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Abstract-

Aluminium, although often possessing adequate strength and toughness for a specific
agpplication, may be deemed unsuitable due to a less than satisfactory corrosion resistance.
This unacceptable behaviour is especially prominent in the local mining industry where
aluminium alloys corrods severely in the high chioride and sulphate containing waters. Of
notanle importance and the msjor motivating force for this research was the historically poor
performance of aluminium alloy mine cages, which are suited to the task excepting for their
unsatisfactory corrosion resistauce. Of general importance however, is that the mining sector
in Souih Africa represents a sizeable portion of the economy and could thus become 2 much
grzater consumer of alurinium if the metal's corrosiun resistance could be improv  pon.
Apart from varying the composition of the ailoy, the other basic technique of iucfeasing a
metal’s rosistance to an environment is by applying @ coating of some sort. This research
looks into the use of aluminium-based metal sprayed" coatings as a form of protection for
various aluminium and steel substrate alloys.

The purpose of a metal sprayed layer is not mercly to isolate the substrate from the
" envirohment, 'but also to act rs a sacrificial ancde at regimis where the substrate is exposed.
Previous work suggested that alloys of aluminium/zinc/indjum produced excellent sacrificial
anodes and were thus selected for this research. The zinc and indium were always alloyed
with pure aluminium, with the percentage zinc varying between 0 and 12%. All the coating
alloys were sprayed om.: AAG261 and AAS5083 aluminium alloys, a metal matrix composite
and a mild steel alloy. Various electrochemical and immersimi trials were then carried out in
several synthetic m'ine waters and other corrosive media.

The basic conclusion to be drawn from the results achieved is that the optimum coating for
a particular substrate alloy is the one that provides the greatest potential difference between
i and the substrate, while still lasting the required lifetime of the ¢omponent. The reason for
this is that the greater the potential difference, the better the sacrificial protection and hence
the better the protection offered to any exposed areas on the surface, The fact that the coating
corrodes away with time means that a balance must be found betwesn sacrificial behaviour
and required lifetime.

Abstract iii



Acknowledgements

The assistance of the foﬂowing people is gratefully ar.howledged :

® Profcssor FPA Robmson, my superv:soa', for hig guidance, advice and support.

JM

Jf

® Mr John Leitch, Mr Yugi Moudlcy and Mr Jannic Pienaar, from Hidert Aluminium for

theu' adviee and techmcal mpun

[ ] MrDa\ndHaywoodanerTnn)ﬂKukbnde fortheuﬁcofmcmulspmy facility at the

CSIR and for their wﬂlmg asslstannc

® Mr Howm‘;t Shaw for a_;_,-, use of his \m flame spray gun.

Acknawﬁqlaemu

. S 3\
@ Hulewt Aluminium for their finanicial suppost.

T

@

+ iv



Table of Contents

1.0 Introduction

2.0 Literature Review

2.1 Introduction

2.2 The Fundamentals of Metallic Coatings

2.2.1 ntrodustion

2.2.2 Galvanic Corrosion

2.2.3 The Properties of Anodic Cosaiings

2.2.4 The Properties of Cathodie Coatings

2,2.5 Reasons for Applying Mewllic Coatings
2.2.6 Economic Considerations in the Use of Coatings

2.3 The Coating Process

23,  aing Processes

2.4 Thermal Spray Coaiings

2.4.1 Fundamentals of the Process

24.2 Methods of Deposiiion

24.3 Surface Preparation of the Substrate

2.4.3.1 Objectives in Preparing the Surface
2.4.4 The Basic Principles of Wirs Flame Sprayiug

2.4.5 Seope and Limitations of Flame Spraying

2.4.6 Adhesion to the Substrate

2.5 The Costing of Aluminium and Steel Substrates ..

2.5.1 The Protective Action of Aluminiam .\lloy Coatings

2,5.2 The Extent of Sacrificial Protection:

2,53 The Rele of Zine and Other Alloy Additions

2.5.4 Elecirochemicat Relationship Between Substrate and Coating

2.5.4.1 Polarization of the Coating
25.5 The Corrosive Nature of ihe Environment ...

2.5.5 | Immersed Conditions

2.5.5.2 ammospheric Exposure ...

2.5.6 Alyminium Sprayed Coatings : Their Use for the Lvotection of

Aluminium Alloys
2.5.6.1 Alloy Addivion Proposals

Table of Confents

o0 00 = v P B

10

1
11
12
15
i3
17
17
13

RERBEBREES

&R



2.5.7 Aluminivm Sprayed Coatings : Their Use for the Protection of Steet

2,5.1.1 Alloy Addition Proposals

2.5.8 The Role of Indium as an Alloy Addition
2.5.9 Phylical Properties of the Metallic Coatings

2.5.9.1 Thickness .,

2592 Potosity

2.5.9.3 Adbesion

2.5.9.4 Mschanical Properties
2.5.10 Coating Sealanis ....

.......

2.5.11 Corrosion Products on Aluminium, Zine and Aluminium-Zine Cosatings

2.6 Corrosion of the Substrate’ Allgys

2.6.1 Comrogion of Alvminiom and itg Alloys
2.6.1.1 Introduction

2.6.1.2 The Physical Properties of the Film
2.6,1.3 The Growth of the Oxide Film in 'Water

2.6.1.4 Environmenta! Factors Affecting the General Corraslm Behaviotr,

2.6.2 The Pitting Behaviour of Aluminium

2.6.2.1 The Mechanism of Pitting

2.6.2.2 The Effexts of Alloying on Corrosion Behaviour
2.6.3 The Corrosion of Metal Manix Composites

2.7 Selecting a Coating

2.8 Tesiing Coatings
2.8.1 Quality Control Testing

2.8.2 Comrosion Resisiance Tosting

2.8 Techniques 4f Quamifying Corrosion Rate Msagyrements

2,10 The Properties of Local Mine Waters

2.10.1 Water Composition

2.10.2 Water Temperaiure

3.0 Experimental Procedure

3.1 Creation of the Metal Spray Alloys

3.1.1 Meliing and Casting of the Alloys

3.1.2 The Production of Wire

3.2 Preparation of the Substrate Alloys
3.2.1 The Reasons for Alloy Selections

3.2.2 Coupon Size and Dimensions

Jable of Contents

BLRKZEBE

38
39
39

41
42
42

42
43

45
47

52

3 B S

59

829

22883



3.2.3 Grit Blasiing of Coupons

3.2.4 Meial Spraying of Alloys ...,
3.2.5 Final Preparation of Coupons

3.3 Synthetic Mine WVater Make-up

3.4 Electrochemical Corrosion Testing

3.4.1 Sample Preparation

3.4.2 Corrosion Testing
3.4.2.1 Potentodynamic Tests

3422 E,, versus Time Tests

3.5 Accelerated Corrosion Testing

3.5.1 Salt Spray Testing
3.5.2 Alizrnate Immersion Testing

3.5.3 Complets [mmersion Trials

3.5.4 Preparing Clesning and Evaluating the Corrosion Test Specimens

1.54.1 Sample Preparation

3.54.2 Sample Cleaning

3.54.3 Sample Evaluation

1.6 Surface Roughmess Evaluation

3.7 Coating Adbesion Measurements . —

3.8 Coating Thickness Measurenwnls. )

3.9 Scanring Elecror Microsgopy

4.0 Resulis snd Discussion

4.1 Analysis of the Metal Spray Wires

4.2 Analysis of the Substrate Alloys

4.3 Water Analysis

4.4 Electrochemnical Test Work

4.4.1 Potentiodynamic Trials .

4.4.1.1 Performance of the Coatings

4.4.1.2 Performence of the Substrate Alloys

4.4.1.3 Comosivity of the Waters
44.14 Coating/Substrate Combined Performances

Tahble of Contents

£

g2ggd

FAIUNSE

75

75

78

78

8i
81
81

87
87

He



- 44,15 Sammary of Results Achieved 02
442 B, versus Time Trials 04
4.5 Accelerated Corrosion Testing . ....(. ]
4.5.1 Salt Spray Testing 96
4.5.1.1 Synthetic Mine Water Trial 96
4.5.’5__.2 Synthetic Sea Water Trial 102
4.5.1.3 Acetic Acid Triat 106
4.5.2 Alternate Immersion Trials 108
4.5.2.1 Tap Water Trials 108
4.5.2.2 Synthetic Mine Water Trials 109
4.5.2.3 Tap Waer Trial ... ’ - 114
4.5.2.4 Synthetic'Sea Wejar Trisd o 114
45.2.5 Sulphuric Acid Trials 117
4.5.3 Compleis Imsasrsion Trials e, rern - 121
45.3.1 Synthetic Mine Water Trialy 121
4.53.2 Tap Water Trial 124
4.5.4 Weighi-Logs Measuremients 125
455 Scaming Electron Microscopy v 127
4.6 Surface Roughness Evaluation ' 130
4.7 Coating Thickness Messutements s _ 132
4.8 Coaiing Adhesion Measurements . 133
3.0 Conclusicns and Recommendations 134
S, COUCTUSIONS 1oviruriererssiasessrrsnrnirsesorsstsbsestan srasraesbi sesssasesssorsosessa sarss kbbb besa s mebe ks 401 BL bR o re b dme bSO HRA . SpEbates 134
5.1.1 Electrochemical Tesi Work 134
5.1.2 Accelersted Corrosion Test Work 136
5.1.2.1 Salt Spray Testing ' ' 136
3.1.2.2 Alternate and Complete Immersion Testing ; 136
5.1.3 Coating Opiimization , 137
5.2 Recommendations : : 138
6.0 References . i

Table of Contents ' viii



List of Figurés

Fignre 1 : Galvanic series for elements in contsot : 5

Figure 2 : Diagrammatic representation of galvanic effecis produced at a pors in & coating o a

subsivate ' 7
Figure 3 : Schematic of the general thermal spray process il
Figure 4 : Schematic of the wirs flame spray process ....... i3
Figure § ; Schematic of the powder flame Spray process 14
Figure 6 3 Profiles produced afier alrasive blasting ; 16
Figure 7 : Potential-pH diagram for aluminium at 25°C i water 23
Figure 8 : Thermodynamic potentials of elements and typical working potentials of alumininm alloys 28
Figure 9 : Potential vs. time curves of fiame sprayed Al-Zn slioys 30
Flgure 10 ¢ Potential vs. time curves of flame sprayed Al-Mg alloys 3
Figure 11 : Potential vs. time curves of flame spraved Ai-Si alloys 31
Figure 12 : Potential vs. time curves of flame sprayed Al-Zn-X afloys 32
Figure 13 : Comparative performance of various Zn-Al coatings on steel exposed for 34 years ........... 35
Figure 14 : Comparative performance ot several magnesium containing and tin containing coalings

afier 34 years exposure
Figure 15 : The influence of pH on the solubility of the oxide film
Figure 16 : Multiple reactions occurring in an ahuminium pit ...
Figure 17 : The effect of alloying on corrosion resigtance

