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ABSTRACT

A range of aluminium alloys and particulate reinforced aluminium metal matrix

composites has been tested in an apparatus which simulates the erosive-corrosive

action of a slurry. The slurry consisted of silica sand suspended in either distilled

water or synthetic mine water. Several steels were also tested in order to clarify

certain concepts relating to the synergistic effects of erosion and corrosion.

In general both the heat-treatable and non heat-treatable aluminium alloys exhibit

lower slurry erosion rates with increasing hardness and work to fracture values. The

slurry erosion rates of the aluminium matrix alloys increas with increasing amounts of

reinforcement particles.

For the steels a good work hardening capacity and/or high hardness values are

found to promote good slurry erosion resistance. All the steels exhibit lower slurry

erosion rates than the aluminium alloys.

A corrosion cell was developed to allow in situ electrochemical measurements to be

made.

The addition of corrosive ions to the distilled water results in increased material

removal rates, increasing by as much as 40% for some of the aluminium alloys and

41% for the 304 stainless steel.

The aluminium alloys and the steels which have increased corrosion resistance due

to passivity, display poor performance under the slurry erosion-corrosion conditions

tested. Paradoxically corrosion resistance was found to have a detrimental effect on

the slurry erosion-corrosion resistance of a material.
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CHAPTER 1

INTRODUCTION

Slurry erosion concerns the removal of material by impingement of solid erodent

particles suspended in a carrier fluid. Moving solids as a slurry is an efficient means

of transport and is therefore widely used. In practise this occurs in the solid-liquid

transport in pipelines in the mining, civil and chemical engineering industries, and the

dredging of navigable rivers and water-coal slurry spraying in power generation

industries. The movement of these slurries can cause significant erosion and

corrosion, especially in positions where the slurry flow changes direction. Pumps,

elbows, tee junctions and valves are only some of the parts in the systems that are

subject to slurry erosion and corrosion. In a slurry, erosion is produced by the solid

particles and corrosion may occur due to the liquid. These two factors may interact

(synergism), to produce wear rates that are greater than the sum of their separate

effects. This work concerns a materials ability to resist the synergistic action of slurry

erosion and corrosion. Other factors that are also important for material selection in

an engineering application, are cost, weight and ease of manufacture, namely

castability, formability and machinability.

Aluminium is the most widely used non-ferrous metal in the engineering industry,

owing to its attractive properties such as light weight, ductility, corrosion resistance,

availability and low cost. However aluminium is soft and cannot be used to in

applications involving tribological contacts1, this has prompted research into the

addition of ceramic reinforcement to enhance its mechanical properties.

The experimental work was performed to determine what effect material composition,

the corrosion media and the impact angle has on slurry erosion performance. An

attempt has been made to establish the mechanisms and factors which constitute the

wear process in order to quantify their contributions. Thus the thesis examines the

mechanisms of material removal by the slurry erosion as well as the synergistic

effects of slurry erosion and corrosion of the aluminium alloys, the aluminium metal

matrix composites and of the steels.



CHAPTER 2

LITERATURE SURVEY

The slurry erosion rate of a material is governed by a number of factors which control

the micro-machining and micro-fracture processes. The following parameters are

considered to be important for slurry erosive wear and will be considered in the

following sections:

impact angle

erodent size, shape and properties

solid particle concentration in the liquid carrier

properties of the carrier fluid including corrosivity

mechanical and corrosion properties of the target material

2.1 Erosion Mechanisms

Three dominant mechanisms having been identified for material removal under

gas/air borne solid particle erosion2-47 :

microcutting (dominant for high angle erosion of ductile materials)

microploughing (dominant for low angle erosion of ductile materials)

microfracture (dominant for brittle materials)

Solid particle erosion theory assumes that for small impact angles (0--30°), erosion is

due to a process of chip formation as a result of the microploughing action of the

erodent particles. The mode by which erodent particles remove material from a

ductile target surface involves the displacement of material from a damage crater

produced by the impact event, i.e. ploughing. An impacting particle pushes material

forward leaving a groove in its wake and a lip at the end of the groove when it leaves

the impact site, this is shown schematically in fig. 2.1(a).
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Figure 2.1 The effect of Impactangleon the modeof material removal.

For large values of impact angle (a=900), the mechanism of erosion ceases to be one

of cutting and could be described as one of repeated impact wear. In the case of

ductile materials plastic deformation usually results from the particles impacting the

surface, fig. 2.1(c). When the impingement energy exceeds some limit, under steady

state conditions, the surface layer is heavily deformed resulting in ductile

microfractures. Further impacts of solid particles thereafter removes material.

For impact angles between =10° and 90", both mechanisms contribute to the erosion

process, fig. 2.1(b).

Another method of material removal is by repetitive-impact induced flake formation

and the fatigue process of flake detachment by crack formation at their roots38•

Hutchings12 and Field7 studied the detachment of crater lips in detail. They found

that the lips are detached along localised adiabatic shear bands, formed beneath the

surface near the lips. The formation of lips at the edges of impact craters, and their

removal by other particles impacting nearby was also pointed out by TiIly35.

The above models describe wear in gas-borne particle erosion but do not adequately

explain erosion due to particles in a liquid carrier. Additional factors associated with

liquid borne solid particle erosion are the deceleration of the particle near the target

surface due to the viscosity of the liquid, the differences in heat transfer and corrosion

processes48-66•
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2.2 Effect OfErodent Size And ReinforcementOn Erosion
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It has generally been found for ductile metals that erosion rate increases with

impacting particle size until some threshold particle size is reached. Further

increases in particle size have no effect on erosion rate67-76. Typical threshold values

are about 100pmand the threshold appears to increase with increasing velocity73,9.

For a given mass of erodent striking a surface, as particle size increases fewer

particles impact the target, but the total energy of the impacting erodent particles is

independent of particle size. It is not obvious, therefore, why erosion rate should be

affected the erodent diameter at all82 .

The energy absorbed by impacting particles is a function of size, and once a certain

size is reached fragmentation of the erodent occurs; these fragments induce

secondary damage as they are ejected, leading to additional erosion9•

Although fragmentation of impacting particles is important in some erosive

conditions, particle-sizethresholds have been shown to occur in their absence43.

Steady state airborne solid particle erosion rates were measured for pure aluminium

and an A1-12wt.%Si eutectic alloy at an impact angle of 30°, by Hovis, Talia and

Scattergood7o. Norton E17 AI20 3 erodent particles, having mean diameters ranging

from 63 I'm to 406 pm, were used as erodent. Erodent particle velocities of 70m/s

were achieved using an air stream apparatus. The erosion rates of the A1-12wt.%Si

alloy was found to be significantlyhigher than those of pure aluminium under identical

erosion conditions.

Material Steady $lte erosion rates (X10-4g/ g) for the
followingerodent particle diameters

406 pm 266 pm 142 um 63/lfTl

PurePJ 2.77 2.49 2.60 1.91
PJ-l2wl%SI 3.45 3.01 2.80 1.70

Table 2.1 Steady state erosionrates for pure aluminium and the PJ-l2wl.%SI alloy, given
as a function of eroden! particle sizes In mlcrometers70•

The data, presented in Table 2.1 , shows that as the erodent particle size decreases,

the differences between the aluminium and the AI-12wt.%Si decrease until finally a

cross-over point is reached at the. smallest particle size. Hovis, Talia and

Scattergood70 inferred that the effect of erodent size must be partly related to the

microstructural size scales.
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The micromachining and chip fracture processes in the AI-12wl.%Si alloy should be

less dominant as the impact crater size decreases and becomes comparable with the

spacing between the silicon eutectic platelets. The silicon platelet size and spacing in

the AJ-12wl.%Si alloy were each about 3-5 pm, and for the conditions used the

impact crater sizes were about one-tenth of the erodent particle sizes. For the

smallest particle size of 63 pm the microstructural size scale was found to become

comparable with the impact crater size70. For the AI-12wl.%Si alloy the silicon acts as

an efficient chip breaker, which assists material removal, when the size and spacing

of the eutectic silicon platelets are less than the impact crater size. The impact crater

size depends primarily on factors such as the relative hardness of the target and the

erodent and the kinetic energy of the impacting particle.

Since the indentation hardness of the alloy is about a factor of 3 greater than that of

pure aluminium, this implies that the hardness, or flow stress, is itself insufficient as a

measure of erosion resistance in this alloy system70.

Even though the individual impact craters will be larger in pure aluminium than in the

AI-12wl.%Si alloy mentioned above, for erosion, the material removal mechanism is

less efficient in the pure aluminium. This is due to the difference in ductility or strain­

to-fracture differences that occur between the pure aluminium and the AI-12wl.%Si
alloy70.

In pure aluminium the ductility is large and rather than a simple removal of a lip, or a

micromachining chip, from an individual impact crater site, there is instead a refolding

of the displaced material when subsequent particle impacts occur. Under steady

state conditions this refolding process continues to accumulate strain (work hardens)

and failure must finally result in the removal of material that has undergone sufficient

prestrain, so that incipient displacement of a lip of material will exceed a critical

(accumulated) fracture strain. The strain accumulation must persist as the erosion

surface moves downward into the material and thus, in terms of energetics of the

process, some of the incident particle energy will be consumed as a result of strain

accumulation without material removal. For pure aluminium, it is also likely that

dynamic recovery processes71(quoted by Hovis, Talia and Scattergood7o) will

enhance the strain accumulation effects and reduce the efficiency of the material

removal mechanism.

Scanning electron microscopy surveys were made by Hovis, Talia and Scattergood70

of single-impact crater sites on both pure aluminium and AJ-12wt.%Si alloy. While

chip removal did appear more prevalent for the AJ-12wl.%Si alloy, such single impact

studies are not really conclusive unless considerable effort is spent in developing
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statistical measurement and analysis techniques. Optical microscopy of cross

sections were found to manifest the intrinsic differences in the steady state material

response between pure aluminium and AI-12wt.%Si alloy more clearly7°.

The use of reinforcing particles is not always beneficial for the erosion resistance.

Under some conditions it can increase the material loss compared with the

unreinforced alloy, especially when reinforcement fracture occurs under high impact

loadsn -108.

Metal matrix composites have been developed to yield superior mechanical

properties. In general, metal-matrix composites erode more rapidly than do

unreinforced metals, although differences in erosion rate are seldom more than about

SO%82. Solid particle-erosion of 2014 AI has been studied by Wu, Goretta and

Routbourt82. The alloy was either unreinforced or contained 20 vol.% particulate SiC

or AI2~. The materials were tested in the as cast, annealed, as-quenched and T6

heat-treated conditions. The erosion tests were conducted in an evacuated slinger­
type apparatus 83. Angular AI20 3 (Norton Alundum 38), with average particle size of

23, 42, 63, 143 or 390 Ilm, was used for most tests. For comparison, angular SiC

(Norton Crystolon 37) was used for some tests. The erodent velocities were SO, 75,

or 100 m/s and the impact angles ranged from 10-90". No incubation period was

observed for any of the MMCs tested under the above conditions. The matrix alloys

also exhibited little or no transient response at low angles of incidence. For normal

incidence, however, the specimens gained mass initially because of imbedding of the

erodenl Embedding was least severe for the T6 heat treated specimens. This effect

of angle of impact was similar for all combinations of impact velocity and erodent

particle size. For the aluminium matrix alloys, under every set of conditions, the

maximum erosion rate was at the 15° impact angle and the minimum rate was at 90°.

For the MMCs, the maximum erosion rate occurred from 15° to 30°, with the

maximum for impact by smaller particles tending to occur at 15°. The minimum was

always at 90°. The composites eroded more rapidly than the matrix alloys under all

conditions.

Wu et aI.82 explained that since each of the materials exhibited maximum erosion at

oblique incidence and minimumerosion at normal incidence, then the erosion of each

material is due to ductile mechanisms. The differences in erosion response are
attributed to details of microstructure and mechanical properties. For metals, shifting
of erosion maxima to higher angles has been ascribed to decreases in ductility79.

Aluminium metal matrix composites generally have much lower ductilities than the
unreinforced alloys107; heat treating to the T6 condition reduces the ductility even

further. The shifting of the maximum erosion rate to higher angles for the
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composites, with a more pronounced shift for the heat-treated specimens, is
consistent with the relative ductilities. Although the target ductility plays an important

role in erosion, hardness is also important. Hardness and ductility are inversely

related in most metals and it is generally not possible to optimise both properties

simultaneously. It was therefore proposed that the erosion data presented can be

analysed in terms of these competing factors: ductility decreases caused by

hardness increases82 .

The erosion rates of the Aluminium-SiC and Aluminium-Al203 composites were

virtually the same. Erosion rates of monolithic SiC and AI203 can vary by a factor of

approximately five. It appears, therefore, that the erosion rate of aluminium metal

matrix composites will not be strongly influenced by the composition of the particulate

ceramic reinforcement.

Wu et al.B2 concluded that the reinforcement phase should be well dispersed and

should not have sharp edges. The composition of the reinforcement is of secondary

importance. Especially for erosion at normal incidence ductility appears to be more

important to erosion resistance than does the strength and should be maximised.
Abrasive shape affected material removal in that the flat abrasives induced less

wastage.

Two mechanisms have been identified for the slurry erosion of particulate-reinforced

aluminium alloys by Christman and Shewmon69:

(1) For small impingement angles (fig. 2.2), only part of the matrix is

exposed to incident erodent particles.

~
....,..v.., small Impingement
..: angle
.~ ,:. " .•

x

Figure 2.2 For small Impingement angles. during slurry erosion of the particulate­
reinforced metal matrix, the protectJoneffect, gives rise to protruding particles.
(after Christman and ShewmonSll)
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This phenomenon corresponds to the case where the mean free path (A) between the

reinforcing particles is much larger than the damage (or crater) size produced by a

single erodent particle. This allows the usual cutting mechanism, for ductile materials

to take place69.

The slurry erosion associated with the protection effect results in protruding particles

on the worn surface, (fig. 2.2).

(2) If the impacting particles have sufficient energy, particularly for large

impact angles. fracture of the reinforcing particles can occur, which is

detrimental from a slurry erosion resistance point of view, fig. 2.3.

broken
particle

large impingement
angle

Figure 2.3 For large Impingement angles during slurry erosion, coupled with sufficient
erodent mass, fracture of the reinforcing particles In the particulate-reinforced
metal matrix occurs. (after Christman and Shewmon69)

The fracture of the reinforcing particles eliminates the presence of protruding

particles. The wear of the entire surface is then uniform with the same slurry erosion

rate for the particles and the matrix. This results in an even surface free from

protruding particles69.

It can be seen from the curves in fig. 2.4 that reinforcing particles improve the wear

resistance of the aluminium alloy (5083 as received) except for slurry erosion at 90·

with coarse erodent. This was been shown to be due to the fracture of the reinforcing

particles69.

There is an absence of a maximum in the curves for the MMe. The absence can be

attributed to the inhibition in the cutting process of the material. The maximum found

in the case of ductile materials is associated with the high efficiency in the cutting

mechanism related to a small impact angle69.
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Figure 2.4 Slurry erosion wear of aluminium alloy 5083 and a 35vol.% of 180 /lm alumina
particulate-reinforced aluminium 5083 alloy as a function of the Impingement
angle of the slurry jet The slurry velocity was 15m/s and the silica erodent
concentration was 10Wt.% for all 3 erodent sizes used. (after Christman and
Shewmon69)

2.3 Carrier Auid

A study was made by Zu65•66 to compare the differences between aqueous slurry

erosion and airborne solid particle erosion, under the same conditions. Zu found that

a heterogeneous surface composite layer, due to embedment of fine silica erodent

particle fragments in the aluminium surface, only forms during airborne solid particle

erosion. The slurry erosion surface being free from embedment. This led Zu to the

conclusion that a fluid cleaning effect must be operative during slurry erosion. The
fluid washes debris of detached target material away before they can be reattached

onto the target surface by subsequent impacting particles. Water also washes

broken fragments of erodent particles away preventing adhesion and
embedment65,66.

