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Abstract
Synergistic effect between corrosion and wear has been widely recognized in many tribocorrosion systems. In most wet application conditions, dissolved oxygen (DO) is a controlling
factor to the dynamics of corrosion process and is therefore expected to have significant impact
on the tribo-corrosion performance of materials. In this study, the effect of DO (0 - 24 ppm) on
erosion-corrosion behaviour of En30B low alloy steel has been investigated using a slurry pot
erosion-corrosion test apparatus in a slurry containing 35wt% silica sand and 3.5% NaCl
solution at 30°C and 45°C. The synergistic effect and its contributing components, i.e., erosionenhanced corrosion and corrosion-enhanced erosion, have been measured/analysed. The total
erosion-corrosion loss and synergy of the En30B steel increases with DO in the slurry, initially
rapidly at DO levels below ~5 ppm and then less rapidly at the higher DO levels. The synergistic
effect is mainly due to corrosion-enhanced erosion with negligible contributions from erosionenhanced corrosion. Temperature has a significant effect on the total erosion-corrosion loss.
Total erosion-corrosion was 34% higher at 45°C (in still air) than at 30°C. Mechanisms for the
observed phenomena have been discussed based on the concept of corrosion-accelerated microcrack propagation.
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Slurry erosion-corrosion; dissolved oxygen; tribo-corrosion; corrosion-enhanced erosion;
erosion-corrosion mechanism
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1. Introduction
It has been well established that combined corrosion and erosion attacks can generate material
loss that is much greater than the sum of losses caused by corrosion and erosion individually [111]. This phenomenon is commonly known as the synergistic effect or synergism. Such
conditions are prevalent in the oil sands operations such as slurry pumps, slurry transport
pipelines, and separation vessels. It has been recognised that erosion-corrosion constitutes an
essential threat to the integrity of the oil sands slurry hydrotransport system [12]. Premature
failure of the pipelines leads to considerable operation costs and could also bring disastrous
impact on the environment. Obviously, knowledge of the relative magnitudes and interactions
between the erosion and corrosion components of the total metal loss and the affecting factors is
a prerequisite to the application of suitable control measures.
In oil sands operations, more than 90% of the pipelines are made of low-carbon steels [13] such
as API X65 due to the comparatively low initial cost, although such steels have relatively poor
corrosion and erosion resistance. A corrosive environment exists in these systems where the
processing water contains high levels of chloride (typically 500 ppm or even higher) and other
salts such as bicarbonate and sulphate originating from the ores. The slurry corrosivity is
increased by the relatively high operating temperatures (40oC to 60oC) and pressures. Corrosion
of slurry pipelines is generally controlled by dissolved oxygen (DO) in the slurry [14, 15]. That
is, erosion-corrosion loss of the pipeline will depend on the levels of DO in the slurry. According
to Henry’s law, dissolved oxygen in the slurry is proportional to the pressure applied to the slurry
which decreases with increase in elevation (distance) of the pipe from the pump exit. It has
indeed been observed that wear in oil sands hydrotransport pipelines decreases with pipe
elevation and wear rate is much higher in the high pressure system (2240-2600 kPa) than in the
lower pressure system (480-600 kPa) [16]. It was also noticed that wear patterns in the pipelines
varies depending on the pipe length and elevation.
In the past two decades or so, extensive researches have been dedicated to the tribo-corrosion
phenomena and remarkable progresses have been made in understanding the synergistic effect
[7, 17-29]. Synergism in erosion-corrosion process can be attributed to two factors: (a)
accelerated corrosion due to the co-existing mechanical damages by erosion (erosion-enhanced
corrosion) and (b) increased erosion loss due to the presence of electrochemical corrosion
(corrosion-enhanced erosion).
Mechanisms for erosion-enhanced corrosion have generally been attributed to the mechanical
activation of the eroding surface due to
(1) the striping or rupturing of corrosion films or preventing the formation of such films such
that the underlying fresh metal surface is exposed and corrodes/repassivates rapidly
following the exposure [14, 30, 31];
(2) increased ion/mass transportation by high turbulence levels due to the disruption of the
solution boundary layer by impinging particles [15, 32-35]; or
(3) increased activity of the surface in the strain hardened layer due to the plastic
deformation, rendering the metal more anodic and more susceptible to corrosion [36, 37].
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Erosion-enhanced corrosion can be a result of one or all of the above reasons.
On the other hand, the corrosion-enhanced erosion process is far more complicated than erosionenhanced corrosion. Several mechanisms/theories have been proposed each of which can be
evoked to explain certain observed phenomena under given conditions. However, so far no one
seems to be universally applicable.
(1) Removal/dissolution of work-hardened surfaces by corrosion would expose the softer
