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SYNOPSIS
",!"heresults of laboratory abrasive and abrasive-corrosive tests carried out on a range of carbon, Iow-alloy, and

stainless steels are compared with underground tests conducted on similar materials on prototype shaker conveyors
carrying gold-bearing quartzitic rock.

The dry-abrasion resistance of all the steels was found to be better than that of mild steel.When the added effect
of corrosion was tested, the stainless steels proved to be much superior to proprietary abrasion-resistant alloys both
in the laboratory and underground. The ferritic stainless grades were shown to be superior on the basis of cost per
unit of volume lost.

This investigation has shown that laboratory tests on materials can provide valuable information on their possible
performance in situ, and can thus be used to replace lengthy experiments on site.

SAMEVATTING
Die resultate van skuur- en skuurkorrodeertoetse wat in die laboratorium op 'n reeks koolstof-, laaggelegeerde

en vlekvrystaalsoorte uitgevoer is, word vergelyk met ondergrondse toetse op dergelike materiaal aan 'n prototipe
skudvervoerbande wat goudhoudende kwartsitiese klip vervoer.

. Daar is gevind dat die droeskuurweerstand van al die staalsoorte beter as die van sagtestaal is. Toe die bykomende
ultwerking van korrosie getoets is, het die vlekvrye staal geblyk baie beter te wees as die patente skuurbestande
lege rings, sower in die laboratorium as ondergronds. Die ferritiese vlekvrye staal was weer die beste op die basis van
koste per een heid volume verloor.

Hier~ie ondersoek het getoon dat laboratoriumtoetse op materiaal waardevolle inligting kan verskaf oor die
moontlike werkverrigting daarvan ter plaatse en dus gebruik kan word in plaas van langdurige eksperimente in situ.

Introduction

Gold occurs in a matrix of quartzite, which is extremely
hard (900 to 1300 RV). Consequently, all the equipment
used in mining and transporting this ore is subjected to
severe abrasive wear, which is aggravated by the
aggressively corrosive environment in which the equip-
ment has to operate underground. Replacement or main-
tenance costs due to abrasive-corrosive wear can be
considerable. Traditionally, such costs have often been
accepted as inevitable but, with the increasing costs of
gold mining, the need has arisen to improve the per-
formance and efficiency of existing and new equipment.
The success of new mechanical mining systems will, to a
large extent, depend on their resistance to abrasive-
corrosive wear.

The activities of the Mining Technology Laboratory of
the Chamber of Mines Research Organisation are directed
at the mechanization of stoping operations in South
African gold mines1. At an early stage in this develop-
ment, it was recognized not only that abrasive wear
seriously affects the reliability and economic life of
stoping machines, but that the severity of the problem is
unique to the South African gold-mining industry. In
addition, it was felt that many of the problems being
experienced are facets of an overall problem of abrasive
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wear in the gold-mining industry, which had previously
been tackled as a number of individual and unrelated
problems. It was felt that, if the basic mechanisms of
abrasive wear and the factors that influence it were
understood, other related problems of abrasive wear
could be identified and solved. This paper describes one
aspect of this programme - that of low-stress abrasive
wear, which was identified as a specific wear mechanism
that required in-depth examination.

A wide range of materials was tested both in the
laboratory and underground in an attempt to understand
the wear mechanism and the microstructural parameters
of metals that are important in reducing low-stress
abrasive wear. A prototype shaker conveyor2 was used
as the underground test vehicle since it enabled con-
trolled experimentation to be carried out in a working
environment. Furthermore, it was believed that the
correlation of the results obtained in laboratory and in
situ tests would encourage the development of a reliable
laboratory wear test that could be used for establishing
the suitability of new alloys without lengthy in situ
experiments. In this way, the selection and design of
alloys for other situations could be placed on a firm
scientific foundation.

Experimental Method
Materials

The grades and chemical compositions of the various
materials tested in this investigation are shown in Table
1. The majority of the materials were received in the
form of commercial 10 mm thick plates in the annealed
or heat-treated condition.
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Dry-abrasion tests were carried out on an extensively

modified Rockwell disc/belt sanding machine similar in
principle to that of other machines developed for dry-
abrasion testing3.4.

