 and 7, further revealed the following. 
When the corrosion regime is passivation, both the Fe and Ti 
showed high wastage; however, when the corrosion regime 
was dissolution dominated, the wastage rate of Fe was sig-
nificantly lower than the Ti; this is due to the Ti having a 
much greater exchange current density than the Fe leading to 
the corrosion rate contributing to the overall microabrasion-
corrosion wastage rate of the metal.

3.2  Effect of Changing the Abrasive Particle Size 
on Applied Load: Applied Potential Maps

Effect of particle size on the regime and wastage maps of the 
Fe and Ti were assessed for pH 3. Comparing the maps for 
the abradant particle size of 50 μm, Fig. 8 and 9, with those 
for the abradant size of 100 μm, Fig. 3, 6a and 7, revealed 
the following.

The regime map for the Fe, Figs. 3a and 8a, showed the 
transition load to the regime boundaries increased when par-
ticle size was increased. The wastage maps for Fe, Figs. 6a 
and 9a, similarly show the transition load to the wastage 
boundaries increased with the particle size.

The Ti, Fig. 3b and 8b, also showed higher transition 
load to regime boundaries when the abrasive particle size 
was increased. However, the wastage map of the Ti, Figs. 6b 

Fig. 7  Applied load—applied potential wastage maps for Ti under pH 3, 7 and 9 (particle size of 100 μm)
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and 9b, showed only the high wastage region for both the 
abrasive particle size studied. This is mainly because of the 
high exchange current density of the metal, leading to a high 
dissolution rate in the modelling conditions used.

4  Discussion

4.1  Microabrasion‑Corrosion Regime and Wastage 
Maps for Pure Metals

The microabrasion-corrosion regime maps (Figs. 3, 4, 5) 
help to identify the underlying dominating mechanisms of 

Fig. 8  Applied potential—applied load regime maps for a Fe and b Ti under solution pH 3 and particle size of 50 μm
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degradation as a function of operating parameters, which 
were chosen for this study as the applied load and corrosion 
potential. Identification of dominating mechanisms pro-
vides a valuable logical understanding towards formulating 
a degradation mitigation methodology. For example, if the 
dominating mechanism is “dissolution” only, then a degra-
dation mitigation methodology should focus on corrosion 

mitigation methodology only (not microabrasion); hence 
reducing the overall maintained cost.

The regime maps of the two pure metals, Fe and Ti, 
show a significant difference in the microabrasion-cor-
rosion regime in the modelling conditions studied; how-
ever, the general trend is dependent on the corrosion only 
behaviour observed in the Pourbaix diagrams (Fig. 1, 2). 

Fig. 9  Applied potential—applied load wastage maps for a Fe and b Ti under solution pH 3 and particle size of 50 μm
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Albeit both the Fe and Ti show active–passive transitions 
towards lower pH values, the corrosion potential required 
for the active–passive transition is significantly lower for 
the Ti compared with the Fe. Consequently, in this study, the 
regime maps for Ti show active–passive transition only at 
pH 3, whereas that for the Fe extends up to pH 7. Addition-
ally, due to the Ti having a higher exchange current density 
compared with the Fe, the rate of dissolution of the Ti is sig-
nificantly higher than the Fe; as a result, the ratio of the pure 
corrosion to the microabrasion rates  (Kc/Ka) in the active 
corrosion potentials is significantly higher for the Ti. There-
fore, the dissolution-dominated regimes for the Ti extend to 
a significantly higher transition load compared with the Fe, 
as shown in Fig. 3.

In the passivation region, the transition load to regime 
boundaries is significantly higher for the Ti compared with 
the Fe. This is because the passive film thickness formed on 
the Ti surface is significantly higher than the Fe, according 
to Eq. 19. As a result, more passive film is removed from the 
Ti during the microabrasion-corrosion process at the passive 
potentials.

The wastage maps (Figs. 6, 7) show the variation of 
wastage bands as a function of process parameters, which 
were considered as the applied load and corrosion poten-
tials in this study. The wastage bands are considered as 
Low, Medium and High, and are based on subjective limits 
that depend on the anticipated lifetime of the material in 
the exposure conditions. Wastage maps can potentially be 
a valuable tool for estimating the lifetime of a component 
and provide a basis for optimising the process by changing 
operating parameters. Furthermore, if such wastage maps 
are developed for a range of materials, material selection can 
be facilitated by comparing the low wastage performance of 
each metal in the operating conditions to be used.