base metal and degrade the erosion resistance of the material [38].
(2) Corrosion micro-pitting would increase the number of stress-concentrating defects or
cause the roughening of the wear surface [39, 40], leading to more severe erosion loss.
(3) In particulate reinforced wear resistant materials, preferential corrosion of the matrix or at
the interface between the reinforcement hard phase and the matrix would weaken the
matrix support to the hard particles and lead to premature loss of hard particles, resulting
in significant corrosion-enhanced erosion [2, 41-43].
(4) Anodic dissolution on the metal surface allows extra dislocation flux disappearing in the
surface layer due to the so-called chemo-mechanical effect [44] and results in the
softening of the eroding surface, degrading the erosion resistance of the material [7, 29,
45].
(5) It was observed in erosion-corrosion test on stainless steels that platelets or lips formed
during particle impingement were attacked/weakened by corrosion at their roots, making
them more vulnerable to detachment by successive impingements [31]. This observation
is similar to the mechanism proposed by Li et al. [46] which suggested that localized
attack at disruptions in the surface oxide (caused by the particle impacts) enhances the
rate of crack growth, causing the flakes to become detached and leading to a higher
erosion rate.
Wood and Hutton [47] summarized some published erosion-corrosion testing data in the
literature (including cavitation erosion and slurry erosion) and found that the ratio of synergy (S)
to pure corrosion rate (C), S/C, could be related to the ratio of pure erosion rate (E) to pure
corrosion rate, E/C, as follows.
(1) For results with medium S/C values (synergistic effects are approximately 30% of the
total erosion rate)
S
E
= exp [1.277 ln ( ) − 1.9125]
C
C
(2) For high S/C values (synergistic effects are more than 60% of the total erosion rate,
resulting in a magnification of 2.5 or more),
S
E
= exp [0.075 ln ( ) + 1.222]
C
C
While these relationships may be useful for material selections in certain applications, they do
not cast much significant insight into possible underlying mechanisms of erosion-corrosion.
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Slurry pot erosion-corrosion assessment of different carbon steels (0.09C, 0.47C and 0.87C
respectively) at the authors’ lab [48] showed that the erosion-only rates and synergistic levels
generally decline with increasing carbon content and hardness [48]. As expected, the low carbon
steel pipe product displayed very mediocre erosion–corrosion resistance as a consequence of its
very low intrinsic corrosion resistance and inferior wear properties, although such steels are still
being used as the dominant pipeline material. It is obviously beneficial to evaluate and search for
alternative materials that may offer better erosion-corrosion resistance at similarly low capital
cost.
Yu et al. [13] studied the effect of dissolved oxygen (0.016 ppm – 3.26 ppm) on the erosioncorrosion behavior of pipeline steel (X65) in aqueous slurries containing silica sand and CO2 and
found that dissolved oxygen (DO) considerably enhanced the CO2 corrosion and the erosioncorrosion synergy. Tests were conducted in four types of environments: (i) open air (DO = 3.26
ppm), (ii) N2, (iii) CO2, and (iv) N2+ CO2 mixture. Two DO levels were tested for the last three
environments. At DO = 1.56 ppm, the highest erosion rate was observed when CO2 was added
for all the slurry velocities (3.5 m/s to 8 m/s) while the lowest erosion rate was achieved when N2
was passed to the slurry. When the level of DO was reduced to 0.016 ppm by blowing higher
pressure gases, erosion rate was the highest in open air (DO = 3.26 ppm) followed by testing in
CO2 with the lowest erosion rate in N2, indicating the importance of DO in the corrosion and
erosion-corrosion process of the pipe steel. Erosion surface examinations indicated that the
surface eroded in the slurry with CO2 at DO = 1.56 ppm had a lower hardness as compared with
the surface eroded in air (DO = 3.26 ppm) and that eroded in CO2 at DO = 0.016ppm. Higher
pitting density was also observed on eroded surface tested in slurry with CO2 at DO = 1.56 ppm.
The objective of this paper is to investigate the effect of dissolved oxygen (DO) on the erosioncorrosion behaviour of an abrasion resistant AR 450 grade steel, En30B, at 30°C and 45°C in a
3.5% NaCl aqueous slurry. The work would provide valuable information for more effective
control of erosion-corrosion of steel pipelines and other slurry handling equipment in oil sands
and mining and mineral processing operations.
2. Experimental details
2.1. Material and specimen preparation
Test specimens were prepared from quenched and tempered En30B steel plate. The steel
hardness is 446HB. The nominal chemical compositions of the steel are as follows: C 0.260.34%, Ni 3.90-4.30%, Cr 1.10-1.40%, Mo 0.20-0.40%, Si 0.10-0.35%, Mn 0.40-0.60%, P
0.050% max, S 0.050% max, and Fe balance.
Specimen dimensions were 18 mm × 6 mm × 5 mm where 18 mm x 6 mm was the test surface
which constituted a test surface area of 1.08 cm2. All surfaces adjacent to the test surface were
ground perpendicular to each other. The test surface was polished to a final surface finish
obtained from a 1 μm diamond polishing paste. An electrical contact was attached to those
specimens requiring electrochemical assessment/control. All specimens were subsequently
mounted in epoxy to ensure that only the test surface was exposed to the prevailing conditions.