The parameters that can significantly influence abra-
sive wear are listed below, together with the final con-
ditions chosen for the tests.

Load 20 N
Path length 3,6 m
Abrasive Corundum (AI2O3)
Abrasive size 300 /Lm
Abrasive velocity 100 mm.s-l

These conditions were chosen because they gave measur-
able and reproducible volume losses of material, and the
topography of the worn surface was similar to that
experienced in practice on the shaker conveyors. It was
believed that more meaningful results would be obtained
if quartzite were used as an abrading material, but, as
bonded-quartzite belts were unobtainable, alumina,
which has a hardness of 1800 RV compared with that of
quartzite (900 to 1300 HV), had to be employed.

Before the tests, the specimens were run-in on the
abrasion rig for a distance of 3,66 m to achieve a standard
topographical condition. The specimens were weighed to
an accuracy of 0,1 mg, abraded, and reweighed. The
mass loss was then converted to volume loss. The repro-
ducibility of the method was found to be within 4 per
cent, which is consistent with the reproducibility obtain-
ed with other pin-on-disc methods.

Wet-abrasion Laboratory Testing
It is clear that the testing of materials for dry-abrasion

resistance alone is not likely to provide a satisfactory
guide for the selection of materials that are to be used in
corrosive environments. Consequently, a laboratory
technique was developed that involves timed corrosion
periods followed by abrasion, in which the relative
amounts of corrosion and abrasion can be closely con-
trolled.

The samples were similar to those used in the dry-
abrasion tests. The specimens were initially abraded on
the abrasion test rig to run-in the surface, and were then
weighed to an accuracy of 0,1 mg and inserted into holes
drilled into a Perspex plate so that the abraded surface
was flush with the Perspex surface. Synthetic mine water
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TABLE I
ot pH 0,5 at a temperature ot 3UvU was allowed to tlow
over the exposed abraded surface. Only the abraded
surface was exposed to the corrosive environment, the
other surfaces being protected by the anti-rust com-
pound Tectyl. After a predetermined time in the corro-
sive environment, the specimens were removed, and,
after their surfaces had been abraded, they were re-
weighed. Mass loss was then converted to volume loss as
in the dry-abrasion tests.

Underground Testing
Simultaneously with the laboratory tests, a similar

range of materials was evaluated on a prototype shaker
conveyor operating at an underground test site in a stope
in the Doornfontein Gold Mine.

The conveyor comprised a number of shallow U-shaped
pans, 2 m long, which were fastened together to form a
conveyor 80 m long. In operation, the rock on the con-
veyor pans is accelerated down dip by the motion of the
pan, and the pan is then pulled up dip, allowing the rock
to slide over the surface of the pan as static friction is
overcome. This reciprocating motion of the pan results
in a down-dip motion of the rock.

Four pieces, approximately 500 mm by 300 mm, were
cut from the bases of a number of pans and replaced
with similar-sized panels of 8 mm-thick high-density
polyethylene mounted on a backing plate of commercial-
grade aluminium alloy, the whole being bolted to the
base of the pans. Samples of the materials under test
were fitted into the polyethylene panels to present a
surface of 75 mm by 50 mm flush with the sliding
quartzitic rock. High-density polyethylene was chosen
on the basis that it would wear slightly faster than the
materials under test, thus maintaining an essentially
constant sample surface to the moving rock. The poly-
ethylene also prevented galvanic corrosion between the
individual samples, which could lead to higher mass
losses and erroneous results.

Each panel was constructed to accommodate twelve
specimens consisting of four different materials in groups
of three across the width of the shaker-conveyor pan
(Fig. 1). Three mild-steel control specimens were fitted
into each of the eight panels. Prior to being installed, each
specimen was weighed to an accuracy of 0,01 g. Every
two weeks the four panels were taken out and replaced
with the other four panels. The mass loss of each speci-

n-



Longitudinal specimen Transverse specimen,

Vickers Strain Yield Tensile Elonga- Charpy Yield Tensile Elonga- Charpy
Material hardness rate* stress stress tion test stress stress tion test

