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Abstract Material losses in slurry handling systems

constitute a significant fraction of cost in oil sands, mining,

and mineral processing operations. It is thus important to

better understand wear attack mechanisms and major fac-

tors affecting wear in such applications. In this work, a

methodology and a testing system have been developed to

study the abrasion–corrosion synergism during slurry

abrasion based on a Miller test machine by incorporating a

three-electrode electrochemical cell. The proposed

methodology has then been validated experimentally using

QT 100 steel. It has been shown that cathodic protection

using such system setup is effective in suppressing the

corrosion effect on the total material loss. In general, cor-

rosion-induced enhancement on slurry abrasion loss rate

increases with slurry corrosivity but inversely with sliding

speed.

Keywords Slurry abrasion � Abrasion–corrosion �
Tribo-corrosion � Miller tester

1 Introduction

Slurry abrasion is commonly encountered in slurry han-

dling equipment used in the oil sands, mining, and mineral

processing operations, such as slurry pumps, separation

vessels, and hydrotransport pipelines. The related cost on

equipment maintenance and production interruption can be

very significant. There are thus strong demands from the

industry to better understand the underlining slurry abra-

sion mechanisms and to find practical solutions for

mitigating the related severe damages.

Wear mechanisms in slurry handling systems are fairly

complex and are not fully understood. Nevertheless, cor-

rosion is almost always involved in the slurry abrasion of

such systems because the water used in most of the pro-

cesses typically contains various types of corrosive species,

such as chlorides and other species from the minerals being

processed as well as from the processing agents [1–4].

Many researches have shown that synergistic effect can

significantly increase the total materials loss under com-

bined wear and corrosion attacks in different wear or ero-

sion systems [1, 2, 5–13]. In the past two decades or so,

extensive researches have been dedicated to the so-called

tribo-corrosion phenomena and remarkable progresses

have been made in understanding the synergistic effect

[14–25]. However, so far there is still a lack of effective

evaluation tools for the study of abrasion–corrosion in

slurry abrasion and little has been done to address the

practically important issue [26].

Among few available laboratory testing methods for

slurry abrasion studies, Miller tester is an established tool

for evaluating the slurry abrasivity as well as for ranking

the wear performance of materials in given slurry condi-

tions [27]. In this work, a Miller tester has been modified to

establish a methodology for investigating the slurry
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abrasion–corrosion synergism. A preliminary investigation

has been performed on a QT 100 steel to validate the

methodology and to have a brief insight into corrosion-

induced enhancement to wear rate of the steel during slurry

abrasion.

2 Methodology Development

2.1 The Miller Tester and the Testing Methodology

The testing methodology is developed based on a Miller

tester, which was constructed in conformity to the ASTM

G75 standard [27], as shown in Fig. 1a. The tester has four

parallel identical testing cells. Each cell consists of a slurry

bath and a reciprocating arm with a stroke of 203 mm, as

schematically shown in Fig. 1b. A wear specimen having a

testing surface area of 12.7 mm 9 25.4 mm is installed on

a specimen holder attached to the arm and is loaded against

a neoprene rubber lap at the bottom of the slurry bath.

More detailed description of the test machine can be re-

ferred to the ASTM G75 standard. It should be noted that

wear of the neoprene rubber lap is very minimal during

slurry abrasion tests, which has little effect on wear of the

test specimens. The same wear rate was observed whether

when the rubber lap was new or after it had been used for

several test runs in previous work.

In order to acquire the individual contributions of

abrasion, corrosion, and synergy, an in situ three-electrode

electrochemical corrosion cell is implemented in the Miller

tester as shown in Fig. 2a. The working electrode (i.e., the

specimen) immersed in the testing slurry and the counter

electrode are connected to a potentiostat. A reference

electrode (in this case, a saturated calomel electrode) is

placed in a holder that is fixed on the pivoted reciprocating

arm and travels together with the wear specimen.