4

2.2. Test equipment and conditions
A slurry pot erosion–corrosion test system was used in this study. Details of the system have
been provided in [41, 48]. The main components of the unit consist of a 4 L glass vessel,
neoprene-lined impeller which is rotated to impel the slurry against the static test surfaces,
heating/cooling system and a Gamry PC4/750 potentiostat for electrochemical and erosioncorrosion synergistic analysis.
The test conditions for erosion–corrosion assessment are shown in Table 1. Three DO levels
were achieved by testing in air, bubbling through the slurry with pure N2 or pure O2 at a flow rate
of 2 L/min (Porter Instrument B-250-3 flow meter). DO levels were measured using a HI 2400
DO Meter (Hanna Instruments) which has a reading accuracy of 0.01 ppm. Since the slurry
almost 100% fills the slurry pot and is enclosed by the top cover, a positive pressure was always
maintained due to the constant flowing of gas into the pot. This prevented ambient air being
engulfed into the slurry pot during the test. As a result, the DO levels were maintained constant
during the whole testing period after the very short initial stabilization time (rf. Figure 1 below).
Distilled water was used for preparing the 3.5% NaCl solution used in making the slurries and
was left in open air for at least 24 hr before being used.
Temperature is an important factor affecting corrosion and also erosion-corrosion processes and
deserves an in-depth investigation. In this work two testing temperatures have been chosen to
illustrate the general effect of slurry temperature. 45°C is the most typical slurry temperature in
the Canadian oil sands operations (tailings and hydrotransportation). Testing at 30°C was
conducted as a reference to examine the effect of temperature which can be most conveniently
achieved on the testing equipment used in this study.
Table 1

Erosion-corrosion test conditions.