& &

Figure 18 : The effects of principle alloying elements on the electrolytic-aoiution potetntial

of aluminium 48
Figure 19 : Key 1o Tuble 4 55
Figure 20 : Eifect of pH on corrosion rate of mild steel in gynthetic ming WaLET ...o.ocmcssmsssinssinirons 3
Figure 21 : Variation in corrosion rate with teriperature in solutions of synthetle mine waisr ..., 58
Figure 22 : Aluyminium and steel saruples grit blasted with ALO, 62 .
Figure 23 : Metsl sprayed coupons 63
Figure 24 : Controlled defects in test coupons 64
Figure 25 : An electrochemical test specimen 66
Figure 26 : Typical electrochemical polarisation celt &7
rigure 27 :P!mographofﬂmEG&GmeemModelZHpomosm“mhnspmphsmldewm.. 68
Figure 28 : The aliernate immersion corrosion testing appasatus , 71
Figure 29 : Controls for the altemate immersion corrosion testing apparatus : 71
Figure 30 : The tensile test rig for testing coaling adhesion ! 16
Flgure 31 : Superimposed potentiodynamic scans, Coated AAS083 glloy 83
Figure 32 : Superimposed polentiodyramic scans, Coz.ed AA6261 alloy 84
Figure 33 : Superimposed potentiodynamic scans, Coated mild steel 85
Figure 34 *: Potentiodynamic plot of pure zine in water A 82
Figure 35 : AAS083 metal sprayed ssmples. Resulits from the synthetic mine water trials .......... R 89
Figure 36 : AA6261 metal sprayed samples. Results from the syntheiic mine water trisls ........ore. R 39
Figure 37 : Mild stecl metal speayed samples, Resulis from the synthetic mine watef Wals s 90
Figure 38 : AAS08) wetal sprayed samples, Results from the synthetic sea water and iap water rials 90

Figure 39 : AAG26]1 meval sprayed ssmples. Results from the synthetic sea water and tap water winle 91

List of Floures



Figure 40 : Mild steel metal sprayed .. | _E.Reautsﬁommesynthﬂicmwwandupwwm 91

Figure 41 : Poientiodynamic scans, trends established from the trials 93
Figure 42 : E,_ versus lime scans, trends applicable to all water types 95
Figure 43 : Clost-nps of two corroded salt speay semples 97
Figure 44 : High suipbate/high chioride salt spray coxpons 100
Figure 45 : High sulphate/high chioride salt spray coupons 100
Flgure 46 : High sulphate/high chioride salt spray coupons 100
Figure 47 : High sulphate/high chloride saii speay coupons 100
Flgure 48 : High sulphate/high chloride sal spray coupons 10
. Figure 49 : High sulphate/high chloride salt spray coupons 101
Figure 50 : High sulphate/bigh chioride salt spray coupons 101
Figure 51 : Corrosion gmatinet on & coaled mild steel sample 103
Figure 52,: Synthetic sea water salt spray coupons 104
Figure %3 : Synthetic sea water salt spray coupons , . i 104
Figure 54 : Synthetic sea waier salt spray coupons - 104
Figure 55 : Synthetic sea water salt spray coupons 104
Figure 56 ; Synthetic sea water salt spray coupons W05
Figure 57 : Synthetic sea waler salt spray coupons 105
Figure 58 : Synthetic sea water salt spray coupons 105
Fligure 59 : Acetic acid salt spray coupons 107
Figure 60 : Acetic acid salt spray coupons 107
Flgure 61 : Acetic acid sait spray coupons 107
Figure 62 : Acetic acid salt spray coupons 107
Flgure 63 : Altemnate immersion sgmples after 1500 hours 109
Figure 64 : High sulphate/Righ chloride alternatc immersion coupons 112
Figure 65 : High sulphate/high chloride aliemate immersion coupons 112
Figure 66 : High sulpbate/high chloride aliernate immersion coupons 112
Figure 67 : High sulphate/high chioride aliernate immersion coupons 112
Figure 68 : High sulphate/high chloside alternate immersion coupons 113
Figure 69 ; High sulphate/high chloride alternate immersion coupons 113
Figure 70 : High sulphate/high chloride alternate immersion conipons i3
Figure 71 : Close-up of a coated mild steel coupon afier 5000 hours exposure in water A .......... VIR § (1)
Figure 72 : A coated mild sieel altemate immersion coupon after 2000 hOUTS ...occcvinsmssnenrsesnsssrstsrnisrens 111
Flgure 73 : Synthetic sea water alternate immersion coupons 115
Figure 74 : Synthetic sea water alternate immersion coupons 115
Figure 75 : Synthetic sea water altemate immersion coupons 115
Figure 76 : Synthetic sea water alternate immersion coupons il5
Figure 77 : Synthetic ses water alisrnate immersion coupons ii6
Figure 78 : Synthetic sea waler altemate immersion coupons 118
Fligure 73 : Synihetic sea water altemnate immersion coupons 116
Figure 80 : 0.IN H,SO, alternate immersion coupons 119
Figure 81 : 0.1N H,50, alternate immersion eoupons 119
Figure 82 : 0.IN H,S0, alternate immersion coupons 119
Figure 83 : 0.1N H,SO, alternste immersion coupons 119

List of Figures



.. Figure 86 : 0.1N H,SO, alteragte immersion coupons
Figure 87 : A corroded steel aample sfter the 0.IN H, 50, alternate immiergicn rial ...msssencesssanne ’

i

ek

Figure 84 : 0.IN H,S0, slternsée immersion coupons
Figure 85 : 0.IN-H,50, slemate immersion coupons

Figuce 88 : High chioride/high sulphate complete immersion coupons
Figure 89 : High chloride/high salphate complete immersion coupons
Flgure 90 : High chloride/high sulphstie complete iinmersion compons
Figure 81 Eﬁghﬁhrmﬂﬁghmhﬂmmhmﬁmmxpm “
Flgure 9 : High chioride/high sulphste complete immersion ooupoos ..
Figure 93 : High chloride/high sulphate coppiete inmmension coupons
Figure 94 : High chloridehigh selphete complele immersion coupons
Figure 9% 1 A costed mild steel conplets immersion coupon after 5000 hours expogurs in Rend Water

Boacd water
Fligure 96 : Weight-loss measurxmensx for the coupons alierrately immersed in 01N S0, ...............
Figure 97 : EDAX of ‘corvasion coupan prioe 10 iesiing:
Figure 98 : EDAX of corroded surface :
Figure 99 : EDAX of pane! taken after 1000 bours in the sliemnate innersion MaGHNe .........uermrws:
Figure 100 : EDAX of corrosion product scraped OF a0 aliernste {unersiod SPECNen «....mmwimen. -
Fignre 161 ; Arithmetic mean roughness value parameters ;

Liat of Pigmres

120
120
120
117
122
122
12 -
122
123
123
123

124

127
127
128
129
130

xi



List of Tables

Tuble 1

Properties of speayed zinc and spaayed slumininm

Table 3 : Terminclogy used 1 describe condition of test panels

Table 4 : Analyais of 46 of South Africa’s gold mine waters

Table § : Composition of synthetic mine water

Anslysis of the spray wire alloys

Tahle 7 : Analysis of the "pig" aluminium used a5 the owsis raw materiat

Table 9 : Analysis of the alumininm substraie ailoys

Table 16 : Analysis of the mild sieel substraze alloy

Table 11 : Test water snalysis 3

Tabde 12 : Corrosion potesinls and corrosicn mirs of alicys in'water A

R EEEEEE SRR

Table 13 : A compesison of the corrosion potentials of the vatious costingfeubsirate combinations
- in the synthetic mine water ;

Table 14 ; Results of the surface roughness evalustion oo

Table 15 : Conting thickness meesarements

Tabie 16 : Adhesive strengthe of the coatings

o
W

vy 4

W

List of Tablcs

%

131
132

xii



Introductién

The mining soctor of South Africa accounts for a lasge percentage of the country’s economy.
A?*hopgliymany diverse minesals are mined, by far the most important is the removal of gold -
from the earth’s crust. Where the aluminium industry fits into this scenario is in the use of
the metal and its alloys for the extensive structural requirements of the numerous gold mines
across the land.

The major limiting facsor with rogand the use of aluminium and its alloys in this industry has
been the exiremely corrosive nature of the waters handled. Very high sulpbate and chloride
lovels, relatively high temperatures and significant quantities of bacteria, to mention only three
of the many mitigating factors, have combined 1o restrict the use of aluminium, which apart
from its limited comosion resistance is suitable in many of the applications. A spexific
example of the above stated problem, and the major motivational force behind this research,
has been the poor performance of aluminium mine cages. The light weight and associated
high swrength of the metal makes it ideal or vse in the construction of these cages, but the
limitation is stili corrosion resistance. .'
_ f _

A viable solurion to the problem would be to find & suitable coating material together with
an applicarion technique that would protect the existing structural aluminium allays without
impairing their performance. Previous work has established metal spraying as ;an' excellent
method of sacrificially protecting mild sieel alloys. Thus, this research was initiated in an
attempt to find a metal sprayed, aluminium-based coating that would effectively protect
certain alumininm alloys from the extremely hargh gold mining environments.

The development of suitable coating alloys is the first stage of the research. Once the

optimum coatings for specific substrates have been established in the laboratory, further tests
in actnal mining environments will be needed to confirm the lab results.
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Literature Review

2.1 Introduction

The use of metallic coatings for the protection of other metals and alloys from corrosion is
based on the fundamental prin’éipb that a metal will not corrode unless it is in contact with
2 corrosive environment. Thus, any form of% ,-..41 -4:1' which is interposed between the meta]
surface and the corrodent will have anti-corrosive properties, even if the cerrosion is only_
transferred from the constructional substrate metal to the thin protective metallic coating.”