The holder for the reference electrode is filled with 1 M

potassium chloride solution, which is bridged to the testing

slurry by a plastic tube filled with 1 M potassium chloride

gellified with agar as shownmore clearly in Fig. 2b. The end

of the plastic tube salt bridge is fixed on to the specimen

holder and is placed as close as possible to the testing surface

of the wear specimen. The in situ electrochemical cell is

schematically shown in Fig. 2c. For convenience, the

stainless steel body of the slurry trough (which is isolated

from the specimen by the neoprene rubber lap) was used

as the counter electrode; by doing so, the elec-

trolyte impedance between the counter electrode and the

specimen was not affected much by specimen traveling. As

the surface area of the counter electrode (the internal surface

of the stainless steel trough) was much larger than the testing

surface of the specimen, the anodic current density on the

counter electrode should be negligible under applied ca-

thodic protection (CP) potentials. In addition, due to the

Fig. 1 The Miller testing

machine (a) and schematic

diagram showing the working

principle (b)
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passive nature of the stainless steel at the polarization levels

involved as well as the benign nature of slurries, there should

be no notable increase in ionic concentration of the slurry as a

result of anodic dissolution of the counter electrode. That

is to say that the electrochemical behavior of a testing spe-

cimen should not be affected while employing the stainless

steel body of the slurry trough as the counter electrode. Al-

ternatively, platinum or carbon counter electrode, which

should be traveling with the testing specimen, could be

employed for the tests.

Using this set up, slurry abrasion testing can be per-

formed both with and without CP to investigate the abra-

sion–corrosion synergy as per the ASTM G119 Standard

Guide [28].

For specimens to be tested under CP (for abrasion-only

loss measurement), a connection wire is first spot-welded

on the back surface of the specimen opposite to the test

surface (Fig. 3a). Then, the surfaces other than the testing

surface (i.e., the bottom of the specimen) are coated with

an isolation paint to eliminate corrosion from the non-

testing surfaces (Fig. 3b). To prevent the damage of the

isolation coating during the abrasion testing (on the side

surfaces), the specimen is further protected with a shrink-

able plastic tube (Fig. 3c).

2.2 Slurry Abrasion Response (SAR) Number

Calculation

Based on ASTM G75 standard [27], the wear rate of the

material is expressed using the SAR number, which is

defined by

SAR ¼ 18:18
dM

dt
jt¼2h

� �
7:58

qsample

 !
; ð1Þ

where qsample is the density of the material under investi-

gation, and M (in mg) the cumulative mass loss at different

sliding times, t (in h).

The definition for SAR number in Eq. (1) is for sliding

at the standard speed of 48 rpm. The cumulative mass loss,

M, is obtained by measuring sample mass changes at three

equally spaced 2 h testing intervals, i.e., at a total/accu-

mulated sliding time, t, of 2, 4, and 6 h, respectively. A

curve fitting is conducted for a relationship (Eq. 2) between

the cumulative mass loss, M, and sliding time, t, from

which the mass loss rate, dM/dt|t=2 h, at 2 h sliding is ob-

tained and used for the calculation of SAR number in Eq.

(1):

M ¼ A tB; ð2Þ

where A and B are fitting constants.

Fig. 2 Setup of the in situ electrochemical cell (a), the salt bridge

from the reference electrode holder to the testing slurry (b), and

schematic diagram (c)
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3 Experimental Validation of the Methodology

3.1 Experimental Details

For validation of the methodology, a preliminary ex-

perimental study was performed on QT 100 steel using the

testing system. The material has chemical composition (in

wt%) of 0.175 C–0.230 Si–1.000 Mn–0.022 P–0.010

S–0.570 Cr–0.177 Mo (balance Fe), and is a type of

quenched and tempered steel, similar to ASTM A514. Its

hardness value is 28.7 HRC (equivalent to 283 HV). The

specimen testing surface was prepared by fine grinding

with a surface roughness (Ra) of about 0.3 lm.