Slurry composition

35 wt% AFS50-70 silica sand in 3.5 wt% NaCl solution

Slurry temperature (°C)
Impeller speed (rpm)
Test duration (h)
Dissolved oxygen levels

30, 45
900
6
Pure N2 bubbling, air, pure O2 bubbling

2.3. Methodology for synergy analysis
The erosion-corrosion synergy was determined/analyzed according to the ASTM G119-04
standard guide [49]. The total material loss rate under erosion-corrosion (E-C) conditions, Kec,
can be related to the synergy, Ks, by the following equation
𝐾𝑒𝑐 = 𝐾𝑒𝑜 + 𝐾𝑐𝑜 + 𝐾𝑠
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(1)

where, Kec = total erosion-corrosion rate, Keo = erosion-only material loss rate (erosion in the
absence of corrosion), Kco = corrosion-only material loss rate (corrosion in the absence of
erosion), and Ks = synergy.
The total erosion-corrosion loss rate, Kec, can also be divided into the various components as
expressed in the following equation, eq. (2):
𝐾𝑒𝑐 = (𝐾𝑒𝑜 + 𝐾𝑒 ) + (𝐾𝑐𝑜 + 𝐾𝑐 )

(2)

The total erosion-corrosion rate, Kec, was determined by measuring mass loss using a
microbalance with a reading accuracy of 0.01mg after testing in the prescribed erosion-corrosion
conditions. The erosion-only loss rate, Keo, was determined by measuring mass loss following
erosion test in the same testing conditions with cathodic protection applied to the test specimen.
The corrosion-enhanced erosion, ΔKe, and erosion-enhanced corrosion, ΔKc, were derived
according to the following equations:
𝐾𝑠 = 𝐾𝑒 + 𝐾𝑐 = 𝐾𝑒𝑐 – (𝐾𝑒𝑜 + 𝐾𝑐𝑜 )

𝐾𝑐 = 𝐾𝑐 – 𝐾𝑐𝑜
𝐾𝑒 = 𝐾𝑠 – 𝐾𝑐

(3)
(4)
(5)

where Ks is the total synergy.
Total corrosion rate in the presence of erosion, Kc, and corrosion-only rate in the absence of
erosion, Kco, were determined using polarization resistance technique. These were measured in
the slurry pot erosion-corrosion test system with the rotator running with and without sand
respectively.
All the material loss rates were expressed in cm3/cm2/h.
Each data point reported in this paper is the average result of 2 to 4 repeats. Based on 5 repeated
tests in air each conducted at 30°C and 45°C respectively, the coefficient of variances for Kec
and Keo ranged between 0.07 and 0.16, where coefficient of variance is defined as the ratio
between the standard deviation and the average and is a measure of the repeatability of the
testing results. Error bars drawn in the figures presented below represent the standard deviation
of the data points.
3. Results
3.1. DO in the slurry
In tests with pure O2 or pure N2 bubbling through the slurry, the variations of DO in the slurry as
a function of time are shown in Figure 1 (a) and (b) respectively. The measurements were
conducted while the rotator/paddle was running. The levels of DO in the slurry reached dynamic
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equilibrium within less than bout 8 min. This very short transit time as compared with the total
test time of 6 hrs is not expected to significantly affect the testing results.
The equilibrium levels of DO in the slurry reached under different testing conditions are
provided in Table 2.

(a)

(b)

Figure 1

Variation of dissolved oxygen (DO) in slurry as a function of time when bubbling (a)
pure O2 and (b) pure N2 through the slurry.

Table 2

Dissolved oxygen (DO) levels in slurry under the different test conditions.

Environment

Temperature

Dissolved O2, ppm

Bubbling pure O2

45°C

23.78

Air

45°C

4.61

Bubbling pure N2

45°C

0.00

Air

30°C

6.38

3.2. Synergistic effect analysis and effects of DO and temperature
Experimental results for the variation of total erosion-corrosion loss rate, Kec, and its various
components according to eq. (1) (Ks, Keo, and Kco) are shown in Figure 2 as a function of DO
levels.
At the testing temperature of 45oC, both the total erosion-corrosion loss rate, Kec, and the
synergy, Ks, increased rapidly with increasing DO at low DO levels below about 5 ppm and then
increased less rapidly at the higher DO values. The corrosion-only loss rate, Kco, showed similar
trend as Kec and Ks; however, it accounted for only a very small fraction of the total erosioncorrosion loss rate. On the other hand, the erosion-only loss rate, Keo, was almost the same under
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all the testing conditions, with a very slight increase with increase in DO. Nevertheless, the
difference of Keo in the different environments (DO levels) is less than 10% of the average value
and is thus within the testing error range. Test result at 30°C in open air for Keo was close to that
at 45°C, which is expected because such small temperature difference should have little effect on
pure mechanical erosion damage for steels.
The cathodic potential and cathodic current applied during the measurement of the erosion-only
loss rate, Keo, in the various environments and temperatures are shown in Table 3. It is apparent
that very little cathodic current is required when tested in the N2 bubbling conditions to supress
corrosion while the cathodic current is very similar for testing in open air and in bubbling O2
environment.
Table 3