The surface composite layer that formed under the airborne erosion conditions

resulted in a surface layer that was harder than that formed during slurry erosion.

This difference in hardness was partly accounted for by the higher erosion resistance

shown by the aluminium specimenssubjected to airborne erosion65,66, (fig. 2.5). The
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steady state mass loss is reached only when the rate of adhesion and embedment is

surpassed by material removal caused by airborne impacting particles.

25,--------,..----------------,

20

5

airborne

c; 15
g

~ 10

~
::0

• • • •

slurry

• • • • • • • •
• • • • •

-5-+--..---.---.---.----.----.---.----c::---c::--:-lo 20 40 60 80 100 120 140 160 180 200
Mass of Erodent (kg)

Figure 2.5 Erosion wear of an aluminium alloy as a function of mass of erodent used.
Both the slurry and alrbome particle veloctties were 4.5mjs, the mean silica
sand erodent particle diameters being 700 p.m. An Impact angle of 40' was
used. (after Zu66)

It is not noted by Zu65,66 that another factor why embedment under slurry erosion

conditions is less likely, is because the fluid greatly reduces the velocity of the

erodent particles near the surface and hence the kinetic energy of the particles on

impacting the surface. The prevention of embedment, due to the fluid protection

effect in slurry erosion is probably the reason why there is an incubation period only

under the airborne erosion conditions.

The fluid dynamic forces acting on the erodent particles due to the flow patterns over

the target also affects the actual impact angle. When a fluid jet impacts on a flat

surface, the jet will spread out along the surface. In the air solid-particle erosion, the

direction of the erodent will not be affected by the spreading the air 'jet' because the

viscosity of air is very small. In slurry erosion however, the direction of the erodent

will be the direction of the flow because of the large viscosity of the liquid. With a

slurry jet the majority of the particles impact the target at oblique angles. For ductile

materials the erosion rates are greater at oblique angles. This should account for the

greater erosion rate observed for slurry erosion, as compared with airborne erosion,

by Zu65 ,66 for the ductile aluminium.
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According to thermodynamics, aluminium should be a reactive metal, with low

corrosion resistance. Also aluminium is one of the least noble of the common

commercial metals. It is remarkably stable in many oxidising environments. It owes

its stability and resistance to many environments to the continuous, thin, compact film

of adherent aluminium oxide film that rapidly grows on the nascent aluminium surface

that is exposed to oxygen, water or to the oxidants. Whenever a fresh aluminium

surface is created and exposed to either air or water, a surface film of aluminium

oxide forms at once and grows rapidly84. The normal surface film present in air is

about 5 nm thick.

The composition of microconstituents, their size, quantity, location, continuity and

corrosion potential relative to that of the adjacent aluminium solid solution matrix, are

the important aspects of microstructure that affect corrosion behaviour100 (as

referenced by Hatch84).

Meyer-Rodenbeck, Hurd and 8all109 found that pitting with low volume losses and

corrosion rates occurs for the unreinforced aluminium alloys 1200, 3004, 5083, 6261

and 7017 due to small localised differences in electrode potential at constituent sites.

Synthetic mine water, detailed in Table 2.3, was used for the corrosive medium.

pH 5.7

sulphates 715ppm
chlorides 350ppm

Table 2.3 Corrosive synthetic mine water solution based on an analysis of mine
water"o.

Chlorine and other halogens are probably the most aggressive elements in their

tendency to cause corrosion of alloys at both low and high temperatures85•

Galvanic corrosion is characteristic of MMCs since the mismatch of the

electrochemical potential between the matrix and reinforcement provides a local cell if

they are immersed in an aqueous solutionB9-94.

In general, MMCs can be more susceptible to corrosion than the unreinforced alloy

as a result of the galvanic coupling, selective corrosion in the interfacial region, from

crevice corrosion when gaps exist in the interfacial region and from MMC defects

such as voids99•

Thermal problems have a detrimental effect on MMC properties because both the

particulates and the aluminium alloy posses different thermal properties. This
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difference may result in high residual stresses and high dislocation densities at the

interfaces after heat treating cycles which may affect both the kinetics of
corrosion99,93.

2.5 Slurry Erosion-Corrosion

The the effect of corrosion on mechanical wear rates has been studied by a number

of researchersl l 6-156 and it is generally agreed that the synergism between the

erosion and corrosion is very important in regard to the slurry wear rates of metal

alloys. The processes governing material wastage are however still poorly
understood.

Erosion-corrosion may be referred to as a conjoint action involving corrosion and

erosion in the presence of a corrosive substance. Wood and Hutton156 proposed

that the synergistic effect of erosion and corrosion can be analysed by following an

experimental programme which includes three types of test: (1) pure erosion tests to

determine the erosive wear rate; (2) pure corrosion tests to determine the corrosive

wear rate; (3) combined tests to determine the total wear rate when conditions in both

test(1) and test(2) are acting. These experiments allow evaluation of the synergistic
effect by using the equation.

S=T-(E+C) (2.1)

where S is the synergistic wear rate, T the total wear rate,E the erosivewear rate and
C the corrosive wear rate.

Wood at aJ. l 56 used their equation to analyse results taken from the literature. The

results of aqueous slurries containing 2% silica sand particles eroding various steels

in a slurry pot142 and of vibratory-type silica-sand slurry impingement in various

corrosive solutions146 were analysed. Wood at aJ. l 56 explained that the synergistic

mechanism is one of erosion-enhanced corrosion. The effect of erosion being to

mechanically remove the corrosion product from the surface, by solid particle impact,
generating fresh highly reactive surfaces. Wood et aJ. l 56 also proposed that the

fatigue strength of the target metal is lowered by corrosion. Further possible

corrosion-enhanced mechanisms postulated are, the removal of work-hardened

surfaces by corrosion exposing the softer base material to erosion mechanisms, the

preferential attack at grain boundaries resulting in grain loosening and the increase in

the number of stress-concentrating defects resulting from corrosion micropitting156.
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In the work by Madsen142 a slurry test was developed for the measurement of wear

rates and electrochemical corrosion rates during slurry wear in order to establish

relationships between erosion and corrosion of metal specimens. Slurries of silica

sand and aqueous solutions were continuously fed into the slurry pot test chamber,

where they abraded and corroded the test specimens, a low alloy steel, a stainless

steel and a wear-resistant low alloy steel. The test parameters were temperature,

solids concentration and impeller speed. The test results showed that the combined

effects of erosion and corrosion resulted in total wear rates that were much greater

than the additive effects of each process taken alone, thus showing a strong

synergism between erosion and corrosion142•

When the total wear rates of the three materials tested by Madsen142 where

compared it was evident that the wear-resistant alloy REM 500 was more wear

resistant than either the A514 steel or the 316 stainless steel under all test conditions.

This was ascribed to the high hardness of REM 500, namely 496HV as compared

with 284HV and 128HVfor the A514 steel and the 316 stainless steel respectively.

When the 316 stainless steel was subjected to the erosive slurry, its electrochemical

corrosion rate was much greater than its corrosion rate when no solids where

present. The removal of the chromium oxide film is believed by Madsen142 to be

responsible this phenomenon. Anodic passivation of the wear surface was

experienced to some extent under all the test conditions and an increase in the

passivation current density resulted when the temperature, per cent solids or impeller

speed was increased142.

The corrosion rates of the A514 and the REM 500 steels were only moderately

affected by the amount of solids in the slurry. The results indicated that oxidation

products from both these alloys did not result in passivation. The synergism between

the erosion and corrosion components of wear was found to account for one-third to

nearly to nearly two-thirds of the wear142•

A pilot investigation on the wear of grinding balls in a tumbling mill indicated that in

wet conditions, the corrosive wear is not a simple addition of dry wear and

corrosionl 29• Investigations by EI-Raghy, Abd-EI-Kader and Abou-EI-Hassan130,

have shown higher amounts of dissolution, with higher current densities being

observed on the abraded metal surfaces. In their experimental work a low-alloy steel

(see Table A 1), was worn with grinding paper immersed in 1%NaCI aqueous

solution. At a potential of -700 mV (SCE) (sufficient to bring about cathodic

protection of the specimen) the amount of dissolution was only 10%of the mass loss

but at -400 mV (SCE) it was 54%, associated with an increase in the total mass loss.
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Abrasion corrosion was found to be a joint effect of mechanical forces and

electrochemical processes at a newly generated metallic surface130.

For sliding wear the amount of dissolution was found to be about 50% by Lazarev,

Charlamova and Vevejkin138 (quoted by Wandke, Moser and Tscherny 155).

Burstein, Ashley and Marshall124conducted experiments not only aimed at producing

a qualitative picture of the types of reactions occurring during the mechanical

disruption of a metal surface in aqueous solutions, but also to quantify the rates at

which they occur.

Wandke, Moser and Tschernyl55 showed that mass loss due to corrosion was less

than 2% of the total. Their electrochemical investigations were carried out on

'unalloyed steel ST38' and the high-alloyedstainless steel X8 CrNiTi 18.10 (AISI 304),

using a solution of 0.1N H2S04with 0.1N Na2S04 as electrolyte.

Under erosive-corrosive slurry conditions, the mechanical damage may be restricted

to surface layers or to both surface layers and base metall 34, depending on the

energy and/or frequency of the particles hitting the surface. Heitzl 34 has

distinguished three cases of increasing energy or frequency of the particles hitting the
surface, these are illustrated in fig. 2.6.

(1) The particle energy is too small to damage even the passive layer of the

passivated metal or the impact events are too rare to have a

measurable effect on the slurry erosion rate.

(2) The particle energy is sufficientto account for damage to the passive or

other surface layers and to deform the outer regions of the base metal

mechanically. The activated surface of the metal corrodes in the

presence of aggressive agents. Erosive wear and corrosion rates are

of the same magnitude. Damage and healing kinetics of passive or

other layers are involved. In materials with two-phase structures (e.g.

hardened alloys with chromium carbides), local corrosion on a micro

scale is observed.

(3) The particle energy is so great that the base metal is preferentially

eroded and the attack is mainlyerosive wear.
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Figure 2.6 Chem~mechanical effects of a particle impad on a metal surface. (after
Heitz134)

In a study of the corrosion of 5456-H117 aluminium (see Table A.2), in high velocity

sea water, Gehring and Peterson132 found that the removal or disruption of the oxide

film is a primary factor affecting both the mode and rate of corrosion. They observed

that at low velocities where the oxide layer is stable, corrosion appears to proceed in

the classical manner generally acknowledged for aluminium alloys in sea water. At

higher velocities, however, the oxide layers become unstable and corrosion increases

sharply while changing from a macropitting mode to a micropitting mode.

When wear occurs in a corrosive environment, accelerated corrosion takes place at

the wear sites116. This is likely to happen particularly in the case of those metals and

alloys that depend on the existence of a passive film for their corrosion resistance, for

example, stainless steels and aluminium alloys. If the wear is continuous or nearly so,

repassivation may be difficult and active/passive cells will enhance metal

degradation116• In the work conducted by Abuzriba, Dodd, Worzala and Conrad116,

on an apparatus that permits the separation of the wear and corrosion components

of wear corrosion, a loaded ruby ball was used to describe a circular track on a sheet

specimen in a corrosive environment, with and without cathodic protection applied to

the specimen to produce wear and wear corrosion respectively. Prelimfnary results
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on type 304 stainless steel demonstrated that corrosive-wear removed approximately

2.5 times as much material as wear alone under cathodic protection.

Postlethwaite and co-workersl48-151 investigated the corrosion-erosion in slurry

pipelines made of carbon steel. They concluded that the presence of solids can bring

about a sharp increase in metal wastage, and that the effect is dependent on the

concentration of solids and the slurry velocity. An explanation for this effect is given

in terms of the erosive disruption of surface films, which normally hinders the diffusion

of oxygen to the corroding surface.

Postlethwaite148 used both weight loss and electrochemical measurements to study

the effects of chromate(K2Cr207) inhibitor on the erosion-corrosion of carbon steel

specimens in a 5 cm diameter slurry pipeline carrying a 20 vol.%> aqueous slurry of

silica sand (size range 0.3 to 0.6 mm) over a velocity range 2-3.5 m/s. In the

absence of inhibitors the total wear rate of a 5 cm long x 1 cm wide specimen located

at the 4 o'clock position in the pipe wall was 2.7 to 17.5 mm/yeer. In the presence of

inhibitor, the wear rate was reduced to values in the range 0.48 to 0.82 mm/year,
The electrochemical measurements showed that erosion was the major mode of

metal loss. However, there is a major interaction between the erosion and the

corrosion components and a reduction in the corrosion component, which leads to

much smoother surfaces, resulting in greatly reduced erosion losses. It was

proposed, based on the state of the surfaces following the tests, that the large

reduction in the mechanical wear experienced relates to the much smoother surfaces

formed when the corrosion component is eliminated or greatly reduced.

In a paper on the cavitation erosion and corrosion of cast iron under cavitation

conditions Tomlinson and Talks154 discuss wear damage in terms of the erosion,

corrosion and corrosion-induced erosion of the cavitation damage. In a range of cast

irons in various metallurgical conditions, Tomlinson at aI.154 showed that a fraction,

0.05 of the damage arises from the electrochemical corrosion and that typically a

fraction 0.7(){).85 of the damage arises from corrosion-induced erosion. Blount,

Moule and Tomlinson120 showed that the synergistic effect of cavitation and

corrosion is greater than their separateactions.

2.6 Hydrogen Embrittlement

Wandke, Moser and Tscherny155 showed that mass loss for 'blast wear', in the

presence of an aqueous medium, significantly increases when the samples are

charged with hydrogen before and/or during blasting. Cathodic protection was

found to be ineffective155 due to the generation of hydrogen on the metal surface. It
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is suggested by that hydrogen uptake is the result of tribosorption processes at the

impact sites. The conversion of kinetic energy into deformation work (i.e. heat)

should produce locally such high temperatures that hydrogen is thermally

dissociated. The hydrogen atoms are then swept into the lattice by dislocations155.

Hydrogen, as the lightest element, has the smallest atomic diameter, nearly 0.1 nm.

As a consequence, atomic hydrogen easily enters the metal lattice where it has a high

mobility. This is especially true for ferritic steels owing to their b.c,c, lattice. In the

more closely packed t.c.c. lattice of austenitic (Cr-Ni) steels, the diffusion coefficient is

nearly four orders of magnitude smaller than for ferritic steels87,88 which generally

results in a lower susceptibility to hydrogen in the temperature range below 80°C155.

2.7 Effect OfTarget Material Properties

'One Of the most striking features of erosive wear is the lack of influence of

conventional metallurgical strengthening mechanisms on the resistance of metal to

erosion·12.
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Figure 2.7 Volume removal as a function of VHN for the metals eroded at an

Impingement angle of 20' and velocities of 76 and 137 m/s. All the metals
except cadmium were In the annealed condition. (after Finnie, Wolak and
KabU'5~.

Various physical parameters have been suggested in order to predict the ability of

metals to withstand erosion due to solid particle impingement158. Finnie, Wolak and
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KabUl 59 have shown that erosion varies inversely with indentation hardness, for

many, although not all, pure metals (fig. 2.7).

Vijhl 60 has demonstrated a similar correlation with metal-metal bond energy. In

addition, an approximate relationship has been shown to exist between erosion

resistance and melting temperature161. Notwithstanding temperature increases due

to frictional heating and adiabatic effects, Rickerby158 proposes that erosion remains

essentially a mechanical process governed by local deformation and removal of

surface material. It appears reasonable to therefore to look for a correlation between

erosion and mechanical propertiesl 58.