N/mm2 N/mm" % J N/mm" N/mm" % J

H 412 645 53 416 645 53
304L 191 172 178

L 312 712 75 356 705 76

H 412 601 51 394 616 51
316L 177 161 172

L 367 634 73 311 634 72
-.. H.. 356 445 33 389 463 32

Alloy A 165 ....
50 5

L 289 423 38 334 445 35

H 445 521 25 434 523 27
430 160 60 68

L 389 507 29 367 490 30,

H 356 668 24 378 679 22
Alloy B 177 4 5

L 312 656 27 312 659 23

H 1313 1335 7 1313 1335 9
Alloy C 413 13 39

L 1202 1302 9 1224 1324 14

H 1113 1126 13 1101 1121 15
Alloy E 389 49 80

L 1068 1130 16 1068 1128 18

Mild H 300 439 34 319 439 34
steel 126 57 119

L 278 423 36 256 434 40

H 86 91 32 86 94 39
Aluminium 30 54 53

L 56 89 40 56 90 40

H 1558 1558 7 1571 1571 7
Alloy H 487 37 32

L 1380 1529 13 1402 1551 12

H 1202 1230 8 1202 1219 10
Alloy G 406 66 12

L 1113 1213 13 1113 1210 6

'.
H 1491 1520 6 1380 U42 7

Alloy F 437 17 24
L 1224 1424 11 1313 1433 11

Alloy D 420 L 1250 1450 15 15 - - - -(typical)

men was converted to a volume loss, and the abrasion-
resistance rates were calculated relative to the mild-steel
control samples in each respective panel. It was found
that the wear was uniform across the base of eac~ pan on
the shaker conveyor, and the volume loss ofthe mild-steel
control specimens had a mean statistical variation of
about 5 per cent.

Structural Examination

The laboratory-abraded specimens and the samples
from the underground tests were examined by both
optical and scanning electron microscopy. Tensile, im-
pact, and hardness tests, using both Rockwell and
Vickers procedures, were carried out on the specimens
from the underground programme. The values obtained

are presented in Table n.

Results
Dry-abrasion LaiJoratory Tests

Fig. 2 gives typical results obtained with the la,bora-
tory dry-abrasion test rig for a range of ferrous alloys.
The abrasion resistance of each alloy was calculated
from the slope of the line relating abrasion path length to
volume loss, and was compared with that for mild steel.
Thus, the relative abrasion resistance (R.A.R.) is equal to
the volume loss of mild steel for a given abrasion distance
divided by the volume loss of the specimen for the same
abrasion distance. Mild steel thus has an abrasion resis-
tance of unity, and values for the alloys tested are
presented in Table Ill.

MECHANICAL PROPERTIES OF THE MATERIALS TESTED

TABLE 11

~

~ .&t1;~ .ra,te: H ", High (2 mm/s)
L "",:{..ow.(0,O4 mm/s)
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LABORATORY TESTS

24h 48h
Abrasion corrosion corrosion In situ

Material only 1,2m + + tests
(R.A.R.) 500 mm 500 mm (R.W.R.)

abrasion abrasion

316L 1,45 2,5 3,13 3,85
304L 1,89 3,33 3,70 3,45
430 1,25 1,96 2,00 4,17
Alloy A 1,19 2,13 2,27 3,13
Mild Steel 1,00 1,00 1,00 1,00
Alloy C 1,49 1,32 1,20 1,23
Alloy G 1,64 1,52 1,39 0,98

4.0

(abrasion only)

M
E

.5 3.0

~If)
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0..J
UJ
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..J
0
>
UJ 2.0
>
I-
<I..J
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~::>u

1.0

.
Fig. I-The arrangement of test samples in the polyethylene
frame on the base of a shaker conveyor In Doornfontein Gold

Mine

Clearly, mild steel has a lower wear resistance than
that of all the stainless steels and propietary abrasion-
resistant alloys investigated. These alloys, as well as
austenitic stainless steels grades 316L and 304L, were
found to have an abrasion resistance that was 45 to 90
per cent better than that of mild steel. The most abra-
sion-resistant steel was found to be austenitic steel grade
304L, which had a relative abrasion resistance of 1,89.
The ferritic stainless steel grade 430 and Alloy A were
found to have the worst abrasion resistance of the alloys
tested, but were nevertheless clearly better than mild
steel (Fig. 2).