Cathodic protection conditions for measuring the erosion-only loss rate, Keo.

Temperature, °C

Environment

Cathodic potential, mV

Cathodic current, mA

30
45
45
45

Air
N2
Air
O2

-782 to -785
-893 to -897
-708 to -782
-785

-2.4 to -2.6
-0.08 to -0.15
-2.5 to -5.0
-2.5 to -7.0

The total material loss rate, Kec, the corrosion loss rate, Kco, and the synergistic effect, Ks, at
30°C were considerably lower than those at 45°C (Figure 2).
Under all the testing conditions, synergy accounted for a very high fraction of the total erosioncorrosion loss. The effect of DO on the relative contribution of synergy to the total erosioncorrosion rate, Ks/Kec, is shown in Figure 3. Similarly to the variation of total erosion-corrosion
and total synergy as a function of DO levels, the relative contribution of synergy also increased
with increase in DO levels first rapidly at low DO levels (below ~5 ppm) and then at slower rate
at the higher DO levels. The relative contribution of synergy was slightly lower at 30°C than at
45°C.
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Figure 2

Effect of dissolved oxygen (DO) on total erosion-corrosion and the synergistic effect.

Figure 3

The relative contribution of synergy to the total erosion- corrosion loss rate, Ks/Kec,
as a function of dissolved oxygen (DO) levels.
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According to eq. 2, more detailed analysis was conducted for the contributions of various
components of synergy. The results are shown in Figure 4. Clearly, the total synergy, Ks, was
dominated by corrosion-enhanced erosion, ΔKe, while the contribution of erosion-enhanced
corrosion, ΔKc, was very small. This is in line with most of our previous observations on many
industrial materials. The relative contribution of erosion-enhanced corrosion at 30°C was much
smaller than that at 45°C.
The corrosion rate of steels in salt solutions is usually controlled by dissolved oxygen. This is
clearly demonstrated by the results shown in Figure 5. The material loss rate of total corrosion in
the presence of erosion, Kc, and the corrosion-only loss rate, Kco, both increased rapidly with
increase in the concentration of DO at the low DO levels and then increased much more slowly
at DO levels greater than ~5 ppm.
As expected, temperature had very significant effect on the corrosion rates, Kc & Kco.

Figure 4

Effect of dissolved oxygen (DO) on the various components of synergy, Ks: erosionenhanced corrosion, ΔKc, and corrosion-enhanced erosion, ΔKe.
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Figure 5

Effect of dissolved oxygen (DO) on the total corrosion loss rate, Kc, and the
corrosion-only rate, Kco.

4. Discussion
4.1. The influence of DO
From testing results at 45°C, the total erosion-corrosion rate and all the components of synergy
except for the erosion-only rate followed the similar trend as a function of DO level, i.e., the
material loss rate increased rapidly with increase in DO at low DO levels (below 5 ppm from the
limited number of investigated DO levels) and then increased less rapidly at the higher DO
levels. The similar phenomenon was observed by Cooke et al. [50] when studying the erosioncorrosion of a carbon steel using a toroidal type erosion tester in fine gold tailings slurry; their
results are shown in Figure 6.
As reviewed in the Introduction, in spite of the extensive efforts, so far the synergistic
phenomena in erosion-corrosion and more broadly in tribo-corrosion are not well understood yet.
In many cases, corrosion during erosion-corrosion test only accounts for a very small fraction of
the total material loss (e.g., Figure 2 & Figure 4). However, the presence of corrosion can leads
to significant synergistic material loss as has been observed in this study. In Figure 7, the total
erosion-corrosion loss rate, Kec, synergy, Ks, and components of synergy, ΔKe and ΔKc, are
plotted against the total corrosion rate, Kc, under erosion-corrosion conditions. Almost a linear
relationship is seen for all these material loss components. This suggests that the synergistic
effect is controlled by or closely related to the corrosion behaviour of the metal under the given
erosion-corrosion conditions and, more specifically, by corrosion activities on the erosion
surface. Thus, to understand the effect of DO on the erosion-corrosion behaviour of the En30B
steel (Figure 2, Figure 3, Figure 4), it is important to first understand the variation of corrosion
rate as a function of DO levels in the slurry (Figure 5).
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Figure 6