In other words, the metal coating is used to add the qualities of the chosen costing material -
to selected areas of a comﬁbr-f-:a:t wade from some other base materinl? This allows a wide
freedom in design by giving a choice in combining surfuce cheiacteristics best suited to
service conditions onto a componens made from a base rietal possessing other propernies.

The i;hoicc of the substrate material is usually fairly straightforward, most commeonly being
based on cost, strength, weight, etc. The choice of the best protective coating which will
permit theﬂ-;:hosen constructional material to be used successfully may be more difficult. The
coating must, in most cases, resist the environment to a greater degree than does the basis
metal; it must in no way encourage loca! corrosion of the underlying material to suéir an
extent as to be detrimental to the behaviour of the substrate alloy, and it must have physical
properties of its own, for example, hardness, elasticity, wear-resistance, etc. Although
metallic coatings are usually more corrosion resistant than the underlying metal, some
coatings are anodiis w the substrte and may not exclude the environment, but react with the
base material to confer cathodic protection.

Metallic coatings can be applied to the substrate by seversl different techniques, including :
hot-dipping, spraying cementation, cladding, electroplating and chemical and physical vapour
phase reaction.® The choice of process is dependant primaril. upon the service application.

Literature Review : 2



The main conclusion drawn from research into the effectiveness of these coatings has been
that they provide excelient protection in a large variety of highly corrosive environments,
" Unsuccessful performances can usually be aitributed o one or more of the following

factors® :

(i) Poor application

(if) Unnecessarily large damage occurring during trangport and/or erection
(iii) Insufficient thickness of the metallic coating

(iv) Unsuitable type of paint overcoat

(v) Poor maintenance of the souctural system.

In today’s highly developed industrial countries where fi~ancial loss due to corrosion has

traditionally been serious, cconomic considerations are now not the only factors that have to.,
be considered. Public opinjon and political aims now demand clean and non-toxic

surroundings s well as preservation of resources. Metallic coatings not only satisfy these

needs, but also offer visble econom.: st;t;'u'tions. | ‘

Literature Review 3



22 The Fu_ndaméntals of Metallic Coatings:

2.2.1 Introductiqn

Metallic coatings are appli'ed to substrates (metals, plastics, ¢tc.) for a variety of reasons, but
the major application is undoubiedly corrosion protection. This provides an economical means
of combining the properties of the substrate and the metallic coating to give a composite
matgrial that has both satisfactory mechanical properties and good corrosion resis: .ce. Mild
steel for example, is easily fabricated and cheap, but has poor resistance 10 corrosion in most
enviroaments. On the one hand this disadvantage can be overcome by alloying the steei with
more corrosion-resistant metals such as nickel or chromium, the drawback here being that
alloys of this type are relarively expensive, Alternatively, a8 more economical approach is to
apply a thin coating of nicke} followed by an even thinner coating of ch-omium, thus creating
a product with the properties of mild steel and the corrosion resistance of chromium and
. A

nickel, P

el

Ideally, a metallic coating should form a ¢ inuous barrier that completely isolates the
underlying material from the cnvironl}lcnt. This, however, is seldom the case and in practice,
- as a result of both the application and subsequent forming and hardling operations, the
coatings usually poix;"‘.-.ss discontinuities such as pores, pits and cracks.

Thus, as a result of the discontinuous nature of metallic coatings, it is necessary not only to

consider the corrosior: of the substratc and the coating, but also their effects on one another

when they are in contact®

2.2.2 Galvanic Corrosion

A potential difference always exists between two dissimilar metals when they are immersed
in a corrosive or conductive solution, If these metals are placed in electrical contact this

Liserature Review 4
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potentiai difference produces electron fiow between them.® As a result, aftack of the less -
coiTosion Tesistant metal is usually increased and that of the more resistant material 13§
decreased, as compared with the behaviour of these metals when they are not in contact, :Djez
less resistant metal becomes the anode, which donates electrons to the more resistant, \;ar
cathodic metal. Thus, due 1o the galvanic coupling the cathode is protected by the anode and
terds to corrode vcry slightly, if at all.

The behaviour of metals in a couple can be predicted by the galvanic series, with the more
nob}r metal always behaving as the cathode. The figure below shaws the ga.lvamc scrles for

ciements in sea water.
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Figure 1 : Galvanic series for elements in contact in sea water."
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2.2.3 The Properties of Anodic Coatings

The coating of a substrate, in the past usuaily steel, with a metal that is anodic to it, typicallf
zinc, tin, cadmium or aluminium, has the advantage tha} the coating will sacrifiﬁally protect;
the substrate under most environmental conditions,” However, this results in the removal of |
the coating over time so that its function as a barrier could be lost. It follows that the
magnitude of the galvanic current flowing between the oﬁating and substrate should be only
just sufficient to protect the laster (as too large a current would cause the premature depletion
of the coaﬁng).

Figure 2 illustrates the action of an anodic coating in sactificially protecting the substrate at
a discontinuity, with consequent consumption of the coating. If this progresses oo far, the

© coating is no longcr-ablc 10 act as & barrier or fo protect the subsirate sacrificially at exposed

areas some distance from the coating. The size of the bare substrate that can be completely
protected depends upon the "throwing power” of the coating which is related to its corrozion
potential and the conductivity of the solution within the discontimiity.

Figure 2(g) demonstrates the situation that often prevails in practice when the substrate is
exposed at a discoutinuity. Initially the coating corrodec reéulting in the formaton of
corrosion products in and around the area of bare substrate. Az the process cop'.nues so the
corrosion products build up, thus creating a barrier between substrate and environment,
resulting in a reduced amount of sacrificial protection being required. This additional form
of protection is ouly really effective if the corrosion products of the coating are insoluble and
thus don’t get washed away from the pore,

Literature Review &



Flo

Y

Anodic /7

Cf:atrng /] \

e AN \\ g\% @ Né
ib}

{a)

Cathodic 7 7

coatirg E / .

Anodic R .,
substrate '\ &\ § % i\.\ NN N NN

{d) {e) (£}

Protective film

Anodic /7 Cathodic
Toating - _( coating
AN \ _

Figure 2: Diagrammatic representation of galvanic effects prodised st a pore
“  in a coating on a substrate.’

2.2.4 The Properties of Cathodic Coatings

Although it could be anticipated that cathodic coatings would stiraulate attack of the subsirate,
leading to blistering and exfoliation of the coating {refer Figure 2), there are a number of
mitigating factors, such as those that prevail in the case of anodic coatings.®

The natere of the environment is all important, and whereas there ig considerable risk of
intensified attack in immersed conditions this is rarely the case in atmospheric states.
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With cathodic coaﬁngs; corrosion at a discontinuity is controiled, as with anodic coatings, by
factors such as the conditions of exposure, corrosion potentiais of the coaﬁng'métal and
substrate, nature and position and formation of corrosion products, resistance effects, etc.

A discontinuity i a cathedic coating would thus ideally be filled with corrosion product from
the substrate {not from the coating as in the case above) and in so doing once again afford
complete protection. There is no doubt, however, that if the coating is more noble than the
substrate, continuity of the coat is far more impertant than if the opposite is the case.

2.2.5  :asons for Applying Metal Coatings
"'Mctal coatings are applied for two basic reasons:

(i) for decorative purposes
(ii) to protect the substrate metal.

These two categories are in no way mutually exclusive and in the majority of cases whichever
of the two categories listed above provides the reason for applying a metal coating, the true
purpose of its use is the control of corrosion. The most common reason for metal coating
application is when the material found best suited to the specific function required does not
provide adequate resistance to the corrosive effects of the e’pv:mnmcnt.

2.2.6 Economic Considerations in the Use of Coatings

The economics of corrosion control are extremely difficult to assess accuraiely, since many
factors must be taken into account and their relative importance may vary widely over the
lifetime of the articls in question.® |

Uhlig’ produced a general formula for assessing whether or not a corrosion control process
(such as the use of a metallic coating) is economically sound:
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If 100%(1+.§)-100£§<0 money wlll be saved

where
T = life of structure or component (yeais)
L = labour costs of replacement of structure or component
C = cost of materials composing structure or componsnt
aC ¢~ “reased cost of using corrosion control process
AT = iicreased life achieved.

(Noting that this equation does not ke inflation into wccount, a factor that further favours the
use of coatings.)

Thus, even the nse of & reistively expensive process of cmosmn control (such as applying a
thin coating of an expensive metal to a cheap metal substraie) can become economically viable
if a greatly increased service life is achieved.

)
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23 The Coating Process

Numerous metallic coatings are applied to a wide renge of base metals. These coatings, as
previcusly mentioned, can protect the substrate in two ways® :

() A coating metal of a cathodic character serves o keep out air and moisture from
the surface of the metal it covers. Such a ébating only remains effective as long
as it is entirely undamaged, since corrosion of the base metal will result at
locations where the coating is punctured, "

(2) A costing metal anodic to the base metal, although comroding slowly itself due to
the existence of polarisation effects, will sacrificially protect the substrate metat
for its required lifetime.

2.3.1 Coating Processes

A variery of processes exist for applying metal coatings to the substrate. Although thexe arc
only limited variations in the corrosion behaviour of a given metal, the application techniques
all produce coatings with differing characteristics.

A broad classification of the more commonly used procedures for applying metal coatings
include® :

(8)  Molien metal immersion
(b) " Thermal spraying

{c)  Chemical plating

(@) Electroplating

(e)  Diffusion plating

(f)  Mechanical Application,
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Of the above coating processes thermal spraying is one of the most versatile and widely used
procedure in industry. This research is concentrated upon the use of thermal spraying as a
coating technique and this topic will thus be discussed in further detsil,

2.4. Thermal Spray Coatings

Thermal spray coatings provide effective long-term corrosion prx:,,'mon over a wide range of

corrosive environments,
The process originated from experiments conducted by M.V. Schoop in the late ninsteenth

century and today the utilisation of the process is limited only by the application of the
specifier.’®

2.4.1 Fundamentals of the Process

Thermal spraying comprises & group of processes in which finely divided molten metallic or
non-metallic material is sprayed onto a prepared substrate to form a coating.”! Figure 3 below
illustrates the general thermal spraying process.

m inclusang
» < » »

raughened
Aubsirate
Sqlid of powder Elactric or pae Partclen impact Firnghwd costing
fsedstock himt source pamcb- arn on substrate
matts feedstock scterated . ond Retten

Figure 3 : Schematic of the general thermal spray process.™
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The sprayed material is originally in the form of wire or powder. As this feedsiock is fed
through the spx-ay unit, it is heated t© a molten or plastic state and propelled by & stream of
compressed gas onto the substrate. On striking the surface the particles flatten out and form
thin platelets that adhere to the irregularities of the prepared surface and to each other. They
then cool and accumulate into & lamellar, castlike structure.