TABLE III

RESULTS OF THE TESTS EXPRESSED RELATIVE TO THE
VALUE FOR MILD STEEL

Wet-ahrasion Lahoralory Tests
The introduction of a period of corrosion followed by

abrasion had a profound effect on the slope of the line for
volume loss versus abrasion distance. The added effect of
corrosion changed the ranking order of abrasion resis-
tance considerably from that obtained under dry abra-
sion. After only one day of corrosion followed by abrasion
for 500 mm, the lines for volume loss were separated into

0 1 2 3 I,

ABRASION PATH LENGTH (m)

Fig- 2-Dry-abraslon volume loss as a function of abrasion
path length for a number of alloys tested In the laboratory.

If)
If)
0
..J

1 day corrosion + 500 mm ab rasion

leach run I

r;;3.0
E
E

UJ

~ 2.0..J
0
>
UJ
>
I-oCI:
..J
::>
~

~ 1.0

Q5 1~ 1S 2~

LENGTH OF ABRASION PATH (m)

Fig. 3- The volume loss of a number of alloys as a function of
an abrasion-corrosion treatment of I day corrosion in syn-

thetic mine water plus abrasion over 500 mm

0
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Fig- 4- The volume loss of a number of alloys as a function of
an abrasion-corroslon treatment of 2 days In synthetic mine

water plus abrasion over 500 mm

two groups representing carbon and low-alloy steels, and
stainless steels (Fig. 3). As the amount of corrosion
increased relative to abrasion, so did the separation
between the two groups (Fig. 4).

Clearly, the additional effect of corrosion increased
the volume lost by the carbon and low-alloy steels, but
the volume lost by the stainless grades remained essen-
tially constant for similar conditions. Thus, the relative
abrasion resistances ofthe stainless steels became greater,
while those of the low-alloy steels became smaller and
moved closer to the value of that ascribed to mild steel
(Table Ill). Fig. 5 illustrates the effect of added corrosion
on the wear resistance of selected proprietary abrasion-
resistant alloys and stainless steels.

Underground Tests
Graphical illustrations of the volume lost during a

period of three months for each material during the
underground tests are shown in Figs. 6 and 7. The
abrasive-corrosive wear of the alloys shows a direct
correlation with days in situ, rather than with conveyor
working time or the amount of rock passed. The stainless
steels, namely the two austenitic grades 316L and 304L
and the ferritic grade 430 and Alloy A, exhibit the best
abrasive-corrosive resistance. The relative abrasive-
corrosive wear resistance (RW.R) for these stainless
alloys lies between 3,13 and 4,17 (Table IV).

There is a definite disparity between the wear resis-
tance of the stainless grades and the proprietary abra-
sion-resistant alloys. The wear resistance of the abrasion-

8.0

7.0

:"l

~ 6.0

lI1
lI1
0

-' 5.0
w
:::;:
:::J
-'0
> 1..0
w
>
....
«
-' 3.0:::J
:::;:
:::J
u

2.0

INCREASING CORROSION

1.0

IDAYCORR.:
I

2 DAY' CORR:

I

2 3 I.
ABRASION

5 6 7 8
PATH LENGTHIm)

Fig- 5- The effect of introducing corrosive periods on the
rate of volume loss with abrasive path length

resistant alloys was found to be less than half that of the
stainless varieties. Furthermore, Alloy B and Alloy G
were found to have a lower abrasive-corrosive resistance
than that of mild steel. Aluminium was found to have
the lowest wear resistance of all the alloys tested.

Examination by Scanning Electron M icro8copy
An examination of surfaces that had previously been

polished, etched, and abraded in the laboratory revealed
a number of distinct differences in the wear behaviour
of the various materials.

With soft, ductile materials such as aluminium, the
abrasive particles gouged out deep grooves, and caused
significant lateral flow of material and deformation of the
adjacent matrix (Fig. 8). The total amount of deforma.
tion depended not only on the work-hardening charac-
teristics of the materials but also on the sharpness of the
abrasive particle and the depth to which it penetrated.
Blunt particles gave rise to greater deformation and ridge-
formation at the sides of the grooves. Harder materials,
such as the tempered martensitic steels, exhibited shal-
lower grooves with much less surface deformation and
ridge formation. Often material extruded to the sides of
the grooves was found to be cracked or torn (Fig. 9).