Erosion rate of carbon steel vs. dissolved oxygen (DO) in a fine gold tailings slurry
[50].

Figure 7

The correlation of total erosion-corrosion (Kec) and synergistic effect (ΔKe, ΔKc)
with the total corrosion rate (Kc) during erosion-corrosion.
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Corrosion of steels in (near neutral) NaCl solutions is a complicated process but the half-cell
anodic and cathodic reactions can generally be described by the following equations (6) & (7)
respectively:
𝐹𝑒 = 𝐹𝑒 2+ + 2 𝑒 −
1
𝑂 + 𝐻2 𝑂 + 2 𝑒 − = 2𝑂𝐻 −
2 2

(6)

(7)
The corrosion rate is usually controlled by the availability of oxygen on the metal surface, i.e.,
the diffusion limiting current density, iL. Figure 8 (a) schematically illustrates the (half-cell)
polarization curves for cathodic oxygen reduction reaction (eq. (7)) at different DO levels from
C1 to C8. At a given DO level, the corrosion current, icorr(k) (k = 1 to 8), is determined by the
intersection of the corresponding cathodic polarization curve and the anodic iron oxidation (halfcell) polarization curve (eq. (6)). Thus, at relatively low DO levels (below C3 in the illustration
Figure 8(a)), the corrosion current density, icorr(k), is determined by the limiting current density,
iL(k), which is proportional to the DO concentration and increases rapidly with increase in DO
levels. However, when the DO concentration exceeds certain level (the transition DO level), the
corrosion current density, icorr, is lower than the limiting current density, i.e., the corrosion
process starts to be controlled by both the cathodic (oxygen reduction) activation and the anodic
(iron oxidation) reaction rates. The increase in corrosion rate becomes less and less rapidly with
increase in DO levels. Thus, the dependence of corrosion current density with DO levels can be
schematically depicted by Figure 8(b) which qualitatively explains the observed effect of DO on
corrosion of the steel, Figure 5.
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(a)

(b)
Figure 8

(a) Schematic representation of the influence of dissolved oxygen (DO) on corrosion
current density (corrosion rate) of iron as the intersection of a DO-dependent
(diffusion limiting current density) cathodic polarization curve with the anodic
polarization curve. (b) The resulting dependence of corrosion current density, icorr, on
DO levels.
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4.2. On the mechanisms of corrosion-enhanced erosion
Figure 3 shows that synergy can account for 30% to almost 70% of the total erosion-corrosion
loss. The total synergy is dominated by corrosion-enhanced erosion with only a very small
contribution from erosion-enhanced corrosion (Figure 4).
The erosion-enhanced corrosion phenomenon observed for En30B steel in this study can be
reasonably attributed to the mechanical activation of the erosion surface (by creating fresh metal
surfaces and increasing density of defects in the surface layer). This view point can be supported
by the almost linear relationship between the total corrosion rate during erosion-corrosion test,
Kc, and pure corrosion rate in the absence of erosion, Kco, as displayed in Figure 9. Under all the
testing conditions, the pure erosion rate was at almost the same level (Figure 2) and thus new
surfaces (area and activities) exposed would be expected to be almost the same. The total
corrosion loss is thus expected to be controlled by, and proportional to, the corrosion resistance
of the steel (Kco).