2.7.1 Hardness

McCabe, Sargent and Conradl 62 studied the erosion of two high carbon steels which

were heat treated to obtain spheroidised, pearlitic, martensitic and tempered

martensitic structures. The two steels tested were a hypereutectoid steel (AISI - SAE

10105) and a steel close to the eutectoid composition(AISI - SAE 1078). Alumina

particles of 240 mesh size were used as erodent in a sand-blasting type of erosion

tester. The tests revealed a general trend of decreasing erosion resistance with

increasing hardness of the microstructure, at an angle of 90· and a velocity of 99 mis,
(fig. 2.8).
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Figure 2.8 Airborne erosion resistance at an Impingement angle of 90' of different
structures of the steels AISI-SAE 1078 and 10105 as a function of hardness.
(after McCabe, Sargentand Conrad'62).
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The work of Brassl 63 (as referred to by Hutchings12) was specifically directed

towards examining this effect and demonstrated that the erosion rates of an
aluminium copper alloy and a carbon steel did not correlate with hardness

measurements and varied only slightly despite major microstructural changes

induced by thermal treatment. Similar conclusions have been pointed out by
Sheldonl 64.

2.7.2 Work HardeningCapacity

During erosive wear, localised regions on the metal surface experience high stresses,

strains and strain rates. The ability of a material to withstand strain and to resist
microfracture is influenced by strain hardening capacity. Balll 65, l 66 discusses the

interaction of abrasive wear and strain-hardening for different classes of materials.
Figure2.9 shows the stress strain curves and a basic model of the wear behaviour of

Materials I, II and III.

II

III

III

STRAIN
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---' -' \FREOUENC'( DISTRIBUTION OR SPECTRUM
cry"" or IMPOSED STRESS LEVELS

// OF ABRASiVE STRIKES

"

STRESS

(No's of strikes ct a given stress level)

Figure 2.9 Hypothetical stress-strain wear curves for hard, brittle material (I), a soft,
ductile material 01) and a material that has a capacity to strain-harden and
resists brittle fraeture(III). (after Ba1l166)
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Stress strain curve I is representative of hard brittle solids. During abrasive wear

microfracture is initiated by small defects in the material and low resistance to crack

propagation of the microstructure results in high wear losses.

Material II represents soft, ductile metals. The mean level of stress (am) associated

with abrasive wear is such that critical stresses and strains required for microfracture

are easily achieved and wear loss occurs by ductile cutting. These materials have

poor wear resistance.

The rapidly rising stress-strain curve of material III indicates a good combination of

strength and strain-hardening capacity. In this case, abrasive stress levels are such

that localised regions on the metal surface accumulate strain and become work

hardened. Strength-and-hardness increases through work hardening also affords a

degree of toughness and in effect a higher resistance to wear is achieved.

2.7.3 Work To Fracture

The mechanical energy density required to cause failure in a tensile test is equivalent

to pW, the work done per unit volume, and corresponds to the area under the stress­

strain curve. An approximate estimation of this quantity can be made using167

(2.2)

where ay is the yield stress, au is the ultimate tensile stress and £1 is the strain at

failure.

Erosion rate data for a number of annealed metals, at two different impingement

velocities, were plotted by Rickerby158 against the mechanical energy density, or

work to fracture, (fig. 2.10).

The experimental values where taken from the work of Finnie et aJ. 159 and where

calculated from equation (2.2) by Rickerby158. Mechanical properties were obtained

from published tabulations 168-170 and are tabulated in Table A.3 in the Appendix. An

inverse relationship between volume erosion and the work to fracture is evident.
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Figure 2.10 Correlation between erosion rate at impingement velocities of 76 and 136 m/s
with work to fracture values for tensile failure. (after Rickerbyt58j

2.8 Ripple Formation

The ripple structure in ductile unreinforced materials has been widely observed for

erosion at low impact angles52 . It occurs for all erodent particle sizes, although it has

a shorter wavelength and smaller amplitude as the particle size decreases at fixed

particle velocitf6.

Though a ripple-covered erosion surface of plate glass (a nominally brittle material)

has been reported by Sheldon et aJ. 164•31, FinnieB and Ruff and Wiederhorn29,

reports of surface ripples on brittle materials are very rare. This is presumably

because extensive plasticity is involvedin the ripple formation mechanism.

The extensive folding and lateral displacement of material is evident in the erosion of

pure aluminium as observed by Hovis, Talia and Seattergood70• Subsurface bands

result from the folding and refolding of material onto itself as erosion progresses.

Subsurface cavities and embedded AI203 fragments were also observed66•

Embedded erodent particle fragments are commonly observed in ductile materials

under airborne solid particle erosion.

The extensive folding of material in pure aluminium samples is also reflected in the

fact that the ripple structure is dynamic and moves in a downstream direction during

erosion, with the breaking and reforming of individual ripple Iines66•



CHAPTER 3

MATERIALS EVALUATED

A range of materials were tested, these include most of the major classes of wrought

aluminium alloys, aluminium metal matrix composites, mild steel, stainless steels, a

corrosion resistant steel and heat treated medium carbon steel. All the materials

tested are listed below with the condition they were tested in.

Unreinforced Aluminium alloys

Fabrication Temper
Route Designation

1070 Cast
1200 R H2
2014 E T6
3004 R H2
5083 R H2
6061 E T6
6261 E T6
7017 R T6
7075 R T6

Matrix AI Alloys Reinforcements

6061 15vol.%.AI20 3 T6
20vol.%.AI20 3 T6

2014 15vol.%.AI20 3 T6
2Ovol.%.AI20 3 T6

Temper Designations
T6 - solution heat-treated and then artificially aged
H2 - strain-hardened then partially annealed.

Fabrication Routes
R - rolled
E - extruded
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Steels

HeatTreatment

23

304SS SolutionTreated
431SS Annealed
3CR12 Tempered
EN3B (Mild Steel) Normalised
ENS Spheroidised
ENS Tempered
ENS Quenched

The chemical compositions of all the materials tested are tabulated in the Appendix,

see Tables A.7 to A.12.

3.1 Test Specimens

Sample discs 4mm thick and 15.7mm in diameter were machined for the various

alloys to be tested. The specimens were cut so that the surface to be exposed to the
slurry jet is parallel to the rolling direction or extrusion direction, depending on the

manufacturing route, see fig. 3.1.

specimen

c> rolling or
extrusion
direction

Figure 3.1 Diagrammatic representation of sampling technique.

3.2 Mechanical and Physical Properties

Vickers hardness values were obtained, using a 20kg load for the aluminium based

materials and a 30kg load for the steels, in order to facilitate comparisons between

hardness and slurry erosion resistance.

Values for material density was determined by weighing specimens to find their

various masses and then dividing by their respective volumes, found by measuring

their dimensions.
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Charpy-V-notch impact tests have been made undertaken in order to obtain a

measure of material toughness at high strain rates according to 85131:1972 (striking

velocity srn/s, room temperature).

Tensile tests have been conducted on the aluminium alloys, the results being

manipulated to yield work to fracture values. The values represent the amount of

energy that can be imparted to a volume of material before fracture will occur. The

units are given as MJ/m3 since the values are obtained by calculating the area under

the load vs. strain curves.

The results of the above tests are tabulated in the Appendix.

3.3 ExaminationTechniques

3.3.1 Microscopy

Polishing and etching of the aluminium alloys, MMCs and steels was done using

conventional polishing equipment in order to facilitate optical metallography.

Micrographs were taken at 400, 200 and 100 times magnification using an optical

microscope.

3.4 Microstructures of the Aluminium Matrix Alloys

Wrought aluminium alloys are divided into seven major classes according to their

principal alloying elements. Each class represents a different class of microstructure

because of these alloy differences. Furthermore, alloy classes can be divided into

two categories according to whether they are strengthened by work hardening only

or by heat treatment (precipitation hardening). The former applies to 1XXX, 3XXX,

4XXXand 5XXXalloys, while the latter applies to 2XXX, 6XXX and 7XXX alloys. Two

different aluminium MMC alloys were investigated, namely AI2014 and AI6061,

reinforced with alumina particulates. Each composite and matrix alloy was received

in the extruded state having been solution treated and artificially aged to peak

hardness (T6) by Hulett Aluminium.
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3.4.1 Commercially Pure Aluminium, 1070 and 1200 Aluminium Alloys

25

Iron and silicon are ever-present impurity elements and the solid solubility of iron in

aluminium is very small, phases of aluminium-iron or aluminium-iran-silicon are seen

in microstructures of all but refined super-purity aluminium. In the as-cast condition,

all of the phases that come into equilibrium with aluminium may be found - FeAla,
FeaSiAl12 or Fe~i2AI9. Minor impurity or addition elements such as copper and

manganese that are not in sufficient quantity to form their own phases, however they

influence the type and quantity of less stable phases84.

•; ' >, 30JLm
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Figure 3.2 Photomicrograph of the 1070 series aluminium alloy (99.7% minimum AI) in
the as cast condttlon. Note the FeAJ, dendrites, wtth Fe,SIAl'2 particulates
predominating In the Interstices. 0.5% hydrofluoric acid etch.

Figure 3.3 Photomicrograph of the 1200 series aluminium alloy (99% minimum AI) in the
annealed coodltlon, showing a fine dispersion of fragmented FeAJ, constituent
particles and Fe,SIAI12 particulates. due to mechanical working . 0.5%
hydrofluoric acid etch.
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3.4.2 Aluminium-Manganese Alloy, 3004 Aluminium Alloy

26

The dominant constituent phases are {Mn,Fe)A~ and {Fe,MnhSiAI,2. The

magnesium in this alloy tends to shift the phase proportioning towards {Mn,Fe)Als
because of its affinity for silicon64.

Figure 3.4 Photom icrograph of the 3004 series aluminium alloy (AI-Mnl In the annealed
condtt lon, Primary and eutectic particles are found In the microstructure.
consisting of Intermetallic phases of Mn with AI, 51 and Fe; the dark particles
are (Fe,Mn),5iA1.2 • 0.5% hydrofluoric acid etch.

3.4.3 Aluminium-Magnesium Alloy, 5083 Aluminium Alloy

Magnesium is largely present in solid solution in wrought alloys, but appears as

Mg~i when solubility limits are reached. In the case of the 5083 aluminium alloy

having a magnesium content exceeding 3.5%, Mg2A13 or metastable Mg~3' may

precipitate in grain boundaries or within grains.

30/lm

Figure 3.5 Photomicrograph of the 5083 series aluminium alloy (AI-Mg) In the annealed
cond~ion. The microstructure consists 01 eutectic part icles of AI w~h Mg and
51as well as Intermetalilc phases containing Cr and Mg, such as Mg,51. Note
the continuous network of Mg,AI. particles precip~ted at the grain
boundaries. 0.5% hydrofluoric acid etch.
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3.4.4 A1uminium-Magnesium-Silicon Alloys, 6061 and 6261 Aluminium Alloys

27

Magnesium and silicon combine to form magnesium-silicide (MQ2Si), which in turn

forms a simple eutectic system with aluminium. It is the precipitation of the Mg2Si,

after artificial ageing (temper T6), which allows these alloys to reach their full strength.

These alloys are charaterised by excellent corrosion resistance and are more

workable than other heat-treatable aluminium alloys171.

Figure 3.6 Photom icrograph of the 6061 series aluminium alloy In the artificially aged
condliion. A fine dispersion of (Fe,Mn.Cr)3SIAJ,. particulates wllh larger Mg,SI
particles are evident. 0.5% hydrofluoric acid etch.

30llm

Figure 3.7 Photom icrograph of the 6261 series aluminium alloy, showing a fine d ispersion
of (Fe,Mn.Crj,SIAJ,. particulates wIIh larger excess soluble Mg,S1 particles .
0.5% hydroflUoric acid etch.
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3.4.5 Aluminium-Copper Alloy, 2014 Aluminium Alloy

This is a complex alloy because of the many additives used for strength, corrosion

resistance and grain structure control. The high silicon content of the 2014 aluminium

alloy stabilises the only-iron rich phase, (Mn,FehSiAI12 84.

. .
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Figure 3.8 Photomicrograph of the 2014 series aluminium alloy. The structure consists
mainly of dark, Insoluble particles of the complex Fe, Mn, 51 and />J phase and
a few particles of CuAJ, Qlght, outlined). 0.5% hydrofluoric acid etch.

3.4.6 Aluminium-Zinc Alloy, 7017 and 7fJ75 Aluminium Alloy

Zinc, by itself, is highly soluble in aluminium and exerts no appreciable influence on

the microstructure84 . Commercial wrought alloys contain zinc, magnesium and

copper with smaller additions of manganese and chromium. These alloys develop

the highest tensile strengths obtainable for aluminium alloys 171 . The 7017 aluminium

alloy is a moderate strength version of the 7075 aluminium alloy.
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Figure 3.9 Photomicrograph of the 7017 series aluminium alloy, showing Cr,Mg,AI "
dispersoid banding and larger Mg"S1particles. 0.5% hydrofluoric acid etch.
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Figure 3.10 Photomicrograph of the 7075 series aluminium alloy, showing Cr2Mg,A!,.
dispersoid banding, with larger Mg,Si particles. 0.5% hydrofluoric acid etch .

3.5 Microstructures of the Aluminium Metal Matrix Composites

29

The aluminium metal matrix composites investigated where comprised of two

different aluminium alloys, namely 2014 and 6061, reinforced with alumina

particulates. The MMC's where tested in the same heat treatment conditions as their

corresponding matrix alloys, namely solution treated and artificially aged to peak

hardness(f6). Lineal analysis was used to calculate the mean particle sizes as well

as the mean particle spacings A. Lineal analysis was also used to verify the

particulate concentrations. The results are tabulated below.

Alloy Volume Particulate Particulate
Fraction Diameter Spacing

volume percent Jim Jim

A12014 15 vol.% AI203 21 14 47
A12014 20 vol.% A1203 26 21 59

A12014 15 vol.% AI203 19 13 58
A12014 20 vol.% AI203 25 19 57

Table 3.1 The results of the quantitative metallography performed on the MMC's.



Chapter 3 Materials Evaluated

Figure 3.11 Photomicrograph of the 6061 15vol% AJ,03aluminium MMC.

FIgure 3.12 Photom icrograph of the 6061 2OVol% AJ,03aluminium MMC.

Figure 3.13 Photomicrograph of the 201415vol% AJ,03 aluminium MMC.

30
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Figure 3.14 Photomicrograph 01 the 2014 2OVol% Al,03 aluminium MMe.

3.6 Microstructures of the Steels

31

Several steels were tested to investigate the effect of heat treatment and hardness on

erosion resistance as well as the effect of corrosion resistance on the erosion­

corrosion rates.

3.6.1. 304 Stainless Steel

AISI 304 is an austenitic stainless steel and has a high resistance to corrosion which

is usually better than that of the martensitic or ferritic stainless steels. This steel is not

hardenable by heat treatment but work hardens rapidly.

Figure 3.15 Photomicrograph of the A1SI 304 stainless steel having an austenitic
microstructure. Oxalic acid electrochemical elcho
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3.6.2. 431 Stainless Steel

32

AISI 431 is a heat treatable, martensitic stainless steel with high mechanical

properties. The material was tested in the hot rolled and annealed condition.

Figure 3.16 Photomicrograph of the AISI 431 stainless steel showing the rnartensltic
microstructure. Oxalic acid electrochemical etch.

3.6.3. 3CR12 Corrosion Resistant Steel

The microstructure of 3CR12 in the hot rolled and tempered condition is fully ferritic.