The duplex structures, which contained two phases of
different mechanical properties such as those found in
mild steel or Alloy A, appeared to have no significant
effect in altering the profiles of the wear track. Figs. 10
and 11 show that the abrasive particles appeared simply
to gouge through the surface regardless of phase and
structural variations. However, the softer, ferrite phase
in mild steel adjacent to the wear track deformed con-
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I

Costjkg*
Relative based on Relative

Material Loss Relative wear 100 t of cost rate
per day density resistance 4,5mm of wear

g (RW.R) plate (MS = I)
R

430 0,022 7,7 4,17 1,40 0,71
304L 0,028 7,92 3,45 1,90 1,22
316L 0,024 7,9 3,85 3,45 1,89
Alloy A 0,031 7,74 3,13 1,02 0,72
Aluminium .. 0,048 2,7 0,68 2,71 3,65
Alloy H .. 0,056 7,84 1,67 1,00t 1,28
AlloyE

"

0,067 7,85 1,39 I,GOt 1,53
Alloy D .. 0,078 7,85 1,25 2,58 4,60
Alloy F .. 0,068 7,86 1,43 1,23 1,91
Alloy C .. 0,075 7,86 1,23 1,23 2,15
Mild steel 0,095 7,86 1,00 0,46 1,0~
AlloyB .. 0,093 7,85 1,00 0,55 1,17
AlloyG .. 0,099 7,85 0,98 2,05 4,65

*Costs of January 1980
tNot known - figure of RI,OO used
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Fig. 6- The volume loss of a number of alloys as a function of
the number of days in situ on a shaker conveyor
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Fig. 7- The volume loss of a number of alloys as a function of
the number of days in situ on a shaker conveyor

TABLE IV
RESULTS OF TESTS CARRIED OUT IN SITU ON A SHAKER CONVEYOR IN A 1IIINE

IN RELATION TO THE VALUES FOR MILD STEEL
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Fig.8-A wear track produced by the dry abrasion of com.
mercially pure aluminium

Fig.~9-A wear track produced by the dry abrasion of mar-
tensitic 431 grade stainless steel

Fig. IO-A wear track :produced by the dry abrasion of Alloy A

Fig. I I-A wear track produced by the dry abrasion of mild
steel; note the Influence of the pearllte phase on the plastic

flow associated with the scratch

Fig. 12- Typical abrasion debris produced by dry abrasion

Fig. 13- Typical abrasion chip produced by dry abrasion
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siderably more than did the pearlite regions.
At the head of the wear track immediately in front of

the abrading particle, extensive plastic deformation of
the material was observed for all the alloys. Clearly, the
high compressive forces and the effect of high induced
temperatures at this point resulted in easier plastic
deformation, which allowed extensive shearing of the
matrix to occur. This deformation was seen as extrusions,
which were eventually sheared or torn off, giving rise to
irregularly shaped pieces of debris (Fig. 12). With
sharper abrading particles, more regular chip formation
took place in a manner similar to that found in normal
machining operations. Such chips were often curled or
twisted, and consisted of clearly defined segments of
material (Fig. 13).

The effect of the corrosion in addition to the abrasion
experienced by the underground specimens is illustrated
in Figs. 14 and 15. This caused pitting of the cold-worked
surface layers and the development of brittle oxide films.
These oxide films were found to be easily removed when
the surfaces were further abraded. No such corrosive
products were seen on the surfaces of the stainless steels.

Fig. I4-Cross-sectional view of the wear grooves and corro-
sive attack on a specimen of Alloy G that had experienced

wear on the shaker conveyor

Fig. IS-Spalling of the corrosion product on a specimen of
Alloy G that had experienced wear on a shaker conveyor.
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Discussion

The selection of a material to resist abrasion in any
given situation is not easy because of the often variable
circumstances in which it must operate. Traditionally,
the choice of material has been made on the basis of
some mechanical property such as hardness, but such an
approach should be viewed with caution.