The testing slurry is made of AFS 50/70 silica sand and

a liquid. The liquid for making the slurry is either deion-

ized (DI) water or 3.5 % NaCl (salt) solution. Two slurry

concentrations, 50 wt% of sand (150 g sand ? 150 mL

liquid) and 10 wt% of sand (20 g sand ? 180 ml liquid)

respectively, are used. Slurry pH value was monitored

before the onset of each test. The pH is around 7.1–7.2 for

all the slurry compositions.

The sliding speed is either 48 rpm (0.325 m/s, the

standard speed as per ASTM Standard) or 16 rpm

(0.108 m/s). The load on the wear specimen is 22.2 N. For

specimens tested at the speed of 48 rpm, the test lasted for

a total of 6 h, and the mass loss was measured after every

2 h of testing. When using the sliding speed of 16 rpm, the

total test duration lasted for 18 h, and mass loss of the

specimen was measured after every 6 h of testing. There-

fore, the total sliding distance (or cycles of sliding), as well

as that between two measurements, is kept the same in-

dependent of the sliding speed. The total sliding cycles are

17,280 cycles in both cases.

To make the results comparable, equivalent SAR num-

bers are obtained for the sliding speed of 16 rpm, and each

time interval of 6 h at 16 rpm is considered equivalent to

2 h at 48 rpm.

For wear testing under CP, the specimen was immersed

into the slurry and kept at the ready position for 10 min

while the open circuit potential was measured. A cathodic

potential of 0.5 V more negative to the open circuit po-

tential was then applied before starting the slurry abrasion

testing.

3.2 Results and Discussion

The cumulative mass losses versus the cycles of sliding are

shown in Fig. 4, based on which the respective SAR

number has been calculated and listed in Table 1.

It can be seen that the abrasive wear rates (as expressed

by the SAR numbers) are dependent on the slurry corro-

sivity (DI water or salt solution), concentration of solids in

slurry, and sliding speed. Overall, it is evident that the

abrasive wear rate increases with slurry concentration and

corrosivity but inversely with sliding speed.

As shown in Fig. 4, after the CP is applied, cumulative

mass loss is significantly reduced, and the large difference

observed without CP is mostly eliminated. This is a strong

indication that wear mass loss is mostly due to pure me-

chanical abrasion under CP. It should be noted that, under

CP, the cumulative mass losses are slightly higher in slurry

of DI water than those in slurry of salt solution of similar

solid particle concentration; this is because the CP is less

effective in slurry of DI water, due to lower electrolyte

conductivity. In fact, lower cathodic polarization current

was observed in slurry with DI water. It should be men-

tioned that no influence on corrosion comes from slurry

pH, which was almost neutral in all cases; the initial sur-

face finish should have no measurable effect on the SAR

Fig. 3 Wear specimen preparation for testing under cathodic

protection
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number, as it was rapidly replaced by the fully abraded

surface for all the tested specimens.

Considering a general tribo-corrosion system, the total

wear rate, T, can be considered as a sum of pure mechanical

wear loss rate,W0, corrosion rate in the absence of wear, C0,

and the synergistic component, S, as follows [28]:

T ¼ W0 þ C0 þ S: ð3Þ

The pure corrosion loss rate, C0, can be easily measured

in a separate corrosion cell using electrochemical method.

With the above established abrasion–corrosion test system,

the total wear rate, T, can be measured during sliding

abrasion tests without CP, while the pure mechanical wear

loss rate, W0, can be obtained under CP. On that basis, the

total synergy, S, can be derived. The wear rate can be well

reflected by the corresponding SAR numbers.

