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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 factors 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 by using such system setup is effective in suppressing the corrosion
effect on the total material loss. In general, corrosion-induced enhancement on slurry abrasion loss
rate increases with slurry corrosivity but inversely with sliding speed. Slurry corrosivity appears to
play a more important role.
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1. Introduction

Slurry abrasion is commonly encountered in slurry handling equipment used in the oil sands,
mining and mineral processing operations, such as slurry pumps, separation vessels and systems
and hydrotransport pipelines. The related cost on equipment maintenance and production
interrupt can be very significant. There are thus strong demands from the industry to better
understand the underlining slurry abrasion 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, corrosion is almost always involved in the slurry abrasion of such systems because
the water used in most of the processes 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 combined wear and corrosion attacks in different wear or erosion 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 conditions [27]. In this work, a Miller tester has been modified to establish
a methodology for investigating the slurry abrasion-corrosion synergism. A preliminary
investigation has been performed on a QT 100 steel rate to validate the methodology and to have a
preliminary investigation of the significance of corrosion-induced enhancement to wear.

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 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 12.7mm x 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 referred to
the ASTM G75 standard [27]. It should be noted that the neoprene rubber lap is much more wear
resistant under the abrasion condition employed and that there should be no measureable effect on
testing results as far as the neoprene rubber lap is well maintained.
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Fig. 1 The Miller testing machine (a), and schematic diagram showing the working
principle (b)

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.

Conect:on to
counter electrode
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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)

The holder for the reference electrode is filled with 1M potassium chloride solution, which is
bridged to the testing slurry by a plastic tube filled with 1M potassium chloride gellified with agar
as shown more 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 stainless
steel body of the slurry trough is used as the counter electrode. The in-situ electrochemical cell is
schematically shown in Fig. 2c.
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Using this set up, slurry abrasion testing can be performed both with and without cathodic
protection (CP) to investigate the abrasion-corrosion synergy as per the ASTM G119 Standard
Guide [28].

For specimens to be tested under cathodic protection (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 shrinkable plastic tube (Fig. 3c).

(b)

Shrinkable tube protection

(c)

Fig. 3 Wear specimen preparation for testing under cathodic protection
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2.2 Slurry abrasion response (SAR) number calculation

Based on ASTM G75 standard [27], the wear rate of the material is expressed using the slurry
abrasion response (SAR) number, which is defined by

SAR :18.18(61;4 |,_2,,,j[ 7.58 ] 1)

sample

where psample is the density of the material under investigation, and M (in mg) the cumulative mass
loss at different sliding time, ¢ (in hr).

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
hr testing intervals, i.e., at a total/accumulated sliding time, ¢, of 2 hr, 4hr, and 6 hr respectively. A
curve fitting is conducted for a relationship (Eq. 2) between the cumulative mass loss, M, and
sliding time, ¢, from which the mass loss rate, dM/dt[-zi-, at two hours’ sliding is obtained and used
for the calculation of SAR number in Eq. 1:

M=A4t" (2)
where A and B are fitting constants.
3. Experimental Validation of the Methodology
3.1 Experimental details

For validation of the methodology, a preliminary experimental study was performed on QT 100
steel using the testing system. The material is a type of quenched and tempered steel, similar to
ASTM A514, and has a hardness of 28.7 HRC (equivalent to 283 HV). The testing surface of a
specimen was wet polished with silicon-carbide sandpapers, with a final finish using 400-Grit one.

The testing slurry is made of AFS 50/70 silica sand and a liquid. The liquid for making the slurry is
either deionized (DI) water or 3.5% NaCl (salt) solution. Two slurry concentrations, 50 wt% of
sand (150g sand + 150 mL liquid) and 10 wt% of sand (20g sand + 180 ml liquid) respectively, are
used. Slurry pH value was monitored before the onset of each test. The pH is around 7.1 to 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 six hours, and the mass loss was measured after every two hours of
testing. When using the sliding speed of 16 rpm, the total test duration lasted for 18 hours, and
mass loss of the specimen was measured after every 6 hours of testing. That way, the total sliding
distance, as well as that between two measurements, is kept the same independent of the sliding
speed. The total sliding cycles are 5760 cycles in both cases.
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To make the results comparable, equivalent SAR numbers are obtained for the sliding speed of 16
rpm, and each time interval of 6 hr at 16 rpm is considered equivalent to 2 hr at 48 rpm.

For catholically protected wear testing, the specimen was immersed into the slurry and kept at the
ready position for ten minutes while the open circuit potential was measured. A cathodic potential
of 0.5 V more negative to the open circuit potential 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 rate (as expressed by the SAR numbers) are dependent on the
slurry corrosivity (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 cathodic protection is applied, cumulative mass loss is significantly
reduced, and the large difference observed without cathodic protection is mostly eliminated. This is
a strong indication that wear mass loss is mostly due to pure mechanical abrasion under cathodic
protection. It should be noted that, under cathodic protection, 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 cathodic protection is less effective in slurry of DI water, due to
lower electric conductivity. In fact, lower cathodic polarization current was observed in slurry with
DI water.
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Fig. 4 Reduction of cumulative mass loss (versus the cycles of sliding) under cathodic

protection.