The present results have shown that, although the
harder and stronger steels have a dry-abrasion resistance
that is 40 to 70 per cent better than that of mild steel,
they do not show better dry-abrasion resistance than the
stainless austenitic steels under slow sliding conditions.
The 304L stainless grade has a much lower hardness and
strength than any of the proprietary abrasion-resistant
alloys tested, but has superior dry-abrasion resistance.
The abrasion resistance of such steels is directly linked
to their microstructure of metastable austenite, which
can undergo a stress-induced transformation to marten-
site that effectively raises the work-hardening rate and
ductility, and thus increases the metal's ability to absorb
energy during the wear process5. Therefore, the micro.
structural approach to wear problems can result in a more
meaningful interpretation of abrasion resistance than
those based on simple mechanical properties alone.

The evaluation of materials for use in gold-mining
stopes is further complicated by the corrosive environ-
ment in which they have to operate. Although the
amount of abrasion depends on the amount of rock
handled and the duration of the operation, the per-
formance of alloys should reflect a balance between
abrasion and corrosion resistance. In the present work,
the volume loss of all the materials tested on the shaker
conveyor was found to be proportional to the time in situ.
As the panels were underground for 70 days, and as only
650 t of rock were conveyed, it is most probable that
corrosion would be the dominant deterioration process.
Thus, it is to be expected that the stainless or corrosion-
resistant steels would be superior to the less corrosion-
resistant carbon and low-alloy steels. Tables III and IV
and Fig. 16 show that this is indeed so.
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Fig. I6-The relative wear resistance of the alloys subjected
to tests on the shaker conveyor
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The superior underground performance of both 430
and 316L steels compared with that of 304L cannot be
understood at this stage, and further tests are being
undertaken to clarify this apparent anomaly. In general,
the abrasion-resistant alloys are only slightly superior to
mild steel. As the amount of corrosion increases, the
stainless grades exhibit an abrasive-corrosive wear resis.
tance that is more than three times greater than that of
mild steel. With increasing corrosion, the wear resistance
of the proprietary abrasion-resistant alloys becomes
almost the same as that of mild steel.

These indications from the underground experiments
were confirmed by the results of the abrasive-corrosive
tests carried out in the laboratory (Table Ill). Mter 2
days of corrosion and 500 mm of abrasion, the wear
resistance of most of the grades tested showed good
correlation with those recorded for the samples tested
underground on the shaker conveyor. These observations
suggest that, provided a correct assessment has been
made of the conditions under which a particular item of
equipment has to operate, the laboratory testing of
materials can provide a most valuable indication of their
performance in situ in a mine.

Although the abrasion and corrosion resistance of
alloys in extremely important if they are to be used in
mining environments, the final choice may often be
determined by other factors such as formability, avail.
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Fig. 17- The relative wear cost of alloys subjected to tests on
the shaker conveyor

ability, weldability, and cost. When the cost per unit of
volume lost by wear is taken into consideration for low-
stress abrasive-corrosive wear mechanisms, it is possible
that the high price of the austenitic steels 316L and 304L
could preclude their widespread use. This is illustrated
in Fig. 17, in which the wear cost is related to that of
mild steel. The ferritic grades of steel 430 and Alloy A
are shown to be economically superior to all steels
including mild steel. This does not take into account the
effect of more frequent replacement or expensive down-
time, which would further support the selection of these
two grades of steel. On the other hand, economic con-
siderations such as cosUy plasma cutting or the use of
expensive welding rods is likely to detract from their
widespread use.

It should be noted that the results of this investiga+ion
relate to a specific situation of abrasive wear under
sliding-corrosive conditions, and should not be inter-
preted without due regard to the operating conditions
f01 other applications. Nevertheless, it appears that
ferritic grades of stainless steels have an important
future in combating abrasive-corrosive wear in the gold.
mining industry.

Conclusions

1. The microstructural approach to wear problems can
result in a more meaningful interpretation of abrasion
resistance than those based only on simple mechanical
properties such as hardness.

2. An understanding of the more important abrasive-
wear mechanisms that occur in a gold-mining en-
vironment is essential.

3. Corrosion resistance is an important consideration in
the selection of abrasion-resistant steels for use in an
underground environment.

4. Provided a correct assessment has been made of the
conditions under which a particular item of equip-
ment has to operate, the laboratory testing of
materials can provide a most valuable indication of
their performance in a mine.
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