The deposited structure of these coatings differ from those of the same material in the wrought
form because of the nature of the coating build up and because the coating composition is
ofien affected by reaction with the process gases. For exaraple, where air or oxygen is used
as the process gas, oxides of the material applied may be formed and become an integral part

of the coating,

As previously mentioned, the bond between the sprayed coating and the substrate is purely
mechanical. Thus, proper surface preparation of the substrate is often the most critical
influence on the bond sirength of the coating.

2.4.2 Methods of Deposition

The most common methods of depositing thermal spray coatings can be classified as™ :

()  Wire flame spray
{b) Powder flame spray
{c)  Electic arc spray
(d)  Plasma spray

(a) Wire Flame Spraying

Wire flame spraying is the oldest and still most commonly used sp’ray process, utilising hesi’
from a combustion reaction as the melting source. Common fiel gases are acetylene, propane,
propylene and natural gas, each combined with oxygen. Any material available in the form
of wire and capable of being melted at below 2500°C can be flame sprayed.
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Figure 4 : Schematic of the wire flame spray process.!!

The gas flame is used only to melt or soften the material. Spraying is then accomplished by
surrounding this flame with a co-axial stream of compressed gas, which atomizes the molten
material and propels it onto the workpiece.

The advantages of the wire process are the following :

(i} that the capital cost of equipment is low,

{ii) coatings are very easy to apply in a wide range of materials,
(ili} they are generally easy to finish either by machining or grinding
(iv) and they have a very long history of proven results."

(b) Powder Flame Spraying

As the figure below demonstrates, this spray process also uses combustion gases as the jear
source, but this time the feedstock is powder. This technique offers the advantage of bein::
able to spray materials that are not availzble as wire (such as non-metallics).

The disadvantage of the process is that the particle velocities achieved are generally much
lower, with the resuit that the coatings usuaily aave lower bond strength, higher porosity and
a lower overall particle strength than the coatings produced by other thermal spray processes.
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.. Figure 5§ : Schematic of the fowder flame spray process,’
{c) Eleciric Arc Spraying

This process usesmetalinthcfm‘mofﬁmwithoutthcnemifmmbustimgsscn.lnm
spraying, the melting of the coating metal is accomplished by means of a constant voltage d.c,
electric arc instzad of a gas flame.”* Because of the high tcmpemﬁm in the arc zone, the
coatings generally have excellent adhesion and high cohegive mngth

(d) Plasma Spraying
The plasma spray process uses coating materials in the form of powders, which are meited in
a plasma heat source. Plasma provides controllable temperatures that range well above the

meliing point of any known substance. Plasma systems produce cxccllenﬁ coatings, but the -
G(]l.llpmcnt is complex and expensive to operate.*
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2.4.3 Surface Preparation of the Substrate

Haywood" states that coating failures, almost without exception, can be traced back to poor
or inadequate surface preparation, the exception being the application of the wrong coating
for the duty cycle. :

2.4.3.1 Objectives in Preparing the Surface

Since corrosion and its prevention by anodic coatings are electrochemical processes, there
must be goud electrical contact between the metal to be protected and the protective coating.
Furthermore, the protective metal must be we” vonded mechanicaily 1o the substrate in order
to maintain contact for the required period of time.'® Thus, any contaminant will in..fere
with both the elecirical coritact and the mechanical adhesion. Every precaution must, 25 &
result, be taken to remove this contaminant prios to the application of the coaung

Finally, to achieve the mechanical adhesion, the contact area between substrate and ceating
must also be optimised.

Therefore, the basic objectives in preparing the surface are:

()  Cleanliness, i.c. removal of contaminants.
{b)  Optimising the profile of the substrate.

{a) Surface Cleanliness

Surface contaminants are almost always present on materials as a resnlt of production
processes that have been camied ouwt during early fabrication operations, or as & result of
deliberate application in order to provide tsmporary protection or identification.

{b) Optimisztion of the Surface Profile

The safest and most reliable method of surface preparation for anti-corrosion coating is the
use of abrasive blasting techniques. Two ;ypes of abrasive are available' :
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(@)  Non-metallic - such as sand, aluminium oxide, etc, '
(i)  Metallic - which arc generally steel or cast iron grits.

g
The desired finish is shown in figure 6(2) and the undecirable in 6(b). The round profile is
unsuitable for metal spray applications, since it does not provide g_ﬁtﬁciem mechanical keying

and is probably not a virgin metal surface but a thin layer of adherent oxide.

(b) Rounded profile produced by shot

]

Figure 6 : Profiles produced after abrasive blasting.™
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2.4.4 The Basic Principles of Wire Flame Spraying
i
~ Since all the metal spraying for this research will be carried out usingf!commcrcial wire
spraying equipment, the principles of the process will be examined in greater detail,
It is common practice in wire spray guns to have three feeds of gas'®, namely:

(i) compressed air, which serves to spray the metal,
(if; - - the fuel gas, and
(ili) oxygen

The purposs of adﬂing oxyger is two-fold; firstly to increase the wemperature of the flame so
thar the wire can be melted as rapidly as possible, and secondly, to ensure that the flame
commences at the nozzle and not at a distance from it '

2.4.5 Scope and Limitations of Flame Spraying

"
i

The following indicates the scope and limitations of both the coating and the substrate."
(a) Those Pertaining to the Coating

(i) Materials.
Any material can be sprayed which can be produced in wire form, will melt in the
environment of an oxy-fuel flame, and does not decomposs on melting. Of
materials commonly sprayed, molybdenum has the highest melting point, this
being approximately 2600°C.

(ii) Snoucture.
The structure of flame sprayed coatirgs is typically lamellar, as the particles
flatten on impact with the substrate. Typically the porosity is between 5% and
15% by volume, but this may rise in certain industrial situations.
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(iii)

(iv)

Deposition rate.
Ongce again this varies depending on the material being deposited. For example,
zine coatings are usually deposited at between 7.6 and 8.8 g/s.

Thickness,

Although the thickness to which flame sprayed coatings can be applied varies
according to the material being sprayed, there is a common tendency for ail
coatiug__s to shrink due to the rapid quenching of the semi-molten particles.

Typically, in industry, sprayed coatings are used in thicknesses ranging from 125
to 2500um.

(b) Those Pertaining to the Substrate

it

(ii)

(jii)

[Aaterial, _
Generally flame sprayed coatings are deposited onto metals. However, they can
be applied to other materials such as glass, plastics, etc. The Bonding to metallic
surfaces is usually superior to that of non-metallics.

TFemperature limitations, : __ " R
These are défined by the substrate itself, but the wmpcmtln'ecan to a very large
extent be controlled by the perticulur spraying operation.

Zre-treatment,
In order 10 maximize bond strengths, substrate surfaces would normally be grit
blasted,

2.4.6 Adhesion tc the Substrate

The piime factor influencing the adhesion is the energy content of ny given molten metal
particle.”” The higher the energy level (both thermal and kinetic), the higher the bond sirength
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wiil t_cnd to be. The most common factors which influence the energy content of the particle
are: particie mass, particle velocity, latent hess of fusion, specific heat and melting point.

25 The Coating of Aluminium and Steel St "strates

The corrosion protection afforded by a coating of metal depends on a number of faciors. Each
of these factors is individually imporiant, but they must be considered in relation to each
other.” Parameters to be considered inciude:

(i)  The coating metal and the substrate to which the coating has been applied
{ii)  The corrosive nature of the environment

(iii) The application technique

(iv)  The presence of over or under coatings.

Some of the above aspects will now be discussed, with specific regard to the spraying of

gluminium alloys onto aluminium and steel substrates,

2.5.1 The Protective Action of Aluminium Alloy Coatings

N\

The object of spraying any material with aluminium is to control the corrosion of that
material. However, aluminium, in itself, is not highly resistant 1o corrosion and like most
metals the alloys of aluminium corrode to some extent under natural conditions of ¢xposure.
The protection by aluminium coatings depends upon two factors, namely™ :

(i) the cathodic protection provided by the anodic nature of the aluminium coating, and

(i) the formation of a physical barrier between the coated assembly and the environment,
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The anodic nature of the coating with respect to the subsirate implies that cathodic protection
will be in the form of sacrificial corrosion of the sprayed aluminium. Thus, the subsirate, be
it steel or aluminium, is protected at the expense of the coating. . '

The corrosion of the aluminium will generally take place at pores or other imperfections in
the coating, since these are the obvious places where protection of the substrate will be
required the most. Thus, with time , corrosion products will build up in these pores and,
because they are insoluble, will cause a reduction in the corrosion rates as they seal off the
substrate from the environment.

Furthermore, aluminivm coatings applied by metal spraying tend to have a relatively high
oxide content, a factor which tends to reduce the number of active comrosion sites and thus
increase the effective life of the coating , whilst still maintaining cath9d1c protection.”

i

252 The Extent of Sacrificial Protection

From a comparison of the standar& electrode potentials of aluminium and ron it wounld be
expected that aluminium should exert good sacrificial protection when coated onto iron based
alloys. However, in practice the protection of steel by this mechanism is Limited. This is a3
a result of the insulating oxide film formed on the coating which is morc noble than
aluminium itself, and hence restricts effective electrochemical protection of bare steel to cracks
and pores in the coating. Thus the extent of sacrificial protection depends upon the area of
steel exposed and upon the environment. '

When aluminium coatings are applied to aluminiom alloy substrates a potential difference may
still prevail due to variations in alloy additions, but in general the potential is greatly
diminished. As a result, galvanic protection is ususlly vastly reduced and the creation of a
physical barrier between substrate and environment becomes far more important. It is possible
te increase the anodic nature of the coating through the addition of elements such as zinc or

magnesium to the aluminium.
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2.5.3 The Role of Zinc and other Alloy Additions

The obvioué reason for alloying the aluminium with other elements is to create a more anodic
coating while still retaining most of the favourable characteristics of the aluminium coat,
Zinc coatings have the advantage of electrochemical activity, giving them the ability to
provide effective cathodic protection to steel in a wide variety of environments.*® However.
the high electrochemical activity of zinc leads to rather excessive reaction rates, resulting in
faster wasting of the coating, so tending to reduced coating lifetimes. The corrosion products
formed as the zinc is attacked are also somewhat soluble and thus do not provide the
additional protection that the insoluble corrosion products on aluminium costings do.