In this condition it has mechanical properties that are comparable to mild steel, but

with corrosion resistance far superior to that of conventional mild steels.

6OJ.tm I

Figure 3.17 Photomicrograph showing the fermlc microstructure of the 3CR12 alloy in the
hot rolled and tempered condnion. CuSOc and HO acid etch.
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3.6.4. Mild Steel

33

Specimens were machined from commercial bright bar and were tested in the as­

received normalised condition. The microstructure is consists of equiaxed grains of

ferrite with pearlite at the triple point boundaries.

,
"'",,. '/ " -'

. ./ .~
r.A:"'-~- .: ~. ", .

t:
.~ . ,/ C,. -t:
., "' . <.:....

to. . . . ' ...1:.-
a ... ..... ... ; ...... .

Figure 3,18 Photomicrograph of the mild steel microstructure in the normalised condition.
Ught grains of ferrite with the dark pearlite grains are visible. 5 per cent Nital
etch.

3.6.5. Medium Carbon Steel, ENS

The medium carbon steel was subjected to three different heat treatments in order to

achieve different hardness values. The specimens were soaked at 83Q°C for half an

hour followed by an oil quench. Some of the specimens were then tempered at

650°C for half an hour followed by an air cool and some were subjected to a

spheroidizing heat treatment at 7()()OC for 1 hour.

Figure 3.18 Photomicrograph of the ENS medium carbon steel in the quenched cond ition
having a lath martensitic matrix. 5 per cent Nital etch.
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Figure 3.20 Photomicrograph of the ENS medium carbon steel in the quenched and
tempered condition. 5 per cent Nita! etch.

Figure 3.21 Photomicrograph of the ENS medium carbon steel in the quenched and
spheroidised condition. 5 per cent Nital etch.



CHAPTER 4

EXPERIMENTAL WORK

4.1 The Slurry Erosion Rig

A slurry jet erosion apparatus, based on that of Zu66, was constructed.

lest chamber

filler
funnel

o healer

lest solution

pressure googe
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t

pump

Figure 4.1 The slurry erosion test apparatus.
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The rig permits the effect of impact angle, erodent size, erodent concentrat ion,

velocity, temperature and carrier fluid parameters to be changed. A schematic

diagram of the experimental rig is shown in fig. 4.1. The carrier fluid is circulated from

the holding tank and fed to the ejector by the centrifugal pump.

The design of the ejector ensures a pressure drop in the ejector, the resulting

vacuum draws a mixture of carrier fluid and erodent particles up through the vertical

suction tube, the bottom of which reaches into the submerged bed of erodent. This

mixture of erodent and carrier fluid is further mixed with the carrier fluid and the

resulting slurry is then accelerated through the exit nozzle and strikes the specimen

surface enclosed in a transparent Perspextest chamber.

Figure 4.2 Unused silica sand eroden! partides.

The different impact angles are obtained by rotating the specimen holder about its

horizontal axis. This makes it possible for the slurry which is ejected horizontally from

the exit nozzle, on the ejector, to impact the specimen at any preset angle between 00

and 900
• Further the specimen holder was designed to permit in situ electrochemical

measurements.

After striking the specimen the slurry falls back into the slurry-tank, The erodent

particles settle out while the carrier fluid flows through a filter back into the holding­

tank. In this manner the slurry is prevented from being circulated through the pump

and pipeline, which consequently do not meet with erosive wear damage.

The testing temperature of 55°C was decided upon as this is the equilibrium

temperature of the slurry erosion rig under continuous operation. The system is

always heated to this temperature by means of thermostatic control before any

testing commences.
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The following test parameters have been selected,

37

an impact velocity of 11 mis,
an erodent concentration of 12% by mass in water,

500 /lm silica sand as erodent, (see appendix Table A.4 &A.5)

impact angles of 900 and 50°,

and distilled and synthetic mine water (detailed in the appendiX, Table A.S) as

carrier fluid.

4.1.1 Electrochemical Measuring

The external circuit used for the electrochemical measurements is shown in fig. 4.3.

The specimens are inserted in the sample holder which is then connected in the

circuit. A platinum wire serves as the counterelectrode and encircles the specimen.

This arrangement allows for an unobstructed passage of electrolyte, but protects the

various electrodes from damage by the erodent particles.

reference electrode
(SeE)

chart
recorder

loal'tll'tlll':l
voltage
scan
generator

counter
r- -+t_-ielectrode

worldng
electrode

v

x,Vpott<1

electrolyte
bridge

cover
~"'--'plate

'--"~"'<i I-_-speclrnen

patlnum wire

Figure 4.3 The arrangement for the electrochemical measurements.

The reference electrode which is a saturated calomel electrode (SeE) is placed in a

holder arranged outside the specimen chamber, and is connected to the system by

an electrolyte bridge. The open end of the electrolyte bridge, which is flushed and
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filled with carrier fluid from the holding tank, prior to the start of each test, is located

flush with the felt cover. The working electrode makes contact with the back of the

specimen.

It is important to stress that both polarities of current are present when the specimen

is at ECORR. If the specimen is polarised slightly in the positive direction, Le. made to

function more as an anode than it would at ECORR, the anodic current predominates at

the expense of the cathodic current. As the specimen potential is driven further

positive, the cathodic current component becomes negligible. Experimentally one

measures polarisation characteristics by plotting the current response as a function

of the applied potential. Since the measured current can vary over several orders of

magnitude, the log current is plotted VS. potential on a semi-log chart. This plot is

termed a potentiodynamic polarisation plot. Note that the use of a semi-log graphs

prevents indication of polarity on such plots. Cathodic potentials are negative with

respect to ECORR and anodic potentials are positive with respect to ECORR.

4.2 Standard Test Procedures

Each individual test was conducted with fresh erodent, for which 1kg has been found

to be sufficient, to ensure that the any degradation of the erodent is insignificant. The

erodent is first weighed and then thoroughly washed with the test solution, either

distilled or synthetic mine water, prior to being used.

All the test specimens are polished to a 1 pm finish, cleaned ultrasonically in alcohol,

weighed, subjected to erosion and or corrosion tests, cleaned again ultrasonically in

alcohol and then weighed for mass loss.

The tests in distilled water were done to provide a base comparison with those tests

conducted in the synthetic mine water.

Two tests were conducted in all cases with both test results being within 5% of the

average.

When a metal is immersed in a corrosive medium, both reduction and oxidation

processes occur on its surface. Typically the specimen oxidises (corrodes) and the

medium (solvent) is reduced Oiberation of hydrogen). The specimen must function

as both anode and cathode, and both anodic and cathodic currents occur on the

specimen surface. Any corrosion processes that occur are usually as a result of

anodic currents.
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In studying corrosion processes, it is advantageous to control the electrochemical

function of the specimen, Le. to cause the specimen to act separately as either an

anode or cathode but not both simultaneously. By separating the processes in this

manner and studying the anodic and cathodic processes separately, a better

understanding of how a material will behave electrochemically in an environment can

be achieved.

When a specimen is in contact with a corrosive liquid and the specimen is

unconnected to any instrumentation, as it would be in service, the specimen assumes

a potential termed the corrosion potential, ECORR. A specimen at ECORR has both

anodic and cathodic currents present on its surface. However, these currents are

exactly equal in magnitude so there is no net current to be measured. The specimen

is at equilibrium with the environment. ECORR can be defined as the potential at which

the rate of oxidation is exactly equal to the rate of reduction.

Three different electrochemical test procedures are presently being used to evaluate

the erosion-corrosion properties of the specimens. In the first test procedure (see

Test 1) the corrosion potential of the specimen is monitored for the duration of the

slurry erosion test, in order to plot the potential vs. time curves of the specimen,

under the open circuit potential, The weight loss measurements are also made under

the open circuit potential condition. In the second test procedure (see Test 2), which

is solely an electrochemical test, a controlled potential scan is applied to the

specimen in order to obtain its current density vs. potential curve. In the third

procedure the test specimen is cathodicly protected, in distilled water, to prevent any

corrosion from taking place. This was done to isolate the mechanical component of

the mass to be measured.

4.2.1 Test 1

The potential vs. time test is conducted because it gives a good indication of when

steady state conditions are reached, i.e. when the potential no longer significantly

changes with time. This is very valuable since weight loss measurements should be

made under steady state conditions.

This test procedure is.conducted for 130 min. and the rest potential of the specimen

is monitored from the start of the test. For the first 60 minutes the specimen is eroded

by the slurry jet, the erodent is then removed from the fluid jet for the next 60 minutes,

in the case of the 130 min. test. For the last 10 min. of the 130 min. test the erodent is

again added to impacting fluid jet in order to achieve the steady state eroded surface

to facilitate examination by optical and electron microscopy.
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The mass loss measurements are also made at rest potential with the specimen

subjected either to the slurry jet or the carrier fluid jet.

4.2.2 Test2

This test is known as potentiodynamic polarisation and allows for the characterisation

of a specimen by its current vs. potential relationship. The specimen potential is

scanned slowly in the anodic direction. The curves generated are used to determine

corrosion characteristics of metal specimens in the environment of interest, in this

case either distilled water or synthetic mine water. Data gathered in the course of a

potentiodynamic scan can be used to produce a Tafel plot, which is in turn used to

determine the corrosion rate of a material. This test is also performed in order to

establish the relative magnitudes of the corrosion current densities (iCORR) and to

investigate the degree of passivation encountered in the aluminium alloys the MMCs

and the steels.

The polarisation of the aluminium alloys is started at -2000 mV (SCE) and is ended at

1500 mV. For the steels the polarisation is started at -1500 mV (SCE) and is ended at

2000 mV. This results in the starting potential being between 500 and 1200 mV more

negative than the rest (corrosion) potential, depending on the alloy concerned. This

potential range ensures that both the cathodic and the anodic curves are included for

all the specimens.

4.2.3 Test3

In this procedure the test specimens are cathodically protected, in distilled water, to

prevent any corrosion from taking place. Knowing the rest potential, ECORR value,

which is determined using either of the above test procedures, a potential can be

impressed on the specimen to make it the cathode of the electrochemical cell. This

should allow the mechanical component of the mass loss due only to the slurry

erosion to be measured.

4.2.4 Reproducibility

The following points have been identified as primary sources of error in the standard

tests:

(i) inconsistencies of the erodent particles size and shape, which may vary

from batch to batch, and degradation of the erodent during the test



Chapter 4 Experimental Work 41

(ii) the water temperature varying ± 2°C

(iii) the amount of corrosive ions dissolved in solution varying, due to

weighing and mixing inaccuracies

Ov) increase in dissolved ions due to the evaporation of the test solution
and the erosion-corrosion of the test specimens, 60 [ of carrier fluid is

used to keep this factor to a minimum

Due to the design of the test rig, the erodent concentration in the slurry remains
constant for the duration of any test as well as for any set of tests. This was verified

experimentally and remains true as long as the ejector nozzle is not adjusted, the
viscosity of the fluid remains constant and there is sufficient erodent present in the
system.

The reproducibilities of the tests were quantified using the aluminium 5083 alloy.
Table 4.1 gives the results and the error values for five mass loss slurry tests

conducted in syntheticminewateron the AIS083 alloy.

MassLoss,mg Time, min.

4.62 10
4.59 10
4.74 10
4.56 10
4.29 10

Average = 4.56 mg
Standard deviation = 0.17 mg or 3.6%

Table 4.1 Regression analysis on a set of data, also using the zero mass loss at time
zero as a data point.

All mass loss tests and electrochemical tests were conducted twice. The

electrochemical tests were also reproducible, as illustrated by the superimposing of
two potentiodynamic polarisation scans on the same alloy under the same
conditions, in fig. 4.3.
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Figure 4.3 Potentiadynamic polarisation scans on the AI 5083 alloy: erodent silica sand
(500 JIm); carrier fluid, synthetic mine water(pH 5.7); temperature, 55'C;
impact velocity, 11 rn/s; rate of polarisation 4mV/sec.
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RESULTS

The erosive loss of a metal surface is directly proportional to the mass of eroding

particles that have impacted the surface, under a given set of test conditions12.

Under steady state conditions erosion follows a linear relationship and may therefore

be quoted as mass loss per unit mass of impacting particles. Figure 5.1 shows the

slurry erosion rate of the aluminium 6261 alloy as a function of mass of particles

impacted on the target. The mass loss increased linearly with time throughout the

period of measurement, with the intercept of the graph at the origin.
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Figure 5.1 Slurry erosion volume losses, of the aluminium 6261 alloy, plotted as a
function of mass of eroden! Impacted on the target; eroden!, silica sand
(500 ISm); carrier fluid. distilled water; temperature, 55'C; Impact angles, 90'
and 40'; Impact velocity, 11 m/s.

Hence the slurry erosion rates will be quoted as a volume loss per unit mass of

erodent, which in engineering applications is a more important measure of material

loss12. Note that the erosion rate is greater when tested at the lower impact angle of

40".
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5.1 Aluminium Alloys

The performance of the different aluminium matrix alloy materials were evaluated in

distilled and synthetic mine water, in an attempt to evaluate the erosion and corrosion

components. The results of all the tests performed are tabulated in the Appendix,

Table A.15 and A.16 and are presented graphically below.

The slurry erosion rates, as tested at 90° in distilled water, when plotted as a function

of hardness exhibits a general trend of decreasing slurry erosion rates with increasing

in hardness, see fig. 5.2. This is particularly evident when the aluminium alloys are

separated into non heat-treatable and heat-treatable alloys.
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Figure 5.2 Slurry erosIon rates of the aluminium alloys tested plotted as a function of
Inttlal surface hardness; eroden!, sUlca sand (500 pm); carrier fluid. distilled
water; temperature, ssoC; Impact angle, goo; Impact velocity, 11 m/s.

Figures 5.3 through to 5.5 are macrophotographs of the specimens after 10min. of

slurry erosion in distilled water. The erosion profiles of both 400 and the 90° impact

angles are shown.

After undergoing slurry erosion at an impact angle of 400, figs. 5.3(a) and 5.4(a), the

ductile low strength 1070, 1200, 3004 series aluminium alloys exhibit a pronounced

ripple structure that consists of a series of hills and valleys oriented to the incident

particle direction. The higher strength 5083, 6061, 6261, 7017 and 7075 unreinforced

aluminium alloys all had similar erosion profiles and did not display a ripple structure,

fig. 5.5(a). The ripple structure was not observed for the 90° impact angle.
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(a) (b)
Figure 5.3 The 1200 series alloy (31HV), (a) eroded from left 10 right at 40' displaying

ripple formation and (b) eroded at 90'.

(a) (b)
FIllure 5.4 The 3004 series alloy (52HV), (a) eroded from left to right at 40' displaying

ripple formation and (b) eroded at 90', with material displaced to the edge of
the eroded area.

w ~
Figure 5.5 The 5083 series alloy {I 05HV), (a) eroded from left to right at 40' and (b)

eroded at 90'.

When an erodent particle impacts the surface the result is a local depression of the

surface referred to as an impact crater. The impact craters are always smaller than
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the erodent particles, implying that only a portion of a particle enters and exits the

impact crater. For the aluminium alloys tested the average impact crater was typically

50llm in diameter, Le. a tenth of the erodent diameter. For all the alloys tested the

single impact crater diameters were roughly the same, however the amount of

material extruded to the edges of the single impact craters decreased with increasing

hardness.

When an erodent particle impacts the surface obliquely a crater is formed by a

smearing (as opposed to ploughing) action and there is typically a ridge of material

which has been pushed to the exit side. The ridge or lip may be strongly or weakly

attached to the surrounding metal.

Ploughing craters occur when a projecting corner or a sharp point on a particle

forces its way deeply into the surface and then translates along the surface for a

distance. This results in projecting lips forming along either side of the crater formed.