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

Slurry with 50% sands

Slurry with 10% of sands

Condition or Note DI Water, |3.5% NaCl, [3.5% NaCl,| DI Water, |3.5% NaCl, |3.5% Nacl,
48 rpm 48 rpm 16 rpm 48 rpm 48 rpm 16 rpm
Without CP 1026 1238 1409 526 625 683
With CP 943 944 961 458 436 463
Contrlbutllon ratio of pure 92 76 68 g7 70 68
mechanical wear (%)
SAR enhance.ment ratio by 8 24 32 13 30 32
corrosion (%)
10
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Considering a general tribo-corrosion system, the total wear rate, T, can be considered as a sum of
pure mechanical wear loss rate, Wy, corrosion rate in the absence of wear, Cy, and the synergistic
component, S, as follows:

T=W0+C0+S (3)

The pure corrosion loss rate, Cy, 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 cathodic protection, while the pure
mechanical wear loss rate, Wy, can be obtained under cathodic protection. On that basis, the total
synergy, S, can be derived. The wear rate can be well reflected by the corresponding SAR numbers.

As the main purpose of the current study is to introduce and demonstrate the new abrasion-
corrosion testing system and methodology, the pure corrosion term was not separately measured.
Instead, the sum of pure corrosion rate and the synergistic component, i.e., Cy + S, were combined
together and reported in Table 1 as a contribution of corrosion to the total material loss rate, the
“SAR enhancement ratio by corrosion”.

The effectiveness of cathodic protection eliminating corrosion contribution to the wear loss rate
(i.e., Co + S) can also been seen from the results listed in Table 1. Under cathodic protection, 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 deionized water, the SAR
enhancement ratio by corrosion 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. Compared to
the slurry with DI water, the slurry with NaCl provides Na* and Cl- irons, which increase the
conductivity of the slurry, promoting both anodic and cathodic half-cell reactions and thus
increasing the electrochemical corrosion rate. In addition, Cl-ion also attacks the protective oxide
layer (if any) formed on the surface, promoting corrosion reaction. Consequently, the enhancement
of wear rate by corrosion is increased.

Sliding speed also showed evident effect on the total material loss as well as on the relative
contribution of corrosion. Slower sliding increases the SAR enhancement ratio by corrosion.
However, in the present situation, the effect of slurry corrosivity is more significant.

With regard to effect of solid concentration in the slurry, both the total material loss rate and pure
mechanical wear rate are much lower for a slurry with lower solid concentration (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.

11
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(a) (b)
(c)

(d)
Fig. 5 Surface appearances of a specimen after testing in 3.5% NaCl slurry with
10wt% sands under sliding speed of 48 rpm (a and b: without CP; c and d: under
cathodic protection).

Wear surfaces after testing under the various conditions are relatively flat, as shown in Figs. 5 and
6. Some local 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
cathodic protection appear to be more defined and deeply developed (as shown in respective
micrographs in Figs. 5 and 6). Pitting initiation is possible under abrasion due to associated 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 cathodic protection, 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 prevails, small shallow pits could be eliminated by uniform
corrosion, and the likelihood of sustained growth of pits will be lower.

12
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(0) (d)
Fig. 6 Surface appearances of a specimen after testing in 3.5% NaCl slurry with
50wt% sands with sliding speed of 16 rpm (a and b:without cathodic protection; c
and d: under cathodic protection).

A detailed discussion of slurry abrasion corrosion mechanism is out of the scope. In general, during
slurry abrasion with Miller tester, low stress abrasion occurs. QT 100 steel has much lower
hardness as compared with silica particles. Consequently, against abrasion by silica sands, localized
surface deformation (in a form of micro-plowing and/or micro-wedging) and related work
hardening can occur, leading to microfatigue and/or microcracking over time. Furthermore,
corrosion can promote abrading, such as by forming localized damages to facilitate microcracking
or by forming the thin oxide layer that is more readily abradable. On the other hand, localized
surface deformation and work hardening cause higher state of disorder and result in larger
microscopic surface area, which can enhance corrosion rate; sliding can increase mass transfer, and
abrasion can remove protective oxide film, both promoting corrosion.

4. Conclusions

13
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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 methodology developed on QT 100 steel
indicate that the slurry abrasion corrosion and the synergy can be effective investigated.
Cathodic protection (employing 0.5 V more negative to the open circuit potential) in the
established system setup is 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 (i.e., the time of exposure to the slurry).
Corrosion-induced enhancement on slurry abrasion loss rate increases with slurry
corrosivity but inversely with sliding speed

Slurry corrosivity appears to play a more significant role in corrosion-induced enhancement
on wear rate as compared to sliding speed.
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