Thus, when alloying aluminam with zinc, it is believed thet the beneficial effects of both zinc
and aluminium cap be obtained. In so doing the alloy coanng would provide the sacuﬁcml
proteciion of zinc and at the same time form an impervious oxide film that is chsmctensuc
of pure aluminium coatings. The major prokiem ¢ncountered in the development of these
alloys is the tendency for the formation of zinc-rich and aluminium-rich layers in the coating,.
The corrosion of such coatings proceeds almost exclusively through the zinc rich areas to the
substrate, resulting in flaking of the coating,®

The main criticism and resistance to sprayed aluminium coatings, as opposed to zinc, ¥ s in
fact not been corrosion related, but rather related to the comparative ease with which the |
coatings sometimes become flaked or chipped away from edges and other exposed projections.
Preparation by grit blasting of surfaces to receive aluminium demands much more stringent
control than is required to promote quite good adhesion of zinc. In fact, when rust and scale
is not completely removed, even temporary adhesion of aluminium is difficult to achieve using
oxy-fuel gas spraying methods”

Alloying magnesivm with the aluminium coating has also been used in the same way as zinc
to try and increase the anodic nawre of the coating due to the increased electrochemical
activity of the magnesium.2®

Various other alloy additions have been proposed in the pust and these will be considered

Litersiure Review 21



later in this report.

2.5.4 Electrochemical Relationship between Substrate
and Coating

As previously mentioned, from the galvanic series it is clear that aluminium is more anodic
than steel. However, under certain environmentsi conditions the steel has been found to be
anodic to the aluminium coating. Toliey™ has shown that a sprayed aluminium coating can
be initially cathodic to steel but once the protective oxide film has been broken down the
coating becomes anodic. This initial unfavourable polarity causes rust coloured stains that
sometimes occur on thin alumiinium coatings in the early stages of exposure. Rust staining
is, however, usually quite innocuous as long as the aluminium assumes its anodic role fairly

quickly.

The changes in e.m.f. resulting ultimately in the reversal of potential and consequent sacrificial
protection usually prevail, even in those solutions in which the steel is appreciably anodic.
Three factors are concerned in these changes of en.f.:

(i} Varation in the single-clectrode potential of steel, mainly due to the formation of
corrosion products. This usually leads to an increase in the cathodic area self-

polarization, leading to more negative potentials.

(i) The effect of the fonnation of corrosion products on aluminium. Probably the most

important factor in the variation in electrode potential of aluminium is the penetration and -

poscible break-up of the oxide film by ions in solution.
(iii) Changes in pH and ionic concentration in the solution, owing to the corrosion process.

Thus, the electrochemical behaviour of coating and substrate are closely related to the
environment in which the system is placed.
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2.5.4.1 Polarisation of the Coating

If the potentiai of the anode alloy changes in the direction of the substrate alloy potential with
increasing current flow, the anodic afloy is %aid to polarise.® While some polarisation is
expected, rapid polarisation (ie.Jow current flow = large potential change toward potential of
substrate) indicates an unsuitable anode alloy. Polarisation is affected by a number of factors
including atloy composition. With regard to aluminium alloy coatings, small additions of such
metals as indium, mercury, gallium, or tin have been found not only to improve the anodic
nature but also to minimize polarisation by promoting active surfaces on the alloys. (The exact
role of indium and the other elements will be discussed later.)

2.5.5 The Corrosive Nature of the Environment

2.5.5.1 Immersed Conditions

An indication of the range of pH and potential in which & given metal will exhibit formation
. of pi'omctivc corrosion products (passiation) is given by the, theoretical potential-pH diagrams
or Pourbaix diagrams. The potential-pH disgram for aluminium in water (shown below)
demonstrates the formation of soluble corrosion products at low and high pH values with a
region of passivation in between. The pH range for passivation of aluminium is from about
pH 4 t0 8.5
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Figure 7 : Powential-pH disgram for aluminium at 25°C in water.™
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The reason for the above behaviour is that aluminium has a very stable oxide swface filr,
with its domain of stability lying below that of watdr. In sufficiently acid solutions it
decomposes with evolution of hydrogen but in solutions with pH values between 4 and 9
aluminium becomes covered with a complex protective film. Thus, the corrosion behaviour
of the aluminium coating is determined esséntially by the behaviour of the oxide film.*

Aluminium |s resistant to distilled water and fresh water, whether hard or soft, as long as
sufficient oxygen is present to facilitaw oxide formation. The presence of heavy metals,
particularly cooper, tin, lead and nicke! are deleterious, and water high in chlorides, sulphates

and carbonates are aggressive towards the coatings.

Fischer et al.® showed that at both ambient and high temperatures the aluminium coatings
provided protection in sea water and that the aluminium was attacked by the halogen salts but
not by the sulphates and nitrates. '

It is quite normat for sprayed sluminium to become discoloured by brown, grey-brown oreven
black stains when immersed in fresh and salt water, The staining is associated with the
cathodic areas and although its origih is still not clear, it may be that the stain is an optical
effect produced by the formation of oxide films.* “In alkali solutions a brown stain may
discolour the whole of a sprayed aluminium surface, Sometimes the dark stains formed in
neutral waters may disappear as exposure continues and this is thought to be the result of a
thickening in the oxide films.

2.5.5.2 Atmospheric Exposure

When exposed to the atmosphere, fresh aluminium rapidly forms an impervious oxide film of
alumina on its surface. The extent of sacrificial protection, however, depends upon the area
of substrate exposed and upon the environment. In ﬁunospheres containing a high chloride
ion conceniratioz, which deswoys the oxide film, appreciable cathodic protection occurs. In
urban and rural areas where the oxide film is not atacked, practically no galvanic protection
occurs. As with immersed conditions the coatings show initial rust staining at and around the

pores, but the corrosion products soon seal these pores and reduce the comrosion rate to a
minimum,?
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In polluted armospheres, the corrosive severity of the atmosphere, water vapour in the air, and
daily condensation combine to produce three possible effects:

(i) Precipitation of corrosion products from the substrate at the base of the coating.
(i)  Clogging of the pores of the coating. | |
(il) Break-up of the oxide film sround the sluminium particles.

It follows that a good deel of the Wﬁw value of sprayed aluminium coatings may be
caused by the corrosion prodvcts precipitated in the pores of the coating.

2.5.6 Aluminium Sprayed Coatings : Their Use for the Protection of
Aluminium Alloys

Localised comosion problems have in the past restricted the commercial exploitation of
various, otherwise guitable, aluminium alloys. Although other alﬁamativu do exist, metal
sprayed coatings have been considered as a suitable technique of generating the required
reotective conditions.® '

Experimental work conducted in this field is limited and usually very specific it naturs. The
general approach taken in previous work been to identify the potential domain for immunity
in the characterised environment and then to develop an aluminium based spray coating to
ensure the required potential control.

2.5.6.1 Alloy Addition Proposals

Suggestions as t the alloy additions to be made for the most effective protection vary from
author to author and are sometimes coniradictory. o

The work done by Scott® proposes the following:

(i) When coating Al-Zn-Mg-Cu alloys, an increasing zinc content diminishes the protecticg.
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(ii) When coating 99.5% aluminium, 2% zinc in the coating, closely followad by 1% zinc,
exhibits the greatest limiting effect upon substrate corrosion.

(iii) Even a sprayed coati-nﬁ of similar composition to the substrate offered protection, a factor
that was attributed to the porosity of the coating giving more frequent, and consequently
less deep, pitting of the core. '

{(iv) Lower purity, 99.5% aluminium , provides much greater resistance 1o blistering of the
coeting and consequently to corrosion than the intrinsically more corrosion resistant
99.99% sluminium. T support this finding Scott suggested that the common impurities
of copper, silicon and irorn afforded greater resistance to blistering than any of the

common alloy addisions.

(v} All the tests Scott conducted were performed in aggressive electrolytes. He proposed
that in less conducting media, the aluminium-zinc coatings would provide the better
protection. v '

Carter and Campbell” researched extensively the protection offered by aluminium and
aluminium-zinc coatings to aluminium-copper-magnesium alloys. Their testing consisted
mostly of an exposure program, whereby the sprayed samples were exposed to a number of
atmospheric conditions, ranging from marine to industrial. The resuits achieved showed that
complete coatings of sprayed 99.5% aluminivm gave rather less effective protection to the
substrate than either 99.99% aluminium or alominium-1% zinc. This result was, however, not
expected by Carter and Campbell” and was atiributed to a slight variation in spraying
technique rather than a difference in corrosion protection ability of the coatings.

Further research, conducted by Carter and Campbell®, this time working with mainly
aluminium-zinc-magnesium alloys found that once again the 99.5% aluminium, 99.99%
aluminium or aluminium-1% zinc coatings all increased the life of the specimens (usually by
a minimum of a factor of ten). Furthermore it was discovered that by limiting the copper
impurity level in the coating to 0.01% an improvement of 100 times the life of the unprotected
alloy could be achieved.
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The app. iach adopted by Holroyd et al.** to develop the required aluminium spray coeting to
elccm:-chemicaiiy protect aluminium-zinc-magnesium welds involved three siages, namely;

(i) Selection of wire compositions and their electrochemical assessment in neutral,
acidic and saline sclutions,

(i)  metal spraying of the most promising compositions onto welds,
(iii)  electrochemical assessment and slow strain rate testing of sprayed welds,

The electrochemical results achieved by Holroyd et al.® showed that zinc additions of up to
Swt%pmgressivclydcmmsedﬁwﬁeecmosimpomﬁaloftheﬂunﬁniumbawdaﬂcy.
However, the most negative potential3 obtained were not in the required protection zone. As
a result further alloying was conducted to try amxd reach the limits of the protection potentials,
Success was obtained by additions of tin, indivm, mercury and galliuom (added individually
and not together in one alloy).