The traverse of the particle also forms a hump on the exit side of the crater.

Fig. 5.6(a) through to fig. 5.10(a) are SEM micrographs of single impact sites and

steady state erosion surfaces of the aluminium alloys.

The single impact sites in figs. 5.6(a) to 5.10(a) were produced by eroding the

specimens with 5 g of the silicasand erodent, while the steady state erosion surfaces

in figs. 5.6(b) to 5.10(b) were produced after 10min. of erosion. The single impact

sites on the softer alloys, such as the aluminium 1200 alloy in figs. 5.6(a) and 5.9(a),

are visibly deeper, exhibiting a more ductile mode, than those on the harder alloys,

figs. 5.7(a) and 5.10(a). A more brittle chipping mode of material removal appears to

be responsible for the slurry erosion at the 90" for all the aluminium alloys, figs 5.9(a)

and 5.10(a).

The surface morphology of all the samples eroded at 40°, figs 5.6(b) and 5.7(b), is

such that individual impact events can be distinguished on the steady state surfaces,

with small lips or platelets of material still attached or partially attached, to the impact

craters. The platelet attached to front of the impact crater, on the surface of the

relatively soft aluminium 1200 alloy, fig. 5.6(b), is significantly larger than the platelets

that formed on the much harder aluminium 7017 alloy surface shown in fig. 5.7(b).
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00 ~
Figure 5.6 SEM micrographs of the 1200 series alloy (31HV) eroded at 40' from left to

right.(a) Single impact site and (b) steady state erosion surface.

00 ~
Figure 5.7 SEM micrographs of the 7017 serles alloy (136HV) eroded at 40' from lett to

right.(a) Single Impact site and (b) steady state erosion surface.

Figure 5.8 Highly magnified area within a single Impact site on the surface of the 7017
series alloy (136HV) eroded at 40' .

The erodent particles impacting the target normal to the surface results in less

ploughing and cutting than do those impacting the surface at 40".
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w ~
Figure 5.9 SEM micrographs of the 1200 series alloy (31HV) eroded at 9O'.(a) Single

impact site and (b) steady state erosion surface.

w ~
Figure 5.10 SEM micrographs of the 7017 series alloy (136HV) eroded at 9O'. (a) Single

impact site and (b) steady state erosion surface.

The steady state erosion surfaces are characterised by a peak-and-valley

morphology with attached platelets of material. Note the similar appearances of the

steady state surfaces of the alloys tested at the two different angles, this suggests

that the impact events at the two angles are similar. For both angles the impacts

result in indentation, ploughing and cutting events. The indentation events do not

remove material as can be seen from the single impact sites. Hutchings14 has shown

that ploughing events occasionally remove material by a micromachining or cutting

action. The impact events most favourable for material removal are the impacts on

attached platelets. For all the alloys the impact events are accompanied by extensive

material displacement that occurs at the impact site, accompanied by high strains.

Table 5.1 gives a ranking of slurry erosion in distilled water, and erosion-corrosion

resistance in synthetic mine water, together with the hardness and estimated

corrosion current, iCORR, values of the matrix alloys. The corrosion currents were

graphically estimated from the Tafel slopes drawn on the current density vs. potential
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graphs in the manner illustrated in fig. 5.11 below. The current density vs. potential

graphs of the aluminium alloys can be seen given in fig. 5.13 and figs. A.17 to A.23.
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Figure 5.11 Graphs of the current density vs. potential scan done on the A11200 alloy
illustrating the method used to determine icoRR: erodent, silica sand (500 /lm);
carrier fluid, synthetic mine water(pH 5.7); temperature, 55·C; impact angle,
90·; impact velocity, 11 mjs; rate of polarisation 4mV jsec.

Distilled Water Synthetic Mine Water

Alloy Hardness Erosion jcORR Alloy Erosion iCORR Erosion Rate
Rate X10'6 Rate x10'6 Increase

HV20 mm3jg nAjcm2 mm3jg /lAjcm2 mm3jg %

A11070 17 213 200 A11070 295 500 82 38
AI6061 117 161 60 A11200 200 200 59 42
A11200 31 141 70 A12014 173 200 40 30
AI6261 122 134 50 A17075 173 700 41 31
AI2014 151 133 30 A16061 164 500 3 2
A17075 173 132 40 A13004 161 300 36 29
A13OO4 52 125 80 A17017 159 200 38 31
A17017 141 121 80 A16261 148 200 14 10
A15083 104 119 90 A15083 139 200 20 17

Table 5.1 Slurry erosion rates of the aluminium alloys and their corrosion current(icClRR)

values in distilled water and synthetic mine water. The increments in slurry
erosion rates in the mine water as compared with distilled water are also
tabulated.
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The results in Table 5.1, which are plotted in fig 5.12, illustrate the effect of the

synthetic mine water on the slurry erosion rates. The materials tested experience

significant increases in their slurry erosion rates due to the presence of the corrosive

ions in the corrosive mine water. The erosion resistance rankings of the materials

when subjected to the synthetic mine water are closely linked to the increase in

erosion rate experienced due to the addition of the corrosive ions, with the exception

of the aluminium 6061 alloy. Note also that the leaner alloys, those with less alloying

additions, exhibit the greatest increases in their slurry erosion rates due to the

presence of the corrosive ions in the corrosive mine water.
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Figure 5.12 SlUrry erosion rates 01 the aluminium alloys tested as function of Initial surface
hardness; .erodent, silica sand (500 11m): carrier fluid, distilled water and
synthetic mine water(pH 5.7); temperature, SS'C: Impact angle, 90'; Impact
velocity, 11 m/s.

For all the materialstested their current densities increase by at least three orders of

magnitude when tested in the synthetic mine water, in comparison to current

densities observed in distilled water. This can be seen by the graphs, fig. 5.13,

shifting towards the right, Le. to higher current densities, when tested in synthetic

mine water. The potentiodynamic scans for the other aluminium alloys also illustrate

this, see figs. A.17 to A.23 in the Appendix.

The values of the corrosion current densities are also greater when measured during

slurry erosion than when measured only in the fluid jet (i.e. with no entrained

erodent). This can be seen from the potentiodynamic curves in fig. 5.13 (and figs.

A.1-7 to A.23) which shift slightly to the right when subjected to slurry erosion by the
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silica sand. Note also that the curves shift to more negative potentials, i.e. in the

anodic direction, when subjected to the slurry jet.
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Figure 5.13 AJ3004 - graphs of the current density vs. potential scans: erodent, silica sand
(500 pm); carrier fluid, distnled water and synthetic mine water(pH 5.7);
temperature, SS'C; Impact angle, 90'; Impact velocity, 11 m/s; rate of
polarisation 4mV/ sec. Similar effects are observed for all the alloys (see figs.
A.17 to A.23 in the Appendix).

The current density VS. potential curves of the aluminium alloys presented above all

exhibit the same general trends. To investigate the effect of impact angle on the

corrosion rates, the 5083 aluminium alloy was used to generate current density vs.
potential scans in the synthetic mine water subjected to erosion at 90° and 50°, (fig.

5.14). No significant differences can however be observed.
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Figure 5.14 Graphs of the current density vs. potential scans of a selection of the 5083
aluminium alloy tested at an Impact angle of 90· and 60·: erodent, silica sand
(500 /lm); carrier fluid, synthetic mine water(pH 5.7); temperature, SS·C;
Impact velocity, 11 mjs; rate of polarisation 4mVjsec.

The corrosion potential vs. time curves of the various aluminium alloys, presented in

figs. 5.15 and 5.16 show that during the initial20 minutes of the test there is a gradual

drop in the corrosion potential, with the rest potential becoming gradually more

negative until a steady state is reached. There is a distinct change in the rest

potential at 60 min., when only the carrier fluid is left to impinge on the surface. When

the erodent is once again added to the impacting jet, at 120 min. the rest potential

immediately drops to more negativepotentials.
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Figure 5.15 The potential vs. time curves of a selection of the aluminium alloys, tested in
distilled water at 55'C with 500 11m silica sand as erodent using a 90' Impact
angle.
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Figure 5.16 The potential vs. time curves of a selection of the aluminium alloys, tested In
synthetic mine water at 55'C wtth 500 11m silica sand as erodent using a 90'
Impact angle.
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5.2 Aluminium Metal Matrix Composites

54

The results of the slurry erosion tests, performed in distilled water, on the MMCs and

their constituent alloys are presented in Table 5.2. In general the composites erode

more rapidly than do the base alloys, despite their greater hardness values.

Alloy ·Vo/ume Particulate Hardn!lss Erosion Rate Erosion Rate Work ro fracture .
Fraction Diameter Wangle Wangle

11m HV20 mm3/g mm3/g MJ/m3

A12014 0 - 151 133 162 49.9
• 15%A1203 14 174 142 181 5.42
• 20%Al203 21 197 158 185 2.23

A16061 0 - 124 161 199 33.92
• 15%A1203 13 130 155 162 24.15
• 20%A1203 19 141 164 199 8.25

Table 5.2 The results of the slurry erosion tests performed In distilled water, on the
MMCs and their constituent alloys at Impact angles of 90' and 50'. The work
to fracture results obtained by Wilson et al. 107 are also tabulated.

The results of the slurry-erosion tests performed on the MMC's at the 900 and 600

impact angles are presented graphically in figs 5.17 and 5.18, as a function of work to

fracture. As in the case with the matrix alloys the aluminium metal matrix composites

experience a significant increase in their.slurry erosion rates because of the corrosion

component. The erosive-corrosive wear rates, when tested in the synthetic mine

water, are greater than the wear rates for the tests conducted in distilled water, this is

illustrated graphically in figs 5.17 and 5.18.
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Figure 5.17 The slurry erosion rates of the aluminium MMCs and their constituent alloys
tested at 90°. The work to fracture results are those obtained by Wilson et
a/.107• SlUrry erodent, silica sand (500 pm); carrier ftuld, distilled and
synthetic mine water(pH 5.7); temperature, 55°C; Impact velocity, 11 m/s.
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Figure 5.18 The slurry erosion rates of the aluminium MMCs and their constituent alloys
tested at 60°. The work to fracture results are those obtained by Wilson et
aI.107• SlUrry erodent, silica sand (500 pm); carrier fluid, distilled and
synthetic mine water(pH 5.7); temperature, 55"C; Impact velocity, 11 m/s.
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Fractu re of the reinforcing particles was observed at single impact sites on all the

MMCs tested, see fig 5.19.

Figure 5.19 A single impact site on the surface of the AI6061 15wt% AJ,O, MMC. Note the
fractured alumina reinforcing particle in the centre of the impact she. The
MMC was eroded at 90· in the synthetic mine water.

Potentiodynamic tests were also performed on the MMCs to investigate the effect of

the reinforcing particles on the corrosion rates of the alloys. The results are

presented in figs. 5.20 (and A.25 in the Appendix).
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Figure 5.20 Graphs of the current density vs. potential scans of the 6061 aluminium matrix
alloy and the AJ6061 MMCs. Tested at an impact angle of 90·: erodent, silica
sand (500 JIm); carrier fluid, synthetic mine water(pH 5.7); temperature, 55·C;
impact velocity, 11 m/s; rate of polarisation 4mVtsec.
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5.3 Steels

The results of the slurry erosion tests performed on the steel specimens, in distilled

water and synthetic mine water, are presented graphically below, fig. 5.21. The slurry

erosion rates have been plotted as a function of hardness. The increasing hardness

values of the ENS specimens, due to their different heat treatments, result in very

noticeable improvements in their erosion resistances. Note that the additional slurry

erosion losses, due to the corrosion, is essentially constant for these different heat

treatment conditions. Note the low erosion rate of the 304SS, tested in distilled water,

considering its relatively low hardness in comparison to the other steels. As was the

case for the aluminium alloys, all the steels tested experience higher material wastage

rates when tested in the synthetic mine, as opposed to distilled water. The corrosivity

of the carrier fluid has the largest effect on the three corrosion resistant steels.
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Figure 5.21 SlUrry erosion rates of the steels plotted as a function of hardness; eroden!,
sOlca sand (500 11m); carrier lluld, dlstUled water and synthetic mine
water(pti 5.7); temperature. ssoC; Impact angle. 90"; Impact velocity, 11 m/s.

Corrosion tests were conducted on the steel specimens by subjecting them to the

synthetic mine water jet (with no entrained erodent particles). Each corrosion test

was conducted for an hour, as was the case for the slurry erosion tests. The

corrosion tests on the 304 and 431 stainless steels and the 3CR12 did not result in

any measurable mass losses, (fig. 5.22). The corrosion losses experienced by the

ENSsteel specimens, in all three heat treatment conditions, are similar, with the EN3B

(mild steel) specimens exhibiting the highest corrosion rate. Evidence of corrosion
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having taken place is apparent from the corrosion products that formed on the

surface of the EN3B and ENS specimens, under all heat treatment conditions. For

the erosion-corrosion tests however the corrosion products were continuously being

removed and were thus not in evidence, except for slight discolouration around the

edges of the Teflon washer.
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Figure 5.22 Slurry erosion rates of the steels tested under the various condttJons; erodent,
silica sand (500 pm); carrier fluid. distilled water and synthetic mine
water(pH 5.7); temperature, 55"C; impact angle, 90°; Impact veloctty, 11 m/s.
A voltage of -1000 mV was Impressed on the specimens for the cathodic
protection.

The bar graphs shown above illustrate the insignificant 'pure corrosion' losses

experienced by the corrosion resistant steels. It should also be noted that the sum of

the 'pure corrosion' components (Corros., Mine Water) of the corrosion resistant

steels and their erosion components (Erosion, Dist Water) do not add up their

erosion-corrosion losses (Erosion, Mine Water) experienced in the synthetic mine

water. For the mild and medium carbon steels however, the 'pure corrosion'

components (Corros., Mine Water) and their erosion components (Erosion, Dist

Water) do add up to their respective erosion-corrosion losses (Erosion, Mine Water)

experienced in the synthetic mine water.
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Note also that when the erosion tests are conducted in distilled water, with the

application of cathod ic protection, there is no real decrease in the slurry erosion

rates, in fact there is a significant increase in the erosion rates of the 3CR12 and the

30488 steels.

The nature and extent of the slurry-erosion damage results in there being no

noticeable differences between the surfaces tested in distilled water or synthetic mine

water. Although it is difficult to characterise the slurry eroded surfaces quantitatively,

the micrographs appear to be similar for the steels that have been eroded in the

slurry.

(a) (b)
Figure 5.23 5EM micrographs showing the slurry ercxled surfaces of the 30455 specimens

ercxled at 90' for 60 min.; (a) in distilled water and (b) in synthetic mine
water(pH 5.7). Ercxlent, silica sand (500 11m); temperature, 55'C; impact
velocity, 11 m/s.

w ~
Figure 5.24 (a) 5EM micrograph showing the surface of the 30455 specimen after the

corrosion lest conducted in the synthetic mine water free from any eroden!.
(b) 5EM micrograph showing the slurry eroded surface of the 30455
specimen eroded at 90' for 60 min. under cathodic protection. The erosion
test was conducted in distilled water and a Voltage of -1000 mV was impressed
on the specimen for the cathodic protection.
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There is evidence of considerable material displacement, with shear lips and attached

platelets of deformed material being a common feature present on all the surfaces.

Some of the platelets contain cracks or tears, suggesting that repeated impacts have

occurred on the same material element.

For the corrosion tests conducted in the absence of erodent , on the 304 stainless

steel, no noticeable corros ion damage is evident on the specimen surface as shown

in fig. 5.24(a). The same unattacked surfaces were observed for the 431 stainless

steel and the 3CR12 corros ion resistant steel specimens.