In the modelling conditions used, the wastage maps of 
Ti for the pH 3, 7 and 9 show only the high wastage region, 
whereas that of the Fe shows the low, medium and high 
wastage regions. This suggests that the Ti offers significantly 
lower microabrasion-corrosion resistance compared with 
the Fe in the process conditions modelled. To understand 
the exact reason for the difference in the wastage behav-
iour of the Ti and Fe will require experimental results on 
the microabrasion-corrosion interactions of the materials 
covering both synergistic and additive effects. However, a 
reason may be that the Ti has significantly higher exchange 
current density compared with the Fe; as a result, both the 
pure corrosion rate in the active corrosion conditions and the 
additive effect of the microabrasion-corrosion in the passive 
conditions are significantly higher for the Ti compared with 
the Fe.

Regarding the effect of abrasive particle size on the 
microabrasion-corrosion maps, the results show (Fig. 3, 6a, 
7, 8, 9) the rate of microabrasion-corrosion increases with 
the decrease in abrasive size. This is consistent with the 
expectation that (in a ball-cratering microabrasion test) the 
rate of wear increases with the decrease in abrasive par-
ticle size mainly due to higher particle concentrations in 
ball-substrate contact area when the particle size is smaller. 
Consequently, the wastage map for the Fe, Fig. 6a and 9a, 
showed a larger extent of the high wastage area when the 
abrasive particle size was reduced.

The microabrasion-corrosion maps produced in this study 
are greatly dependent on the accuracy of the microabrasion 
and corrosion models and the limitations of the current work 
discussed further below.

4.2  Model Limitations

The microabrasion-corrosion maps developed in this work 
can potentially be used as tools for material selection for 
microabrasion-corrosion applications, such as prosthesis 
material selection for human joints. However, there are limi-
tations to the microabrasion-corrosion maps presented here.

This modelling work used predictive mathematical equa-
tions from the literature and constructed the models based 
on the wear behaviour observed in a micro-scale abrasion 
test (also known as the ball-cratering abrasive wear tests) 
[1–3, 5, 6]. The predictive microabrasion rate equation was 
considered as a published equation similar to the Archard 
equation, which relied on an empirical constant [15]. The 
current modelling study used the published values of the 
empirical contact for Ti and Fe, and did not verify those 
through appropriate laboratory experiments. In addition, 
there is the unavailability of a suitable mechanism-based 
microabrasion-corrosion predictive model in the literature, 
and a derivation of such models may improve the accuracy 
of the maps further.

In this work, the microabrasion-corrosion process was 
additive in the passivation conditions; this is a simplistic 
assumption. This may not be reflective of the true interac-
tions between these two processes, which can be synergistic, 
additive, subtractive or antagonistic [1, 14, 26]. The true 
synergistic effect is observed in metallic composite-based 
coatings, but in monolithic metals, the additive effect can be 
applied when the passive film adheres strongly to the metal 
surface and can protect the metal from further corrosion. 
Therefore, consideration of the additive effect is a reasonable 
assumption in this study. Still, clearly, all the different types 
of microabrasion-corrosion interactions need to be incorpo-
rated in future studies.
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The model also assumed that there was only one type of 
microabrasion taking place. This model assumed that only 
two-body abrasion took place regardless of the system con-
ditions, which was simplistic. It can be seen from the litera-
ture that the type of microabrasion which would be observed 
would be dependent on system conditions, and this would 
affect the rate of microabrasion [1, 3, 14]. This needs to be 
considered in future studies. 

5  Conclusions

1. Mathematical models for microabrasion-corrosion deg-
radation have been developed and finally used to con-
struct microabrasion-corrosion maps for mild steel and 
pure titanium.

2. The microabrasion-corrosion maps have been con-
structed in the form of regime and wastage maps; the 
regime maps identify the underlying material mecha-
nisms, whereas the wastage maps identify the wastage 
rate in the form of low, medium and high wastage bands.

3. The effect of abrasive particle size and solution pH have 
also been shown on the maps.

4. Ti offers significantly lower microabrasion-corrosion 
resistance compared with Fe in the conditions modelled 
where there was a tribological interaction with corro-
sion. Although Ti is generally regarded as a corrosion 
resistant metal in passive conditions, in this microabra-
sion modelling, its performance is dependent on the 
tribological conditions. Where the impact can remove 
the oxide, regrowth may occur resulting in high micro-
abrasion-corrosion rates. 
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