Once again, the research demonstrated the benefit of a high aluminium purity level, with
99.5% aluminium being suggested as a minimum. Electrochemicl evidence substantisted
this finding, since a decrease in aluminium base purity level results in polarisation data
moving to more positive values.

Finally, work done by Reboul et al.® further s.rves to support the fact that additions to

aluminium of tin, mercury and indium decrease the free corrosion potentials of auminism and
alwniniuvm-zinc alloys, This is clearly demonstrated in Figure 8 below,
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Figure & : Thermodynamic potentiaig of elements (right hand scale) and typical working
potentials of aluminium alloys.*

2.5.7 Aluminium Sprayed Coatings : Their Use for the Protection of Steel

The anodic behaviour of aluminium alloys with respect to stecl makes the metal an obvious
chaice when selecting a protective coating. Extensive use of the system was however not
popular for a number of years, because of difficuity in achieving 'good adhesion to steel
substrates. Nowadays, advanced surface preparation techniques ensure adequate adhesion and
thus the coating of steel with aluminium ‘alloys is used extensively.

“

Unlike the metal spraying of aluminium, ths spraying of stoel has been widely researched.
Some confusion does, however, still exist as to the optimuix alloys for specific environmenis.

i
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2.5.7.1 Allny Addition Proposals

Vesely and Horky® conducted extensive research into the electrochemical and corrosion
properties of thermaily sprayed coatings of aluminium alloys. The results achieved by their
research can be summarised as follows:

(i) Zinc exhibited generally favourable effects on the protective p.operties at cm;tents above
20%. On the other hand, corrosion of the base metal was moge extensive st zing
concentrations of 1 to 2%. )

(ii) Alloying aluminium with magnesium had a beneficial effect, with alloys containing more
than 2.9% Mg exhibiting better anti-corrosive propertics than 99.5% aluminium.

(ifi) Alloying iron with the aluminium proved effective at iron contents in the range of tenths
of a percent, since the degres of commosion on the base steel was lower than that in the
case of pure aluminium coatings. However, an fron content in excess of 2% brought
about a marked deferioration of the corrosion properties. :

(iv) Silicon as an alloying element improved the fluidity of the alloy, but the comosion
properties were adversely affected at silicon contents exceeding 0.1%

(v) Elements such as cerium, zirconium, calcium, chromium and nickel were all found to
have a negative effect on the corrosion resistance in that they had worse corrosion

properties than pure aluminium.

(vi) Additions of bismuth to the aluminium (to around 0.59% Bi) proved disastrous, with even

atmospheric humidity causing marked cgerosion.
(vii} Investigation of the corrosion properties of ternary alloys , (Al-Zn-X) , proved the

negative effects of beryllium, zirconium, chroritim and nickel, the presence of these
elements being undesirable even in fractions of a percent.
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(viii) Alloying Al-Zn with magnesium, on dhe other hand, had a favolirable effect yp io 3%

magnesium, with the resulting properties being surrir to those of pure aluminium,

The electrochemical tests conducted by Vesely and Horky* established mlamm!fhlps between
electrochemical properties of the sprayed coatmg and its resistance to corrosion. The figums
below demonstrate some of the results achieved:

’ F:gm-e 9 : Potential vs. time curves of flame-sprayed Al—?ﬁl
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The above potential-time relationships were compared with results obtained from accelerated
corrosion tests. In most ¢ases the potential perk was found, in a certain way, to be related
to the corrosion of the metal-coated steel, Referring to the above plots, any potential of a
coating more positive than that of the free corrosion po ntial of steel will result in the
corrosion of the steei rather than the coating and is thus unsatisfactory. (This is becanse the
steel becomes anodic to the coating and thus sacrificiaily protects it - i.e. the reverse of the
desired effect).

Figure 9 shows how zinc contents of up o 5.6% have no marked effect upon the slope of the
curve, with the 99.5% aluminium curve being very similar and the potential peak more
posiiive than that of iron. The alloys containing more than 19% zinc, however, show a very
slight potential peak and are also more negatively located than the curve for iron. Asa result
these alloys are expe\pted to show the least amount of corrosion.

Figure 10 shows how, with increasing magnesium contvut, the courses shift to the region of
negative potential with respect to iron. Thus, an increasy in the Mg level improves the
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protective potential (at the expense of the coating I;fa).

When the silicon level in the aluminium is increased, the potential of the coating becomes
more positive with respect to the iron and 45 a result offers less protection. This is shown in
Figure 11.

The relationship between potential and time for some ternary alloys based on aluminium and
zinc are plotted in Figure 12, The curves show how the presence of magnesium brings about
a significant change in the potential in the negative direction. The adverse effects of Be, Ti,
Zr, Cr and Ni are also obvious.

Scott® conducted research using both & mild steel and an aluminivn substrate, The criterion
used to determine the effectiveness of a specific coating was to establish the tme taken for
the first rust staining to appear. This method, aithough an essential indicator, is ofien
misleading as light rusting of aluminium sprayed steel frequently diminishes with fime and
further attack of the steel is stifled.*! '

The results achieved by Scott® showed that additions of 1% and 5% zinc or 5% magnesium, .
to various purities of aluminium base , when used as a coating , gave no consistent advantage
compared with the 99.5% aluminium coating. Thus it was decided, for the environmentis
tested , that the 99.5% Al was the optimum choice of sprayed coating for use on steel
substrates, with the proviso however, that in some environments Al-Zn or Al-Mg coatings may
possibly perform better.

Work done by Townsend and Zoccola* seems to have led to slightly different conclusions to
those of Scott. Exposure tests of sheet steel coated with zine, aluminium and 55% Al-Zn
alloys were conducted for 13 years. They found that in all environments tested, which ranged
from marine to industrial, the 55% Al-Zn coatings were several times more durable than the
zinc coatings of equivalent thickness. Also, after long-exposure times in industial and reval
environments , the corrosion rates of the 55% Al-Zn became indistinguishable from that of
the pure aluminium coatings. The success of this Al-Zn alloy was attributed to the unique two
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phase microstructure, which comprises a fine network of aluminiu~"*ch cored dendrites and
zinc-rich interdendritic matrix. The zinc rich interdendritic pm‘;ion of the coating is
preferentiaily attacked, with the result that the coating behaves like a zinc coating, As the
corrosion proceeds, however, corrosion products that wash away from ordinary gaivanised
coatings are mechanically trapped in the aluminivm rich interdendritic network thus gtifling
further attack. It was concluded that although the pure aluminium coating provided effective
protection, the addition of zinc increased the galvanic protection offered by the coating, thus
making the 55% Al-Zn superior.

Other long term exposure programs have been conducted both locally and abroad. The
American Welding Society” (AWS) published their 19 year report on the corrosion testing

f flame-sprayed coated steel. The program was originally only scheduled for 12 years but
due to the low corrosion rates, it was extended to 19 years. Although litle alloying was
performed, the report concluded that in ses water and a'so in severe marine and indusu:ial
atmospheres, aluminium-sprayed coatings gave superior proteciion to those of zinc coatings
of up to double the thickness. Eskom’s 10 yesr paint exposure* also included some
aluminium alzid zinc coated mild steel samples. The results achieved here merely substantiate
the conclusions drawn by the AWS after 19 years, with the aluminivm far outperforming the

zinc coatings.

Porter*® in 1962 suggested the use of an aluminium afloy containing a half to threc quarter
percent cadmium for metal spray purposes. The theory behind the cadmium addition being
that firstly during heat treatment the cadmium volatilises and thus acts as a deoxidising agent -
and secondly that it reduces the surface tension of the aluminium during the melting period
which facilitates "wetting"” of the steel and promotes alloying at the steel interface. 1t would
appear, however, that no further research has been conducted into his suggestion and cadmiuvm
is today not a common addition to the aluminium,

Finally, Kain and Baker™ exposed samples with varying percentage zinc for 34 years at the
marine location of Kure Beach, The results achieved are represented in the figure below,
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Further results achieved using other alloying additions are represented in e figure below,
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Figure 14 : Comparanve performance of several magnesmm uomninmg and tin contmning /
coatmgs after 34 yﬂams exposure.®
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exhibited the most consistently good results and that the most protective coatings were those

containing 50% or greater aluminium.

2.5.8 The Role of Indium as an Alloy Addition

It is now well known that the addition of small amounts of indium to sacrificial alominium
anodes produces galvanic anodes with low polarised potentials and high galvanic sfficiencies.*
The mechanisms whereby this is achieved are not however well understood. Chavarin®,
suggests that without indium the dissolution of aluminium coupled o steel proceeds only at
local sites while the rest of the surface maintains its passive state, ke, dissolution is not
uniform. The presence of indium improves the dissolution morphology, lowering the corrosion
potential and reducing the local cell action, Further he postulates that this is only true in
chloride containing environments. The reason for this being that indium is readily reduced and
once in solution quickly combines with the chlorine ions in the pit. What results is the
precipitation of the insoluble indium chloride salt which creates a thin film over the interior
of the pit, so causing repassivation. The overall effect of this is the creation of many more
smalier, shallower pit sites uniformally distributed over the coating surface.

2.5.9 Physical Properties of the Metallic Coatings

~3.9.1 Thickness

In the metal spraying of components and structures for both comrosion protaction and sesthetic
appeal, film thickness is one of the most important physical parameters of the sprayed coating,
Film thickness affects other characteristics either directly or indirectly such as porosity or
permeability, adhesion, corrosion resistance and effective life®

In the case of zinc and a'uminium the conirol of film thickness of the metal sprayed coating
is of utmost importance for both economic and technical reasons, A technical specification
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usually calls for 2 minimum film thickness to providc a certain degree of protection for a
particular component, where this thickness depends upon:

(i) the environment,
(ii)  further coatings to be applied over the metal spraying, and
(iii) the required life,

The amount of metal actually deposited in order to obtain a certain minimurn thickness always
represents an average coating thickness considerably greater than the minimum called for.
This is caused by two factors; firstly the profile of the blast cleaned substrate, and secondly

the inherent imegularities in the spraying process.”