(a) (b)
Figure 5.25 SEM micrographs showing the slurry eroded surfaces of the EN3B (mild steel)

specimens eroded at 90· for 60 min.; (a) in distilled water and (b) in synthetic
mine water(pH 5.7). Erodent. silica sand (500 JIm); temperature, 55·C;
impact velocity, 11 m/s.

(a) (b)
Figure 5.26 (a) SEM micrograph showing the surface of the EN3B (mild steel) specimen

after the corrosion test conducted in the synthetic mine water free from any
eroden!. (b) SEM micrograph showing the slurry eroded surface of the EN3B
(mild steel) specimen eroded at 90· for 60 min. under cathodic protection.
The erosion test was conducted in distilled water and a voltage of -1000 mV
was impressed on the specimen for the cathodic protection.
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In the corrosion tests conducted in the absence of erodent, the mild steel and the

medium carbon steels all suffer extensive corrosion damage, mainly due to pitting

see figs 5.26(a) and 5.28(a). The extent of the corrosion was similar for the medium

carbon steels, in all three different heat treatment conditions.

(a) (b)
Figure 5.27 SEM micrographs showing the slurry eroded surfaces of the EN8 spheroldlsed

specimens eroded at 90' for 60 min.; (a) In distiled water and (b) synthetic
mine water(pH 5.7). Erodent, si ica sand (500 /lm) ; temperature, SS'C;
Impact velocity , 11 m/s.

w ~
Figure 5.28 (a) SEM micrograph showing the surface 01 the EN8 spheroldised specimen

after the corrosion test conducted In the synthetic mine water free from any
erodent (b) SEM micrograph showing the slurry eroded surface of the EN8
spheroldised specimen eroded at 90' for 60 min. under cathodic protection.
The erosion test was conducted In dlstUled water and a voltage 01 -1000 mV
was impressed on the speelmen for the cathodic protection.

Potentiodynamic tests were conducted on all the steel specimens, the results are

presented in figs 5.29 to 5.32, the results for the other steels can be found in the

Appendix figs A.27 to A.29. The stainless steels and the 3CR12 specimens both

exhibited passivation when tested in the synthetic mine water jet (free of erodent

particles).



Chapter5 Results 62

2500 r__---,---~;_--_,_--~;_--_,_---r__--...,

101

mine
water

(
WithOut)
erodent

fluid
,;.t

diltiuld
water

Ilurry
,;.t

[
without)

fluid orodent
jot

o

soo

2000

1000

1500

-1500 ~S,",S~3.l1.:4:!-......L..__-JL..-__....L.._-JL-JL..-__....L..__.l.....JL..-__-l

10-1

•

Q. -500
Q.

-c -1000

e--C
CD-oa..

"0
CD-

Current, (mA/cm
2

)

Figure 5.29 304SS - graphs of the current density vs. potential scans: Eroden!, silica sand
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In the potentiodynamic tests conducted, only the corrosion resistant stainless and

3CR12 steels show any form of passivation when tested in the synthetic mine water

(free of erodent), see figs 5.29 to 5.30. Note that when tested in distilled water no

passivation is observed for any of the steels.

When these corrosion resistant steels were however subjected to slurry erosion in the

synthetic mine water their potentiodynamic behaviours were not much different from

that of the low alloy steels under the same conditions, l.e, they had very similar

corrosion currents and rest potentials.

The most significant result however is that the potentiodynamic curves of both the

mild and the medium carbon steels are the same when tested in the synthetic mine

water, with or without the presence of erodent. This trend however is not observed

when the tests are conducted in distilled water because of the small corrosion rates

experienced in this medium.
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DISCUSSION

The impact of a projectile with a metal surface can lead to recoverable, elastic

deformation depending on whether the yield stress of the material is exceeded at any

point during the impact. A useful guide to the extent of damage expected from

projectile impact on a semi-infinite target is provided by the value of a dimensionless

group, the Best or Metz number

where p is the density of the target material, V is the impact velocity (11 m/s for the

present test conditions) and is a measure of the impact energy of an erodent particle,

and Y is the yield stress of the target material and is a measure of the materials

resistance to indentation12.

Table 6.1 shows the type of deformation to be expected for projectile impacts over a

wide range of Best numbers.

BestNumber . Damage Regime ..

10"5 Quasi-static, elastic
10"3 Plastic deformation starts
10' Extensive plastic deformation
103 Hyperveloclty phenomena

Table 6.1 Darnage regimes expected for Best numbers listed. (alter Hutchings'2j.

For the impact of the erodent particles on the aluminium alloys and the aluminium

MMCs and the steels the average Best numbers are calculated at 2 and 3

respectively (see Table A.13 and A.14, in the Appendix). The erosion is therefore

expected to lie within the plastic regimefor the aluminium alloys and the steels tested.

This is confirmed by the scanning electron micrographs of the slurry eroded surfaces,
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which exhibit microploughing with associated platelet formation on the aluminium

alloy and steel surfaces.

6.1 Aluminium Alloys

During the initial period of the slurry erosion the surface undergoes extensive plastic

deformation. Until the damage to the surface reaches a steady state there is

essentially no volume removal of material from the target. However, no incubation

period is observed since this initial stage is very short and not measurable. It was

calculated that, on average, the time between erodent particles impacting the same

area is 0.1 s (see Appendix page 107). The erodent particles impacting the surface

deform and flatten any lips or ridges that have formed, resulting in increasingly thinner

platelets which become more vulnerable to being knocked off by subsequent particle

impacts.

The ripples formed on the surface of the 1200 series alloy eroded at 40· are shown in

fig. 6.1(a) and (b). This is evidence of the ductility which results in lateral

displacement of material in the direction of the slurry flow, see also fig. 5.3(a) above.

The wave crests are composed of extruded lips which are rather fragile in

appearance. Observations by both Hutchings and co_worker15•16 and Ives and

Ruff17 suggest that the individual crater lips are probably embriWed. Work by Carter,

Nobes and Arshak18 showed that wave crests are substantially hardened and thus

concluded that they are embrittled. It is therefore suggested that the major erosive

process occurs via removal of the embrittled wave crests rather than from a ductile

surface. The material on the wave crests accumulates some critical strain which

finally results in material removal.

(a) (b)
Figure 6.1 SEM micrographs (a) and (b) showing lhe ripples lhal formed on lhe surface

oIlhe 1200 series alloy after slurry erosion a14O° for 10min..
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Fig. 6.2(a) and (b) show the edge of the impact area of the 1200 series alloy after

slurry erosion at 90°, see also fig. 5.3(b). It is evident from Fig. 6.2(b) that a large

amount of material was displaced towards the edge of the impact area, due to the

ductility of the 1200 series alloy. The material appears to be layered in this area.

W 00
Figure 6.2 SEM micrographs (a) and (b) showing the edge 01 the Impact crater that

formed on the surface of the 1200 series alloy after slurry erosion at 90' for
10min..

The impact sites in general have platelets or lips extruded at their edges, to a greater

or lesser degree depending on the ductility of the alloy. The removal of the plastically

extruded platelets or lips formed at the edges of the impact craters, as described

above, is the mechanism which accounts for most of the target material volume loss

from mechanical (as opposed to electrochemical) action.

It may be expected, under the steady state conditions, that the surface would work­

harden rapidly, due to the high strains caused by the continuously impacting erodent

particles. Material loss results when sufficient strain has been imparted to the

material by the erosion events.

As noted earlier indentation hardness is frequently not a valid parameter to describe

erosion rate variations within an alloy system. For this reason the erosion rates of the

aluminium alloys have been related to the energy required to remove material from

the target surface, since this parameter takes into account the materials resistance to

indentation, its ductility and its strain to failure. The materials resistance to

indentation or its resistance to plastic deformation determines the amount of material

displaced and or removed by the impact events. The ductility and the strain to failure

values determine whether any material will be removed by an impact event.

The work to fracture values obtained for the aluminium alloys have been used to

produce the graph below, (fig. 6.3), showing the slurry erosion rates, measured in

distilled water, VS. work to fracture. This is related to the area beneath a material's
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tensile load-extension curve and is an indication of its toughness or work to fracture.

The general trend that can be observed is that the slurry erosion rates decrease with

increasing work to fracture values. This trend is particularly apparent in the case of

the non heat treatable alloys (AI1200, .AI3004 and Al5083), that rely only on work

hardening for strengthening.
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Figure 6.3 Slurry erosion rates of the aluminium alloys tested plotted as a function of
work to fracture; erodent, silica sand (500 /U11); carrier fluid. distilled water;
temperature, SS'C; Impactangle, 90'; Impactvelocity, 11 m/s.

In general lower slurry erosion rates were not observed for the non heat-treatable
aluminium alloys (Ali 070, Al1200, Al3OO4 and Al5083) as compared to the heat­

treatable aluminium alloys (A12014, Al6061, Al6261 , Al7017 and Al7075), Table 5.1, as

found for abrasion by Meyer-Rodenbeck and Ba1l109,

In the abrasion tests performed by Meyer-Rodenbeck and Ba1l109, the nonheat­

treatable wrought alloys were found to exhibit ductile micro-deformation

characteristics, whilst heat-treatable alloys, had the best dry abrasion resistance

values, due to their better combinations of strength, hardness and toughness.

The slurry erosion resistance of the aluminium alloys may be maximisedby designing

an aluminium alloy with a good combination of hardness, strength and strain to

fracture. High strength and strain to fracture values result in high work to fracture
values.

Aluminium is a very reactive metal with a high affinity for oxygen. The metal is

nevertheless highly resistant to most environments due to the inert and protective

character of the aluminium oxide film which within seconds attains a thickness of
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about 10A on freshly exposed metal, in air 114. In aqueous environments the oxide

layer forms more rapidly and is thicker. A duplex film generally forms in wet

environments; the continuous oxide layer closest to the metal surface changes to

hydroxylated film at the solid/gas interface84.

The addition of the salts to the distilled water, to create the synthetic mine water,

results in an increase in electrical conductivity of the liquid, which promotes the

mechanisms of electrochemical corrosion.

The increase in current density associated with the increased slurry erosion rates

experienced in the synthetic mine water over the distilled water, illustrates the

significance of the corrosion component when coupled with slurry erosion. The

material loss increased by as much as 42".4> in the case of the 1200 aluminium alloy

(Table 5.1) when eroded in the presence of synthetic mine water instead of distilled

water. As mentioned above the aluminium alloys are generally known to be corrosion

resistant, due to the rapid formation of a continuous protective oxide layer, but this

layer is continuously damaged and removed by the erodent particles, resulting in the

high slurry erosion-corrosion losses experienced.

Meyer-Rodenbeck et aI's results show that as corrosion becomes the more

predominant wear factor in an abrasive-corrosive wear environment, overall wear

resistance is determined primarily by the corrosion properties of the alloy series,

whilst the dry abrasion properties of individual alloys within that series becomes less

important. Meyer-Rodenbeck et aI.109 found that the corrosion attack on the

aluminium alloys is not uniform, but is confined to localised sites on the metal surface

where heterogeneity of either the metal or the corrosive medium exists and

passivation is discontinuous, (fig. 6.4). The more pure aluminium alloys have fewer

heterogeneities and therefore have more complete and continuous passive films. In

aqueous solutions the steady state thickness of the film is governed by its dissolution

rate into the environment and by the rate at which the film can conduct ions. The

integrity of the oxide film is a function of the metal composition and microstructure as

well as the presence of stresses123.

Damage of the passive film results in localised anodic attack of the exposed metal.

The greater the corrosion protection provided by the passive layer, to the underlying

material, that surrounds the impact damage site, the greater will be the potential

driving the anodic reaction. This will be discussed in greater detail at the end of the

chapter. The corrosion component of the erosion-corrosion wear damage is

therefore very dependant on the nature and extent of the passive layer as well as the
repassivation kinetics.
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In the case of aluminium alloys, the most common form of corrosive attack is

localised corrosion or pitting. However, under slurry erosion conditions the surface is

constantly changing and hence localised conditions are not allowed to develop. This

is illustrated by the fact that the rest potential gradually decreases, at the start of each

potential VS. time test (figs. 5.15 and 5.16), due to the gradual breakdown of any

existing passive film. The decrease in potential also occurs due to the increase in

surface area brought about by the slurry erosion.

As a control the aluminium alloys were tested for 60 minutes in only the synthetic

mine water jet (free of erodent particles), but there was no measurable mass loss, fig.

6.5. Discolouration of the surface was observed owing to build up of corrosion

products and/or salts on the surface. The SEM micrograph in fig. 6.4, is typical of an

aluminium alloy specimen surface after only 60 minutes of corrosion. Preferential

corrosion of the matrix around a constituent particles as well as the build up of

corrosion products was observed.

Figure 6.4 The corrosion on a polished A15083 surface after 60 min. of corrosion in the
synthetic mine water jet.

The value of the corrosion potential is a good indication of the electrochemical

behaviour and state of the specimen surface during slurry wear. The potentials of the

specimens are more negative under the slurry erosion-corrosion conditions as

compared with corrosion potential. It can be seen from the potential VS. time curves

of the various aluminium alloys, presented in figs. 5.15 and 5.16, that during the initial

20 minutes of the test there is a gradual drop in potential, with the rest potential

becoming gradually more negative until a steady state is reached. There is a distinct

change in the rest potential at 60 min., when only the carrier fluid is left to impinge on

the surface. When the erodent is once again added to the impacting jet, at 120 min.

the rest potential immediately drops to more negative potentials.

The aluminium 5083 alloy was used to generate a wear rate vs. time pattern, which is

a qualitative description of the shape of the erosion-corrosion rate time curve, in
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terms of the several stages of which it may be composed. It can be seen from fig. 6.5

that there is no incubation period for the slurry erosion and that the cumulative

erosion loss is linear. The rest potential in distilled water and in synthetic mine water

gradually becomes more negative and levels off after approximately 15 minutes. This

is as a result of the oxide layer, which was present at the start of the test, being

removed as well as a gradual increase in surface area due to the slurry erosion.

There was no measurable mass loss while the 5083 alloy was only subjected to the

synthetic mine water flUid jet, (fig. 6.5).
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Figure 6.5 The potential vs. time curves of the 5083 aluminium alloy, tested In distilled
water and synthetic mine water at ssoC with 500 11m silica sand as erodent,
are presented w~h the cumulative slurry erosion loss measurements of the
5083 series alloy tested In synthetic mine water.

Scanning electron microscopy (SEM) micrographs of the steady state slurry eroded

surfaces of the 5083 series alloy are presented in figs. 6.6(a) and (b). Figure 6.6(a)

illustrates the eroded surface after the first 60 minutes of the test and fig. 6.6(b)

illustrates the surface after 120 minutes, these correspond respectively to points (a)

and (b) on the graph in fig. 6.5.
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(a) (b)
Figure 6.6 SEM micrographs of the 5083 series alloy after, (a) 60 minutes of erosion­

corrosion and (b) a further 60 minutes of corrosion .

6.2 Aluminium Metal Matrix Composites
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Sluny erosion rates of the aluminium alloys and the aluminium MMCs tested ,
plaited as a function of Initial surface hardness; eroden!, silica sand (500 /UTI);
carrier fluid , d istilled water; temperature, 55"C; Impact angle, 90"; Impact
velocity, 11 m/s.
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For large impact angles the mechanism of slurry erosion is one of repeated impact

wear. For ductile materials the impacting particles result in plastic deformation, which

displaces material to the edges of the impact site, forming a lip. Subsequent particles

that impact the edges, or lips that have formed, result in the surface layer being

heavily deformed leading to microfractures. Further erodent particle impaets

thereafter removes material. The softer aluminium alloys experience higher rates of

material removal, (fig. 6.7), and those with higher work to fracture values exhibit lower

slurry erosion rates, (fig. 6.3).
220
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The aluminium metal matrix composites consisted of a ductile metal reinforced with a

brittle ceramic. The addition of reinforcing ceramic particulates results in increased

macrohardness values and reduced ductilityl07 as a result of matrix constraint. This

increase in hardness reduces the amount of plastic deformation experienced by the

material and should be a factor resulting in reduced erosion rates experienced by the

MMCs. Regions of matrix constrained by the reinforcing particles were more

susceptible to wastage82•

The A16061 with 15wt"A> A120 3 reinforcing particles experiences a substantial decrease

in slurry erosion rate for both the 900 and the 600 impact angles, (figs 5.17 and 5.18).