In the above-analysis, the sum of pure corrosion rate and

the synergistic component, i.e., C0 ? S, was combined

together and reported in Table 1 as a contribution of cor-

rosion to the total material loss rates, i.e., the ‘‘SAR en-

hancement ratio by corrosion’’. In fact, the pure corrosion

rate is very low: As estimated with electrochemical mea-

surements, the corrosion rate on equivalent testing surface

area is about 0.0041 mg/h in DI water with 10 % of sands,

and 0.082 mg/h in salt solution with 10 % of sands, re-

spectively. Assuming that the corrosion rate is constant, the

mass loss due to pure corrosion will be only about

0.024 mg at the end of tests with 48 rpm in DI water with

10 % sands, and 0.49 and 1.47 mg, respectively, at the end

of tests with 48 and 16 rpm in salt solutions with 10 % of

sands. Compared to the total cumulative mass loss as re-

ported in Fig. 4a, the contribution of pure corrosion could

be neglected.

The effectiveness of CP eliminating corrosion contri-

bution to the wear loss rate (i.e., C0 ? S) can also be seen

from the results listed in Table 1. Under CP, the SAR

number (i.e., the wear rate) seems to be only a function of

sand concentration in the slurry and is independent of the

slurry corrosivity and sliding speed.

When testing was conducted in the low corrosivity

slurry with DI water, the SAR enhancement ratio by cor-

rosion is only about 10 % with slight differences depending

on the solid concentration in the slurry (Table 1).

If the slurry is made of the salt solution, the slurry

corrosivity is significantly higher. In fact, the pure corro-

sion rate is enhanced by a factor of 20 as compared to that

in slurries with DI water. This may be due to the fact that,

in contrast to the extremely low conductivity of slurry with

DI water, slurry with salt solution has significantly higher

electrolyte conductivity, promoting electrochemical corro-

sion. In addition, Cl- species may play a role as well.

Sliding speed also showed evident effect on the total

material loss as well as on the relative contribution of

corrosion. Slower sliding seems to increase the SAR en-

hancement ratio by corrosion.

With regard to effect of solid concentration in the slurry,

both the total material loss rates and pure mechanical wear

rate are much lower for a slurry with lower solid concen-

tration (i.e., for the slurry with 10 % of sands as compared

to the one with 50 % of sands), but the difference in SAR

enhancement ratio by corrosion is less significant.

Wear surfaces after testing under the various conditions

are relatively flat, as shown in Figs. 5 and 6. Some local

Fig. 4 Reduction of cumulative mass loss (versus the cycles of

sliding) under cathodic protection
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plastic deformation due to micro-plowing or wedging

could be observed at higher magnification. In all the cases,

small pits can be observed. The pits on the specimens

tested under CP appear to be more defined and deeply

developed (as shown in respective micrographs in Figs. 5,

6). Pitting initiation is possible under abrasion due to as-

sociated micro-surface deformation, as it is well known

that pits can preferentially nucleate/form along scratches or

plastically deformed regions for iron [29, 30]. Under CP, it

is believed that, overall, general corrosion is depressed,

where the likelihood of sustained growth of pits (once

initiated) is higher; in contrast, if general corrosion pre-

vails, small shallow pits could be eliminated by uniform

corrosion, and the likelihood of sustained growth of pits

will be lower.

3.3 Mechanisms of Slurry Abrasion–Corrosion

In general, the Miller test is a low-stress abrasion process.

When test was conducted under CP, the dominant

Table 1 SAR numbers under different testing conditions and the SAR enhancement ratio by corrosion

Condition or note Slurry with 50 % sands Slurry with 10 % of sands

DI water,

48 rpm

3.5 % NaCl,

48 rpm

3.5 % NaCl,

16 rpm

DI Water,

48 rpm

3.5 % NaCl,

48 rpm

3.5 % NaCl,

16 rpm

Without CP 1026 1238 1409 526 625 683

With CP 943 944 961 458 436 463

Contribution ratio of pure

mechanical wear (%)

92 76 68 87 70 68

SAR enhancement ratio

by corrosion (%)