- The philosophy that increasing the coating thickness increases the corrosion resistance is, in
mast cases, true only within limits, With special reference to aluminiam coatings, too thick
a coating reduces the adhesion to the substrate and usually causes blistering when the

compounent is placed in the corrosive environment for any length of time.
2.5.5.2 Porosity

The porosity of a coating refers to the size and extent of the isolated cavilies and
interconnected pores found penetrating from the surface. It is difficult to accurately estimate
the porosity and no values are available in the literature. The interconnected pores allow
liquids or gases to penetrate to the base metal, a factor that may be a disadvantage in some
applications.

Between J and 15% porosity commonly exists in flame sprayed coatings. This is usually not
of any concern when spraying aluminium, as the coating is a sacrificial anode and thus
dissolves, leaving behind an insoluble corrosion product, which blocks all the pores. This
feature of the corrosion of aluminium coatings results in the corrosion rate under -most
conditions falling rapidly with time overthe first fow years of exposure.
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Conversely, porosity in zinc basﬁd coatings can have an adverse effect, as the corrosion
products are soluble and thus do not block the pores if water is present to wash them away.

2.5.9.3 Adhesion

The adhesion of sprayed metal depends primarily on the condition of the abrasive blasted
surface immediately prior to spraying. The presence of excess fines, the use of rounded or
well-worn grit and contamination such as dust, oil and moisture in the abrasive material
impairs coating adhesion.® Adhesion may also be seriously impaired by the presence of
moisture condensed on the surface thus making a dry substrate essential just prior to spraying.
Corrosion problems related to a lack of adhesion, as stated previously, usuvally emerge ag a
severely blistered surface, with corrosion of the substrate taking place under the metallic

coating.
2.5.9.4 Mechanical Properties

The table below gives the approximate mechanical properties of sprayed zinc and alominium

coatings.™
Table 1 : Properties of sprayed zinc and sprayed aluminium.'®
Fw
: Density Coating
i
, g’ | ootin.
Material Thickness

I

Sprayed Zinc 635 | 0528

Sprayed 2.35 0.195

I Aluminium :
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The measurement of the above properties often pose pmblem; due to the nature of the coating.
There are, however, specialised tests, a large number of which are described in ASTM
Standards.!

2.5.10 Coating Sealants

Sealants are applied to sprayed coatings to improve appearance and corrosion resistance by
filling the pores in the coating and reducing the number of active surface areas where pits or
blisters might form, A good sealant has a low viscosity, 5o as to enter all the pores of the
~ coating and low water adsorption, to avoid a perpetually wet sealant/coating interface and
increased risk of damaging corrosion.®

2.5.11 Corrosion #'roducts on Aluminium, Zinc and Aluminium-Zinc
Coatings

Identification of the corrosion products can yield information concerning the corrosion
reactions; however, such identification is difficult for various reasons, such as™:

(i) solubility of the products in water,
(i)  interference from the substrat2 when atterpting analysis of the coating surface,

(iii)  difficulty in removing a sufficient volume of representative products for chemical
analysis.

Friel’s research™, although conducted using hot dipped coatings, applies just as readily to the
flame-sprayed coatings. The table below gives a list of probable solid corrosion products
identified using X-ray diffraction (XRD), scanning electron microscopy (SEM), znd energy
dispersive spectroscopy (EDS),
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Table 2 : Probeble solid comosion products.®

Industrial Atmosphare 9-y Naposurs

Al=-Coatad Zn~Contad AlEn~Coatad

Al Sulphate Zn%(cca!) 2 (OH) 4 AlZn Sulphats
Hydrate Hydrate

4A1,0;.H,0 Znso _

 Feooh

Marine Atmosphare 9-y Exposure

Al-Coatsad ' Zn-Coated AlZn~Coxted

Al Sulphate z;;%gco,);,(om 6 AlZn Suiphate
Hydrata FeOOH Hydrate
4AL % Zno Al (OH),
a1 (bd), Zn, (OH) 4C1, Al,(CH) [ K0
Zng0, | Zn

_ ¥arine Atmospherw 3-y Exposure
Al-Coatad $n-Coated . AlEn—-Coated y

Al Sulphate 2:1115 c03) (OH}, AlZn Sulphatef\:
Hydrate ( Hydrate.
4A1,0,.H,0 AL,0H,.H,0
ZnO z

\
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The principal products found on Al and Al-Za coaed steei, in both industrial and marine
atmospheres, were amorphous Al sulphate hydrates, along with Al hydroxides in the maring
environment, In the Al-Zn coating, the Al sulphate hydrate also contained some zinc and was
present in the formerly Zn-rich interdendritic regions as well as on the surface.

On the basis of the data achieved , Fricl concluded the following:

(i) Sulphur is a significant factor in the atmospheric corrosion of aluminium and zinc
coatings ir hoth marine and industrisl environments. //
l\

(ii) mM—hmpmmhymmmmﬂw_ﬂrum}cmofmm
atherent snd stable corrosion products and may thus act as a barrier o further
aitack. :

26 Corrosion of the Substrate Alloys

| oo
As well as assessing the corrosion behaviour of the coating alloys it is essential to consider
that of the substrate materials, Thcsubmmﬂ:atmwbcconsidmadigthismemhm

il

(a) 6261 and 5083 (aluminium alioys)

(b)  Mild steel
(c¢)  Metal Marrix Composite (6061 aluminium slloy matrix with a controiled
dispersion of silicon carbide pﬁrﬁclns)

Due to the importance of aluminium in this research, mdi;ym its corrosion is of & complex
nature, it will now be discussed in further detail, \‘\

e
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2.6.1 The Corrosion of Aluminium and its Alleys

2.6.1.1 Introduction

Aluminium owes its favoureble corrosion resistance to the barrier oxide film that bonds
strongly to the metal surface and that, if damaged, reforms immediately in most oxygen
containing environments. This protective film only arises when the metal is in the presence
of oxygen and if formed in air is usually between 5 and 10 nm thick.

If the oxide film dissolves, which it does in certain chemicals, the metal will also dissolve,
resulting in uniform corrosion. If, however, the film is damaged under conditions which do
not allow the normsl re-building of the layer, lucalized comrosion such ag pitting or
intergranular attack will tend to occur.

2.6.1.2 The Physical Properties of the Film

it was shown by Hunter and Fowle™ that the oxide film is in fact a duplex corrosion product.
This duplex layer being made up of a thin, protective, non-posous, "barrier” film, immediately
adjacent to the metal surface and a more permeable outer bulk film. The barrier film rapidly
reaches its maximum thickness, which is generally controlled by the temperuture alone. On
the other hand, the bulk film thickness is dependant upon the surrounding environment, with
this layer being much thicker in agueous enviropments than in dry environments.

2.6.1.3 The Growih of the Oxide Film in Water

When immersed in water, the oxide film thickens rapidly even at low temperatures and the
process is always faster than it is in air.*® The rate of growth does, however, decrease with
time, reaching a limiting thickness which depends upon the following:

(i) The oxygen content of the water
(ii)  The ions present
(iif) The temperature
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- (v} The pH.
'2.6.1.4 Environmental Factors Affecting the General Corrosion Behaviour
' Certain alloys of alumi~ium exhibit good corrosion rcsi fce. It must however bé noted that
this behaviour is not a fundamental property of the metal™ and will always vary acconding to
the environment to which it is exposed. '

The two most important environmental factors are :

(i) Water
(ify Temperature.

i

!

i
)

(i) Water S

2ot B

In any aqueous environment the aluminium generally corrodes in three distinet ways !
pitting, uniform corrosion and intergranular attack. The predominamt form of cm‘rosion is
dependent upon the temperature of the glven envmnmcnt.

Due to the amphoteri¢’ natuwre of a’uminium, the pH uf the environment is of considerable

importance. The metal is generally regarded as being passive between the pH range of 4.5
1o 8.5, Figure 15 clearly:illustrates this passive region. |
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Figure 15 : The influence of pH on the solubility of the oxide film.
(i) Temperature

An increase in temperature is usually associated with an increase in the corrosion rate. There __
are, however, situations where the convetse is true. Godard™® showsd that temperatares above R
40°C tend to reduce the rate of pitting of aluminium in water, In general, owever, an increase

in temperature can affect the corrosion m two ways, namely:

(@) by reducing the solubility ~f oxygen in the solution, and
{b) " by stimuiating the initiation of pitting.

2.6.2 The Pitting Behaviour of Aluminium

Pitting is the most important mode of corrosion of aluminium alloys. It occurs within the
passive rﬁnge ( i.e. between pH values of 4.5 and 8.5 ). The major problem is that cven
though negligible thinning of metal due to unifor corrosion may have taken place, the vesi '_ "
may still have been perforsted, it is thus necessary to know how and why pitting takes plate,
s0 that the rature of the problemn can be properly understood and appropriate counter-measures
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taken, if possible. The rate of pit peneiration usually diminishes with time. Thus when the
metal thickness is adequate perforation may not occur for a lengthy period. Only a small
amount of metal is remnoved and as a result, the mechanical properties are not greatly affected.

2.6.2.1 The Mechanism of Pitting

It is generally agreed upon that the following four steps are involved in the pitting cotrosion
of aluminium, (The steps are listed below in time sequential order™) :

(i) The adsorption of the reactive anion on the oxide covered aluminium. (Assuming
thar the transport of the rcactive species from the bulk solution io the metal

surface is occurring at a sufficient rate).

(ii)  The chemical reaction of the adsorbed anion with the aluminium jon in the

aluminium oxide lattice.

(iii)  The thinning of the oxide film by dissolution. (This also includes the penstration
of the oxide film by the aggressive anion).

{iv)  The girect attack of the exposed metal By the anion, which is sometimes called pit

propagation.