The A16061 with 15wt"A> AI20 3 reinforcing particles does not experience as a large a

drop in work to fracture, due to the presence of the reinforcement, as do the other

MMCs tested. This, along with the increase in hardness and the matrix protection

provided by the particles, results in this particular MMC showing improved slurry

erosion resistance over the unreinforced 6061 aluminium matrix alloy.

The remaining aluminium MMCs all experience substantially reduced work to fracture

levels, as compared with their respective matrix alloys. As a result the aluminium

MMCs experience increased erosion rates with the addition of the reinforcement
particles. This result is in agreement with previous studies79,80,81. The erosion rates

of the MMCs are however still of the same order of magnitude as that of the matrix.

alloys, (fig. 6.7).

Reductions in the airborne erosion resistance of aluminium MMCs was also observed

by Wilson et aJ.107 and was found to relate to the strain energy required to initiate

microfracture in a material. Both the A12014 and the A16061 composite materials

displayed good correlations between their erosion rates and their work to fracture

values107. The composites with small fracture energies exhibited rapid material

losses, as opposed to the unreinforced alloys having the greater fracture energy

values and minimal slurry erosion losses107.

The lower slurry erosion rate of the matrix alloys compared with the MMCs tested is

also a result of the reinforcing particles in the MMCs assisting microchip-formation

rather than allOWing material displacement. Fracture of.the reinforcing particles also

has a detrimental effect on the erosion resistance of the MMCs, (fig. 5.19).

Few reinforcement particles remained visible on the target surfaces, which implies

that the reinforcement particles are being completely removed and play a principal

part in the material-removal process. The overall appearances of the steady state
surfaces are typical for erosion of the matrix alloys.



Chapter 6 Discussion 74

For slurry erosion the protrusion of the particulates on the surface are expected to

make the formation of a coherent passivating layer difficult, however this insignificant

in comparison to the damage to the passivating layer caused by the impacting

erodent particles. No significant increases in corrosion rates were observed with the

addition of reinforcement to the matrix alloys, figs 5.20 and A.25 (in the Appendix).

However longer term corrosion tests without the presence of erosion may result in

differing corrosion rates due to increased galvanic effects and pitting, resulting from

the mismatched electrochemical potentials between the matrix and the reinforcement.

6.3 Steels
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Figure 6.8 Slurry erosion rates of the steels tested under the various conditions; erodent,
silica sand (500 pm); carrier fluid. distilled water and synthetic mine
water(pH 5.7); temperature, 55'C; impact angle. 90'; impact velocity, 11 m/s.

The 304 stainless steel is an austenitic steel, hence the steel is strengthened by cold

work and has a good work hardening capacity. The good slurry erosion resistance

of the 304SS, considering its relatively low hardness (fig. 6.8), can be attributed to its

good work hardening capacity.

The EN8 steels show improved slurry erosion resistances with increasing hardness.

However McCabe et al. 162, reported increasing airborne erosion rates with increasing
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hardness. These seemingly contradictory results could be because, in the tests

conducted by McCabe et al., very high strain rates were experienced, since the

impact velocity was 99 m/s. At these very high strain rates the martensitic structure

of the steel starts to behave like a brittle ceramic.

The presence of chromium greatly improves the corrosion resistance of the steel by

forming a very thin stable oxide film on the surface l 15 . The 30455, the 43155 and the

3CR12 specimens depend on the integrity of their oxide layers for their corrosion

resistant properties. It is as a result of these properties that no significant mass loss

is recorded for the corrosion tests performed on the stainless steels or the 3CR12,

fig. 6.8. The oxide layers in these materials act as diffusion barriers to the corrosive

ions and oxygen.

During slurry erosion however the action of erodent particles damages the protective

oxide layers on the 30455, the 43155 and 3CR12 specimen surfaces. This results in

areas of 'fresh' metal ~eing continuously exposed to corrosion under the action of the

slurry. These exposed areas are surrounded by areas protected by an oxide layer

which act as cathodic sites in relation to the 'exposed, fresh' metal. Hence there is a

substantial driving force for corrosion at the 'exposed' anodic sites.

It is for this reason that the 30455 and the 3CR12 specimens exhibit such increased

slurry erosion rates, when eroded in the presence of the synthetic mine water as

opposed to distilled water, see fig. 6.8. .

For the EN3B (mild) steel and EN8 (medium carbon) steel specimens the slurry

erosion-corrosion rates are equal to the sum of their individual erosion rates in

distilled water and their corrosion rates. Neither the EN3B nor the EN8 steels showed

any signs of passivation in any of the potentiodynamic tests conducted in the

synthetic mine water (free of erodent), figs 5.31 to 5.32. This is because the oxide

layers that form on these steels do not act as a diffusion barrier to oxygen and/or the

corrosive ions. Hence the removal of the oxide layers due to erosion does not cause

an acceleration in the 'erosion-corrosion' rate in the synthetic mine water, l.e, the

potentiodynamic scans conducted under slurry conditions are essentially the same

as those conducted in the fluid jet only, see figs 5.31 to 5.32. In the case of the EN3B

and the EN8 steels the metal wastage in the synthetic mine water slurry should be

referred to as 'erosion + corrosion' not erosion-corrosion, l.e, the combined effect is

not synergistic as in the case of the corrosion resistant 30455 and 3CR12.

The differences in corrosion behaviour between the corrosion resistant steels and the

low alloy steels, when tested in the synthetic mine water, are illustrated below by

superimposing the potentiostatic tests conducted on the 30455 and EN3B. Figure



Chapter 6 Discussion 76

6.9 shows that for the tests conducted in the fluid jet, the 304SSwill passivate and the

corrosion current densities are much smaller than those measured for the EN3B (mild

steel). However when the 304SS is tested in the synthetic mine water slurry its has

essentially the same current density vs. potential behaviour as the EN3B specimen.

As noted earlier the 304SS specimen exhibited the lowest slurry erosion rate when

tested in distilled water, this however changes when tested in the synthetic mine

water, see fig. 6.8. The slurry erosion rate of the 304 stainless steel increases by

41%, when tested in the synthetic mine water, due to the corrosion component. The

EN8 steel has the best slurry erosion resistance of the steels tested in the synthetic

mine water, because it does not exhibit the same synergistic behaviour as do the

corrosion resistant steels.
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Figure 6.10 Graphs of the current density vs. potential scans of the 304SS and the EN3B
tested in the synthetic mine water slurry. Erodent, sRlca sand (500 /.1m);
temperature, 55'C; Impact angle, 90"; Impact velocity, 11 m/s; rate of
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When the steels are tested in distilled water the driving force for corrosion is much

smaller than for the tests conducted in synthetic mine water, due to the absence of

corrosive ions. The corrosion currents are much smaller and for this reason there is

not sufficient driving force for the corrosion resistant steels to exhibit passivation

behaviour. It has been noted that the potentiodynamic curves of the mild and the

medium carbon steels On the different heat treated conditions) are the same, whether

tested in the synthetic mine water jet with or without erodent, see figs. 5.31 and 5.32

as well as figs A.28 and A.29 in the Appendix. It is reasoned that the oxide layer that

forms under the purely corrosive (free of erodent) conditions does not reduce the

corrosion rate, i.e. the corrosion rate is the same in the corrosive slurry. This trend is

not observed in distilled water, the corrosion currents are higher in the presence of

the slurry than they are without any erodent. In distilled water the conductivity of the

solution is lower and there are fewer corrosive species present, resulting in negligible

corrosion, which is accelerated by erodent particles damaging the surface, exposing

fresh metal to corrosion. When highly corrosive ions are added to the system, in

sufficient quantities, such as chlorides and sulphates, the corrosion will also be

accelerated. The potentiodynamic curves obtained indicate that the synthetic mine
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water results in a corrosion rate that is sufficiently high that it is not noticeably

accelerated by damage resulting from the erodent addition.

Under cathodic protection conditions the 304SS and 3CR12 specimens exhibit

increased slurry erosion rates compared to their erosion rates in distilled water, see

fig. 5.22. This may be ascribed to the hydrogen embrittlement of these steels due to

the generation of hydrogen on the metal surface which in turn is tribosorbed into the

metal lattice at the impact sites by dislocations, as described by Wandke at al. 155.

However SwisherSS reports, in his work on alloy corrosion and slurry erosion in coal

preparation plants, that success was achieved in cathodically protecting two wear­

resistant alloys; Hadfield's manganese steel and high-Cr cast iron. The slurry

erosion-corrosion metal wastage rate for the unprotected cast iron specimen was a

factor of 30 higher and a factor of 10 improvement with cathodic protection of the

Hadfield steel specimens was obtained.
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6.4 General

79

Erosion rates are complex functions of impact conditions and specimen structure and
properties165.

The ability of a material to withstand strain and to resist microfracture is influenced by

its strain hardening capacity, as described by Balll 65,I66. The hypothetical material II,

representing a soft ductile metal, will have a much lower work to fracture value than

the material III, having a good combination of strength and strain hardening-capacity.

Material II will therefore have a lower erosion resistance than material III. Thus Ball's

model which relates abrasive wear to the strain-hardening capacity for different

classes of materials can also be applied to the erosive wear of metals.

The slurry erosion rates of the aluminium alloys (which can be likened to Material II)

are about three times that of the steels tested (having characteristics of Material III).
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figure 6.11 Graph showing the relative slurry eroslon rates of the aluminium alloys and
steels tested; erodent, sDica sand (500 pm); carrier fluid, distilled water and
synthetic mine water(pH 5.7); temperature, 55'C; Impact angle, 90'; Impact
velocity, 11 m/s.

When the metal is subject to erosive wear each mechanical event will cause rupture

or removal of the oxide film in a localised region of the surface thereby exposing bare

metal to the environment. The electrochemical processes which occur when fresh

metal surfaces are generated in the presence of aqueous electrolytes may simply

involve repasslvatlon of the metal. Alternatively the processes can lead to rapid
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localised corrosion of the newly created metal surface or to accelerated hydrogen

evolution123•

A fundamental principle of corrosion is that the sum of the cathodic reactions must

equal the sum of the rates of the anodic reactions, irrespective of whether the attack

is uniform or localised,

(6.1)

where I. is the anodic current and Ie is the cathodic current. If the attack is uniform,

assuming that there is only a single predominantly anodic and cathodic reaction, then

I. Ie .. (6.2)-=- or, /a=le
Sa Se

since the area of the cathode Se equals the area of the anode Sa, ia and ie being the

anodic and cathodic current densities respectively. On the other hand if the attack is

localised S. < Se, and

i. 1or, -.- >
Ie

(6.3)

and the larger the ratio i. : ie the more intense the attack.

Thus the localised attack involves a corrosion cell consisting of a large cathodic area

and a small anodic area, and since Ia must equal Ie, the effect will become more

pronounced the higher the rate of the cathodic process and the larger the effective

area of the cathode114.

M+

Figure 6.12 A discontinuity In the oxide f~m, due to erosion damage, results In an active­
passive cell which leads to Intense localised attack on the active area.
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Shreir114 states that the most significant form of erosion-corrosion is the constant

removal of protective films from the metal's surface, thus resulting in localised attack

at the areas at which the film is removed.

Evidence of the increased in the corrosion currents as a result of the damage to the

passive layers can be seen in the potentiodynamic scans generated under fluid jet

only and slurry jet conditions, (figs 5.13, A.17 to A.24, 5.29, 5.30 and A.27). The

corrosion currents are shown to increase, i.e. the curves shift to the right when

subjected to erosion damage as well as corrosion. The potentialsalso become more

negative under the slurry conditions.

This change in potential is also observed for the potential vs. time curves. The

changes in potential cannot be used to quantify the changes in reaction rates, but

serve to illustrate that there is a change in the electrochemical behaviour when

changing from erosion-corrosion to corrosion.

A graphical explanation for this can given by comparing the E vs. logi curves of a

hypothetical corrosion resistant metal with the potentiodynamic scans performed.

The potential vs. logi curves for the corrosion of the metal in a reducing environment

is depicted in fig. 6.13.
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There are two exchange processes involving oxidation of M &M2+ and reduction of

H+ & H2. The reverse reactions for exchange processes however are negligible at

potentials removed from E, (the reversible potential) and will be neglected.

Under slurry erosion the oxygen transport to the metal surface is accelerated, which

shifts anodic oxidation E vs. logi curve towards the right, Le. to increased current

densities, indicated in red. The hydrogen evolution reaction remaining unaffected.

The intersection of the E vs. logi curves for the anodic and cathodic reaction is now at

higher current densities and at a lower potential, (fig. 6.13). This mirrors the

behaviour of the aluminium alloys and the corrosion resistant steels. The EN38 (mild

steel) and the ENS (medium carbon) steels do not form corrosion products that act

as diffusion barriers to oxygen. Therefore in the case of the EN38 and the ENS steels

subjected to slurry erosion the oxidation reaction remains unchanged in the synthetic

mine water.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Slurry erosion can cause extensive metal loss in aluminium alloys, aluminium metal

matrix composites and steels.

Under the test conditions used the addition of reinforcement to the matrix alloys did

not improve the erosion resistance of the matrix alloys. This was as a result of

reduced work to fracture values and microfractures associated with the reinforcement

fracture.

Both the AI5083 and the AI7017 aluminium alloys exhibited good hardness and work

to fracture values, accompanied with low erosion rates. The addition of less than

15% by volume of reinforcement particulates to an AI5083 or AI7017 matrix warrants

evaluation in terms of its expected improved slurry erosion resistance.

The effect of corrosion, on the aluminium alloys and the corrosion resistant steels,

alone is insignificant, but the combined action of the slurry erosion and corrosion

mechanisms result in a mutual or synergistic reinforcement of their effects.

The erosion component of the erosive-corrosive wear is the major mode of metal

loss, under the conditions tested.

Improved slurry erosion-corrosion performance is not necessarily achieved by

upgrading to more corrosion-resistant alloys or by using cathodic protection. Alloys

that rely on the integrity of their oxide layers, for corrosion resistance, may be subject

to the synergistic effects of erosion and corrosion, to much greater degree than far

less corrosion resistant alloys.

The equipment can be useful to explore methods of corrosion control. These may

include corrosion inhibitors and emulsifying oils. Cathodic protection should be

considered for some systems.
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APPENDIX

C Si Mn S P Cr Cu Mo

0.85 0.4 0.75 0.02 0.03 1.04 0.17 0.28

Table A.1 Composttion 01low alloy steel specimens used by EI-Raghy, Abd-EI-Kader and
Abou-EI-Hassan130.

Mg Mn Cr Cu

4.7-5.5 0.SO-1.0 0.05-0.20 0.10max

Zn n 51 + Fe Oth.er

O.25max 0.20max O.40max 0.15max

Table A.2 Composttlon 01 aluminium alloy specimens used by Gehring and Peterson132.