Figure 9

The relationship between total corrosion rate, Kc, and corrosion-only rate, Kco.

On the other hand, the significant contribution of corrosion-enhanced erosion to synergy can be
explained as follows.
Jiang et al. [25, 28] propose a generic model to describe the synergistic effect in tribo-corrosion.
They argued that the generation of wear debris (in any wear or erosion process) can essentially
be regarded as a low-cycle fatigue process which involves the micro-crack initiation and
propagation. Micro-cutting is the limiting case of low-cycle fatigue where the fatigue life is
equal to 1 cycle. When wear occurs in the presence of “reactive species” either in dry or in wet
environments that weakens the atomic bonding at the crack tip, the micro-crack propagation rate
is accelerated and a positive synergistic effect is expected. This concept of micro-crack
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propagation can be broadened to include localised corrosion attacks that accelerate the formation
of wear debris by successive wear actions. For example, Rajahram et al. [31] observed in
erosion-corrosion study of stainless steels that platelets or lips formed during particle
impingement were attacked by corrosion at their roots, making them easier to be detached by
successive impingements.
Gutman [44] described and theoretically proved the phenomenon that the mobility of
dislocations in near the solid surface increases and the surface hardness and flow stress of
materials decrease with increasing anodic dissolution current density. According to Gutman [44],
the weakening of inter-atomic bonds as a result of dissolution of surface layer results in softening
of crystals. The chemical potential gradient from the surface layer to the bulk of the solid
material is likely to result in an additional dislocation flux with the dislocation moving to the
surface layer, enhancing localized surface plastic deformation. Surface softening of steels under
applied anodic current was also experimentally observed by Lu et al. [45] which was directly
attributed to the corrosion-enhanced erosion of carbon steels by assuming a direct/linear
correlation between erosion and hardness [29, 45].
Because the mean free path of dislocation has a limited value, only dislocations situated in the
surface layer region within a depth of the mean free path can reach the surface. Therefore, it is
expected that the chemo-mechanical effect can only affect the mechanical properties in this very
thin surface layer and may not be able to account for the very significant increase of erosion due
to corrosion (the corrosion-enhanced erosion).
By considering the chemo-mechanical softening effect of corrosion current, the low-cycle microfatigue model of corrosion-enhanced erosion by Jiang et al. [25, 28] can be extended to explain
the observation that small increase in corrosion rate has led to significant accelerated erosion.
Thus, bonds in the tip region of a micro-crack can be markedly weakened due to the chemomechanical softening under the influence of anodic current, causing more rapid propagation of
the crack. According to this model, weakening of only the bonds in the very crack tip region is
necessary in order to achieve significantly accelerated erosion rate.
Based on the above argument, in the current study, the increase in corrosion rate with DO levels
can be expected to cause increased softening effect at micro-crack tips and/or roots of plastically
deformed lips, accelerate the formation of wear debris and therefore lead to more significant
corrosion-enhanced erosion and total synergy, as is shown by Figure 7.
5. Conclusions
The effect of dissolved oxygen (DO) in the range of 0 to 24 ppm on erosion-corrosion behaviour
of En30B low alloy steel has been investigated using a slurry pot erosion-corrosion test apparatus
in a slurry containing 35wt% silica sand and 3.5% NaCl solution at 30°C and 45°C. The
following observations have been made.
(1) The total erosion-corrosion loss rate, the synergy and its various components (erosionenhanced corrosion and corrosion-enhanced erosion) of the En30B steel all increase with
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DO in the slurry, initially rapidly at DO levels below ~5 ppm and then much less rapidly
at the higher DO levels.
(2) The synergistic effect is mainly due to corrosion-enhanced erosion with negligible
contributions from erosion-enhanced corrosion.
(3) The total erosion-corrosion loss rate and synergy are much higher at 45°C (in air) than at
30°C.
(4) Mechanisms for corrosion-enhanced erosion have been discussed based on the low-cycle
fatigue model of erosion invoking the concept of chemo-mechanical softening effect in
the micro-crack tip region under the influence of anodic corrosion current. However,
further experimental evidences are required to confirm such mechanisms.
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