8 24 32 13 30 32

Fig. 5 Surface appearances of a specimen after testing in 3.5 % NaCl slurry with 10 wt% sands under sliding speed of 48 rpm (a, b without CP;

c, d under cathodic protection)
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mechanical damage mechanism for QT 100 steel is micro-

plowing and/or micro-wedging (see [31] for definitions). It

should be mentioned that, as shown in Fig. 7, Ottawa sand

is a rounded quartz grain sand as detailed in ASTM G65

[32] and, therefore, micro-cutting [31] should be less sig-

nificant under current low stress abrasion condition. To a

certain degree, it may play a minor role at the initial state

of each test while the sand particles are still fresh and more

angular.

When test is conducted in the slurry of NaCl solution

without CP, corrosion occurs and, especially, it will interact

actively with the abrasion process causing synergistic effect.

Abrasion (plowing/wedging) will generate a plastic defor-

mation layer (resulting in higher state of disorder and larger

microscopic surface area [33]) and create fresh active metal

surfaces (by removing protective oxide products/film),

leading to enhanced corrosion loss. In addition, continuing

relative movement of the specimen surface against the

electrolyte (the slurry) and interactions of sand particles with

the specimen surface can also lead to increasedmass transfer

rate [33] and to reduced local polarization resistance (by

breaking the equivalence of double layers), further promot-

ing electrochemical corrosion. As reported above, however,

the contribution of pure corrosion to the mass loss could be

neglected; therefore, it could be fairly expected that, despite

of potential factors of corrosion enhancement listed above,

Fig. 6 Surface appearances of a specimen after testing in 3.5 % NaCl slurry with 50 wt% sands with sliding speed of 16 rpm (a, b without

cathodic protection; c, d under cathodic protection)

Fig. 7 SEM micrograph of the Ottawa sand particles used for the

present study
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electrochemical corrosion rate alone plays an insignificant/

negligible role overall.

On the other hand, corrosion can accelerate wear dam-

ages, leading to corrosion-enhanced abrasion. In any wear

process, material loss is the result of wear debris generation

and removal from the wear surface. In the model proposed

by Jiang et al. [20, 23], the wear debris generation has been

argued to be essentially a low-cycle fatigue process in-

volving the micro-crack initiation and propagation. This is

especially true in the present case where micro-cutting is

presumably non-dominant; recurrent micro-plowing and

micro-wedging result in repeated local surface deforma-

tion, leading to fatigue damage. Corrosion has two major

effects that can enhance wear damages: (a) localized cor-

rosion can potentially increase the number of micro-crack

initiation sites and (b) corrosion at a crack tip can accel-

erate the crack propagation, both increasing the generation

rate of wear debris. The promoting effects of corrosion on

wear-debris generation could be reduced/eliminated by

applying CP.

It should be noted that the above-mentioned synergistic

effect becomes less significant in less corrosive slurry of DI

water. More detailed studies on the characteristics and

mechanisms of slurry abrasion corrosion of the QT 100

steel and the effects of various working/testing conditions

are not the focus of this publication but will be the subject

of a further study.

4 Conclusions

A methodology has been developed to study the abrasion–

corrosion synergism in slurry abrasion by incorporating an

in situ three-electrode electrochemical cell to a Miller

tester. The following conclusions can be drawn from this

investigation:

• Preliminary experimental investigation using the

methodology on QT 100 steel indicates that the slurry

abrasion corrosion and the synergy can be effectively

investigated.

• Cathodic protection (at 0.5 V more negative to the open

circuit potential) employed in the present study is gen-

erally effective in eliminating the corrosion effect

during slurry abrasion testing, allowing a reliable

measurement of pure abrasion component for analyzing

abrasion–corrosion synergism.

• The abrasive wear rate in slurry abrasion is dependent

on solid concentration in the slurry, slurry corrosivity,

and sliding speed.

• Corrosion-induced enhancement on slurry abrasion loss

rate increases with slurry corrosivity but inversely with

sliding speed.
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