Metal Yield UTS Elongation
ay au

(MPa) (MPa) (%)

AI alloy 1100 35 90 45
Ag 55 125 48
Cu 69 220 45
Fe 126 283 47
Mg 103 193 15
Mo 345 549 55
Pb 9 17 52
Sn 9 15 45
Ta 271 343 45

Table A.3 Mechanical properties 01annealed materials used by Rlckerbyl 58.
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Grading UmilS

Max 2% > 850 p.m
Max 4% < 425 p.m

Typical Grading Analysis

Aperture U.S. %
size (p.m) Mesh Retained

1000 18 0.1
850 20 0.2
710 25 0.7
600 30 23.5
500 35 67.4
425 40 6.6
355 45 1.2
300 50 0.3
250 60 0

Table A.4 Grading limits and grading analysis for the silica sand erodent, type 20/40
density sand from Consul Industrial Minerals.

Density 2564 kg/ITT!

Loose bulk density 1594 kg/ITT!

Effective size 0.50 mm

CoefficIent of uniformity 1.15

AF.S. number 28

.Typical chemical analysk wt%

Si02 99.74
A1203 0.09
F9203 0.018
T102 0.032
ZIO:! 0.005
Cao 0.003
MgO traces

Table A.5 Further typicalerodent data and chemical analysis.
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pH 5.7

sulphates 715ppm
chlorides 350ppm

Table A.6 Corrosive synthetic mine water solution based on an analysis of mine
water"o.

Alloy Alloying elements (%wt)

Cu Fe Mg Mn 51 TI Zn Cr 0100

1070 0.03 0.25 0.03 0.03 0.2 0.03 0.07 - 0.03
1200 0.05 0.7 - 0.05 0.5 0.05 0.1 - 0.15
2014 3.9-5.0 0.7 0.20-0.8 0.4-1.2 0.5-1.2 0.15 0.25 0.10 0.15
3004 0.25 0.7 0.8-1.3 1.0-1.5 0.3 0.05 0.25 0.1 0.01
5083 0.10 0.40 4.0-4.9 0.40-1.0 0.40 0.15 0.25 0.25 0.15
6061 0.lS-O.4 - 0.8-1.2 - 0.40-0.8 - - 0.35
6261 0.15-0.4 0.40 0.7-1.0 0.20-0.35 0.40-0.70 0.10 0.20 0.10 0.15
7017 0.20 0.45 2.0-3.0 0.05-0.50 0.35 0.15 4.0-5.2 0.35 0.15
7075 1.2-2.0 0.50 2.1-2.9 0.30 0.40 0.20 5.1~.1 0.28 0.15

Table A.7 Compositions, of the aluminium alloys used Inthe Investigation.

C Mn 51 Cr t«. P S N

O.08max 2.0max 1.0max 18.0-20.0 8.D-l0.5 O.045max 0.03Omax 0.10max

Table A.8 Composition, %wt(max), of the 304 (ASTM A24O) stainless steel specimens.
The specimens were solution treated at l000·C for half an hour and then
quenched In oil.

c Or Nt· .

0.19 16.0 1.7

Table A.9 Composition, %wt(max), of the 431 (A5TM A24O) stainless steel specimens.
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C Mn Si Cr Ni P S Ti

0.03max 1.5max 1.omax 11.0-12.0 1.5max 0.030max O.030max 0.6m
ax

Table A.l0 Composition, %wt(max), of the 3CR12 (SX specification) 'corrosion resistant'
steel specimens. The specimens tested In the as received, annealed
condition.

Element Min. Max.

Carbon 0.16 0.24
Silicon 0.10 0.40
Manganese 0.50 0.90
Sulpher - 0.05
Phosphorous - 0.05

Table A.11 Composition, %wt(max). of the EN3B (070M20) '20' carbon steel specimens.

Element Min. . Max.:' •

Carbon 0.36 0.44
Silicon 0.10 0.40
Manganese 0.60 1.00
Sulpher . 0.05
Phosphorous - 0.05

Table A.12 Composition, 'lbwt(max). of the ENS (08OM4O) '40' carbon axle steel
specimens (A1SI1043).
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Aluminium Density Yield BestNo.
Alloy Strength

(g/cm3) (MPa) Xl0-a

1070 2.71 35 9.4
1200 2.71 70 4.7
2014 2.82 4SO 0.7
201415vol. %AI2O, 3.03 430 0.9
2014 20vol. %AI2O, 3.06 420 0.9
3004 2.72 145 2.3
5083 2.66 175 1.8
6061 2.71 330 1.0
6061 15vol. %A12O, 2.92 350 1.0
6061 20vol. %AI2O, 2.99 300 1.2
6261 2.71 290 1.1
7017 2.76 531 0.63
7075 2.85 540 0.6

Average Best No. for the aluminium alloys 2.0

Table A.13 Best Nos for the aluminium alloys.

Density Yield BestNo.
Steel Strength

(g/cm3) (MPa) Xl0-a

3CR12 7.61 280 3.3
43155 7.70 695 1.3
30455 7.90 205 4.7
EN3B 7.82 215 4.4
EN8 Spheroidised 7.76 245 3.8
EN8 Tempered 7.76 385 2.4
EN8 Quenched 7.76 485 2.0

Average Best No. for the steels 3.1

Table A.14 Best Nos for the steels.
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-
Den~ Hardness Charpy Work to Erosion rate (rna/hour)

ALLOY (glom) (HV20) Impact fract~~ Distilled water Synthetic minewater
enerov (J) (MJ/m OO'anqle 6<t'anqle 90 anqle 6<Tanale

1070 2.71 17 21 . 39.60 - 54.67 -
1200 2.71 31 50 19.71 26.24 - 37.19 -
2014 2.82 151 7 49.90 25.62 31.38 33.41 38.27
201415%Al2O, 3.03 174 1 5.42 29.52 37.50 35.95 41.17
201420%A1p3 3.06 197 1 2.23 33.11 38.78 36.68 46.25
3004 2.72 52 36 34.20 23.28 · 29.95 -
5083 2.66 104 14 37.77 21.76 - 25.30 ·
6061 2.71 117 20 33.92 29.91 36.96 30.37 44.72
606115%AIp3 2.92 131 2 24.15 30.96 36.36 36.00 47.56
6061 20%AI,03 2.99 137 2 8.25 33.54 40.80 39.17 49.48
6261 2.71 122 22 33.28 24.91 · 27.47 ·
7017 2.76 141 10 74.02 22.90 · 29.97 -
7075 2.85 173 4 - 25.80 · 33.85 ·

Table A.15 Results of the experimental work performed on the aluminium alloys.

Erosion rate x1(f'tmm Il)
ALLOY Distilled water Synthetic mine water

9O"anQle 6d'anQle 9C1'anale OO'anQle
1070 213 · 295 -
1200 141 · 200 ·
2014 133 162 173 198
201415%AIA 142 181 173 198
201420%AIP3 158 185 175 221
3004 125 - 161 ·
5083 119 · 139 -
6061 161 199 164 241
6061 15%AIP3 155 182 180 238
606120%AIA 164 199 191 242
6261 134 - 148 -
7017 121 - 159 ·
7075 132 - 173 ·

Table A.16 Slurryerosionrates of the aluminium alloys.



Figure A.17 A11070 - graphs of the current density vs. potential scans: eroden!, silica sand
(500 pm): carrier fluid, distnled water and synthetic mine water(pH 5.7);
temperature, SS'C; impact angle, 90'; Impact velocity, 11 m/s; rate of
polarisation 4mV/sec.
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Figure A.18 A11200 - graphs of the current density vs. potential scans: erodent, silica sand
(500 pm): carrier fluid, distilled water and synthetic mine water(pH 5.7);
temperature, SS'C; impact angle, 90'; impact velocity, 11 m/s: rate of
polarisation 4mV/sec.
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Figure A.19 A15083 - graphs of the current density vs. potential scans: erodent, silica sand
(500 /lm);. carrier fluid, distDied water and synthetic mine water(pH 5.7);
temperature. SS'C; impact angle. 90'; impact velocity, 11 mjs; rate of
polarisation 4mVjsec.

Figure A.20 A12014 - graphs of the current density vs. potential scans: erodent, silica sand
(500 /lm); carrier fluid, distilled water and synthetic mine water(pH 5.7);
temperature. ssoC; impact angle, 00"; Impact velocity. 11 mjs; rate of
polarisation 4mVjsec.
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Figure A.21 A16061 • graphs of the current density vs. potential scans: erodent, silica sand
(500 pm); carrier fluid, distilled water and synthetic mine water(pH 5.7);
temperature, SS'C; Impact angle, 90'; Impact velocity, 11 m/s; rate of
polarisation 4mV/ sec.
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Figure A.22 A16261 • graphs of the current density vs. potential scans: erodent, silica sand
(500 pm);, carrier fluid, distilled water and synthetic mine water(pH 5.7);
temperature, SS'C; impact angle, 90'; Impact velocity, 11 m/s; rate of
polarisation 4mV/sec.
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Figure A.23 AJ7017 - graphs of the current density vs. potential scans: erodent, silica sand
(500 J.lm); carrier fluid, distilled water and synthetic mine water(pH 5.7);
temperature, SS'C; Impact angle, 90'; Impact velocity, 11 m/s; rate of
polarisation 4mVIsoo.
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Figure A.24 AJ7075 - graphs of the current density vs. potential scans: erodent, silica sand
(500 J.lm); carrier fluid, distilled water and synthetic mine water(pH 5.7);
temperature, SS'C; Impact angle, 90'; Impact velocity; 11 m/s; rate of
polarisation 4mV/sec.
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Figure A.25 Graphs of the current density vs. potential scans of the 2014 aluminium matrix
alloy and the AI2014 MMCs. Tested at an impact angle of 90": erodent, silica
sand (500 JIm); carrier fluid. synthetic mine water(pH 5.7); temperature. 55"C;
impact velocity. 11 rn/s: rate of polarisation 4mVIsec.
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101

Dens~ Hardness Erosion rate (ma/hour\ . Corrosion
ALLOY (g/cm (HV3O) Distilled Synthetic cathodic rate

water mine water Iprotection rma/hour)
3CR12 7.61 184 22.54 29.34 26.47 0.00
431SS 7.7 283 24.76 28.64 25.37 0.04
304SS 7.9 142 14.74 20.82 19.09 0.00
EN38 7.82 282 30.28 34.20 30.60 2.41
EN8 Spheroidised 7.76 291 25.79 28.38 23.56 1.30
EN8 Tempered 7.76 493 20.95 23.28 20.93 1.22
EN8 Quenched 7.76 610 16.62 18.44 16.41 • 1.32

Table A.25 Results of the experimental work performed on the steels.



Appendix 105

Erosion rate (mm3/hour) Corrosion
ALLOY Distilled Synthetic Cathodic rate

water mine water protection •(mm%our)
3CR12 43.24 56.28 50.78 0.00
431SS 46.94 54.30 48.10 0.08
304SS 27.24 38.47 35.28 0.00
EN3B 56.53 63.85 57.12 4.50
EN8 Spheroidised 48.52 53.39 44.32 2.45
EN8 Tempered 39.41 43.80 39.37 2.30
EN8 Quenched 31.27 34.69 30.87 2.48

Table A.26 51 urry erosion rates of the steels.

Figure A.27 43155 - graphs of the current density vs. potential scans: Erodent, silica sand
(500 Jim); carrier fluid, distilled water and synthetic mine water(pH 5.7);
temperature, 55'C; impact angle, 90'; impact velocity, 11 m/s; rate of
polarisation 4mVIsec.
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Figure A.28 EN8 spheroidised - graphs of the current density vs. potential scans: erodent,
silica sand (500 11m): carrier fluid, distilled water and synthetic mine
water(pH 5.7); temperature, 55'C: impact angle, 90'; impact velocity, 11 m/s:
rate of polarisation 4mV/sec.
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Figure A.29 EN8 tempered - graphs of the current density vs. potential scans: erodent,
silica sand (500 11m); carrier fluid, distilled water and synthetic mine
water(pH 5.7); temperature, 55'C; impact angle, 90'; impact velocity, 11 rn/s:
rate of polarisation4mV/sec.
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The time between impacts on the same spot is been estimated in the calculation

below:

number of impacts to damage entire surface
number of impacts per second

= time between impacts, in seconds.

The following symbols and units have been adopted:

0" = ejector nozzle diameter (mm), eroded area", slurry jet cross section

0 j = diameter of impact site (lLm), from figs 5.9(a)-5.1 O(a)

E f = 'erodent flow rate' (kg/hour), calculated from slurry concentration

Pe = erodent density (kg/m3), see Appendix, Table A.5

0 e = erodent particle diameter (mm), see Appendix, Table A.5

number of impacts to damage surface:

_ area of damage on specimen
- area of one impact site

number of impacts per second:

volume of erodent impacting surface per second
=

volume of one erodent particle

Ei/Pe·60·60
= 4/311.(0e/2)3

Combining equations A.1 and A.2,

= time between impacts, in seconds

1I.(1h0rJ2 . 4/311.(0 e/ 2)3
- (s)
- 11.(1h0/2)2 • Ei/Pe·60·60

= II (5.5/2)2 . 4/311 (0.50/2)3 x10-3s
1l(5O/2)2 . 68.5/2564.60·60

= 0.1 second

(A.1)

(A.2)

(A.3)



TERMS AND DEFINITIONS

Terms which are relative to this thesis are listed alphabetically below. The following

terminology is based on the Standard Terminology Relating to WEAR AND EROSION

from ASTM Designation: G40-83172•

angle of incidence/attack/impingement - the angle between the direction of motion
of an impinging liquid or solid particle and the tangent to the surface at the
point of impact.

carrier fluid - fluid medium that transports the impinging solid/erodent and that gives
the particles their momentum relative to the solid surface on which they are
impinging.

cumulative erosion-time CUNe - a plot of cumulative erosion versus cumulative
exposure duration.

erosion - progressive loss of original material from a solid surface due to mechanical
interaction between that surface and a fluid, a multicomponent fluid, or
impinging liquid or solid particles.

erosion rate - any determination of the rate of loss of material (erosion) with exposure
duration.

incubation - the initial.stage of the erosion rate-time pattern during which the erosion
rate is zero (or even negative) or negligible compared to the later stages of
erosion.

particle concentration - a measure of the solid particle content (by mass) in a mixture
of particles and fluid.

The following terminology is based on Standard Definitions of Terms Relating to

CORROSIONAND CORROSION TESTINGfrom ASTM Designation: G15-86 172.

active-passive cell - a corrosion cell in which the anode is a metal in the active state
and the cathode is the same metal in the passive state.

anode - the electrode of an electrolytic cell at which oxidation is the principal
reaction.

cathode - the electrode of an electrolytic cell at which reduction is the primary
reaction.

cathodic protection - a technique to reduce the corrosion rate of a metal surface by
making it the cathode of an electrochemical cell.

corrosion fatigue - the process in which a metal fractures prematurely under
conditions of simultaneous corrosion and repeated cyclic loading at lower
stress levels or fewer cycles than would be required In the absence of the
corrosive envjronment.



Terms 8lld Definitions 109

corrosion potential - the potential of a corroding surface in an electrolyte relative to a
reference electrode measured under open-circuit conditions.

current density - the current flowing to or from a unit area of an electrode surface.

electrochemical cell - an electrochemical system consisting of an anode and a
cathode in metallic contact and immersed in electrolyte. The anode and
cathode may be dissimilar areas on the same metal surface.

impressed current - an electric current supplied by a device employing a power
source that is external to the electrode system, such as the doc current for
cathodic protection.

local corrosion cell - an electrochemical cell created on a metal surface because of a
difference in potential between adjacent areas on the surface.

open-circuit potential"- the potential of an electrode measured with respect to a
reference electrode or another electrode when no current flows to or from it.

polarization - the change from the open-circuit electrode potential as the result of the
passage of current.

potentiodynamic - the technique for varying the potential of an electrode in a
continuous manner at a preset rate.

Tafel slope - the slope of the straight line portion of a polarization curve.
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