The above four processes can be further classified intb two distinct stages : pit initiation and
pit growth,

(i) Pit Initiation

Pit formation is due to the creation of localised anode regions resulting due to potential
differences between one place and another at the metal-liquid interface. At these local ceils,
corrosion proceeds at a higher mate than op the remaindex of the passive surface. The
corresnonding high corrosion current at these sites leads to a local increase in the surface salt
concentration as a result of transport processes (migration and diffusion) and anion
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absorbstion.® The increased conicentration of anions displaces the water molecuies from the
passive layer and suppresses the passivation reaction which is responsible for the "repair” of
the oxide film. As a result of this , film dissolution takes place. As the film thickness
decreases, so the current density increases, which in the presence of aggressive anions will
result in the penetration of the oxide film. Finally, the oxide layer loses its passivating
propexties and is transformed to a non-passivating oxide capable of sustaining high corrosion
current densities.®

(i) Pit Growth

Once a pit in the aluminium has survived the initistion stage and developed a cavity, it
propagates by local cell action. This basicaily involves metal dissolution and because of the
high activity of aluminium and the small area involved, attack is usually very rapld As the
pit cavity grows, it begins to accumulate insoluble comosion products which Yorm a cap
around the pit and slowly begin to fill the cavity. This cap becomes a physical barrier to the
diffusion of oxygen to the anode and thus creates a differential aeration cell between anode
and cathode which results in continued local cell action. Some of the numerous reactions that
take piace. in an aluminium pit are shown in the figire below™ :

SOLUTION OF O, ANG CI AND PREFERASLY P Y Meoy
2 " {Temparary ) 2. - e
: : 3 y 242 Ac0p O wn
. poURGUS HYOROXIDE s
/ DIAPHRAGH —""‘I’:" &
250, uzﬂ-".... 40H 5
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CATHODE =~ & °"° e -""'

COPPER DIPOSIT 3 W NOELY MRECIMTATE

CONCENTRATED
AGID PIT SOLUTION
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Figure 16 : Multiple reactions occurring in an aluminium pit, with the hydrolysis reaction
resulting in acid formation.”
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2.6.2.2 The Effects of Alloying on Corrosion Behaviour

Generally speaking, pure aluminium has the highest corrosion resistance and this decreases
with alloying as can be seen in Figure 17 below™:

CORDES Pinxeidumy) Suxx | Gaxx " 2sxxl  ixxx
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Figure 17 : The effect of alloying on corrosion resistancc“.

Due to the electrochemical nature of corrosion processes the solution-potential relationships
among the microstructural constituents of 2 perticular alloy significantly affect its comrosion
behaviour. Compositions of solid solutions and additional phases, as well as amounts and
spacial distributione of the additional phases, may affect both +he type and extent of
corrosion. The effects of principal alloying elements on solution potential cf high purity
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aluminium are shown in the figure below. For each element, the significant changes that occur
do so within the renge in which the element is completely in solid solution. Further addition
of the same element, which forms a second phase, causes little additional change in solution
potential,

a4

- 066
-0.70

-0

-0

-« More ancdi:  Potentizl, V [D.1 N calomel scale] More cathadic .-
e =
2 =B

o
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~0.98 — Salid solution _|
= |0 gxcess of

-1 solid solution
- 1.08 Zn -
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~-L14
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Added aisment, wi%

Figure 18 : Effects of principal alloying elements on the electrolytic-solution potential of
aluminium. (Potentials arc taken in a solution of 53g/L. NaCl plus 3g/l. H)Q, at
25°C.)"

The corrosion behavipur of the specific alloy series being considered in this research will now
be looked at in greater detail,
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(i) SXXX Series Alloys

The major alloying element in the SXXX series is magnesium (although manganese and
chromium are often present in smaller amounts).

Alloys in which the magnesium is present in amounts that remain in solid solution, or as
partially precipitated AlgMgs particles, are generally as resistant to corrosion as the
commercially pure metals,

Where 3% or more magnesium is present however, the AlMg; may form an almost
continuous intergranular precipitate. This reduces the corrosion resistance considerably and
has thus led 10 the development of various tcmpcm which result in the precipitation of the
secondary phase particles within the grain rather than st the grain boundary,

(ii} 6XXX Series Alloys

The 6XXX series (alummmm-magncsmm—s:hcou) gcnerally exhibit moderatcly high strength
and very good corrosion resistance. These alloys arc heat- reatable and the Mg,Si phase,
which is the basis for the precipitation hardening has a negligible effect or the corrosion
behaviour. Copper additions are ofters made to the metal to improve the sirength and ductlhty
of the alloy, The level of corrosion resistance does however tend to decreass with mcmasmg

copper levels.

2.6.3 The qu_rosiﬂn of Metal Matrix Composites

Fibre or particle reinforced aluminium alloys have recently become popular due to the added
strength, modulus, and stiffness properties they exhibit over conventional atloys. In particular
the 5000 and 6000 series aluminium alioys, reintorced with cither graphite or silicon carbide
(SiC), have found succeszful applications, particularly in seawater and related environments.*
These reinforcements of graphite and SiC, which are either in whisker or particle form,
promote additional corrosion concerns besides the pitting attack which is typical of the
substrate alloys. '
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Of spocific importance 1o this research is the beheviour of SiC/Al composites. Aylor and
Kain™ found that the mode of attack in these alloys was also pitting. The pits do however
concentrate around the SiC particles, suggesting that crevices, formed at the SiC/Al interfaces, .
contributed to the corrosion. |

A variety of surface treatments have been applied to SiC/Al compos’iﬁcs to identify adequate
corrosion protection systems. Of the protection methods evaluated, coatings of aluminium and
ALO, demonsirated the best corrosion resistance,

27 Selecﬁ'ng a Coating

The selection of the best coating or combination of coatings for any particular corrosion
control npﬁchcauon necessitates consideration of all the factors involved. This ensures that the
most etonomic choice may be made , consistent with the performance required. Some of the
more important factors that are likely o be considered are the following™ :

(i) Tha service ;anvimnmcnt(s)

(i) The service life yequired

(iit) Aesthetic appeal and the degree of deterioration that can be tolerated
(iv} The substrate material P
(v) The size and shape of the article h

(vij Any subsequent fabrication requi}emcnts

(vii) Mechanical factors.

2.8 Testing Coatings

Cne of the most important aspects of coating technolegy invoives thorough and adequate
testing of the coating quality, thus ensuring compliance with specification requirements. Also,
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corrosion testing in both naturally occurring and speciaily controlled cozrosive environments
. ' o I

are required. This makes sure that the true optimum service performance can be aocurate!y /

predicted and achieved i in practice. Thus the testing of coatings may be seen to fall mthm

two broad categories”

(i) quality contfbl testing

(ii)  corrosion resistange testing.

There is an interrelationship between these divisions, since the reeslts of some guality ¢ontrol
tests may indicate changes in expected corrosion resistanes performance and vice vq,i'sa.

2.8.1 Quality Conirol Testing
Test for quality conirol may be divided into the following groups” : ..

() visual inspection

(i) chémical composition
(i)  thickness
{iv)  porosity
(v)  adhesion : |

(vi)  stress oo

4
]

(vii) ductility
(viii) strength
(ix) hardness

(x)  wear resistance,
In any given coating system or application the series of tests that must bq: madulvaries The

testing method to be used also depends upon the mateérials concerned smd the ‘methods of
coating application used.
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2.8.2 Corrosion Resistance Testing
The purpose of corrosion testing is twofold® :

(i)  testing is required w predict the performance of a given coating system in a
particular comrosive environment, and
(i) - suitable corrosion tests may be used to reveal defects in a coating that could lead

to inferior performance in service.

The ideal corrosion test is exposure to the sé; - . ‘condition. However, if the coating fulfils
its function, the period of breakdown should be inordinately long, and a more rapid means of
testing must be sought. Accelerated corrosion tests may thus be devised to hasten breakdown
by maintaining maximum severity continsously. This ususlly achieved by altering temperature
or humidity or by using a specially aggressive anificial corrosive environment.

' 29 Techniques of Quantifying Corrosion Rate

Measurements

Standard practice in evaluating the perfonnanoe of metal sprayed coatings is to report the
percentage of rusted base metal area. This is mosi commonly done by comparing the panels
with the European Scale of Degree of Rusting for Anti-Cormrosion Paints - Swedish Standard
SIS 185111 - 1964. This is a pictorial standard with 10 plates ranging from ReD (rust free
surface) 1o Re9 (100% surface ruse).®

Usually, the appearance and condition of the coating itself is also fully described to accurately
assess the status of coating deterioration. This assessment is visual and thus the resulis
depend upon the interpretation of the individunl inspector. To avoid this, a standardised
inspection form is usually ;s iy ix typically based on the terminology mentioned
below.® '
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Table 3 : Terminology used to describe condition of test panels.

Appiwronce ond Conditien feyma.

R - Red rustorigiosting from Se besa soudal Ussslly well-dafhindand entively diforont frows red rust stain,

W - White nusthe corroslon product of zine or alenisiom. Not necessaetly whits in colots:may be shined by contmabmtion.
D - Forsign depositach s ditotc.

3. Swinsmy discolouwion viher them wiske rat or rod nait siale.

BS - Red rust sivinpeiginuing from tha baso mond with oo svidencs of blicecs,conting fallure,or Jnae of adbaciog,

B - Blicters in seal cosln Or sprayed meral,

P- Fiz in spraged metalyowiting from commwicn.

N - Nodorweli-Gofiuad growhs o lnps of tomosion product,

F - Flakes Joose sepmnts of soal toat o sprayed saeta,

Degriz and Desoriptine Tarnm

¥ - “Large dfect avex 9.Sonm diameter.

woe - Mediven defact over 3.2 1o 9.5mim diamwsar.

8« “Swmoall defect lsas theo 3.2mm dismeter.
P “Pirpoun defec. |

- Fow - lam than 6 per squam inch (6.45 sq amn) of serface.

i- fmm-oamp;mmtmquoam
‘m - Many - over 0 por sqpers inch (GAS £q am) of srfice,

- General - covarlag all or mott of the penal.

- Bloichy - oy kvogular patiem,

i = Gray in colour,

d - Dark in colour.

“Thesc tere yeerally usnd to describe sizs of Bodos.pits,blisters,or apots.
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2.10 The Properties of Local Mine Waters

For this investigation, a major portion of the work will be carried out in solutions of similar
composition to local mine waters . These waters are frequently sxtremely corrosive due to
their composition and/or environment in which they are found.

The waters may have very high levels of dissolved and suspended solids, and tempersrures
varying from 4°C up 1o 55°C. Many mines have high sulphate and chloride levels in their
water, and most are contaminated with microbial organisms.

These mmcwsfem are used for general service, use such as dust suppression, water spraying
after blasting, as a coolant in rock drills, for washing down the working face etc. It has bsen
estimated that between 0.5 and 5 tons of water are required per ton of rock removed.® |

For a proper understending to be achieved of the various corrosion mechanisms the properties
of this water must e carefully assessed.

B i

2, 1;‘!".1 Water Composition "

4
'- In South African mines there are three general groupings of water type.

{i) The Orange Free State mines, which have waters that contain high levels of
dissolved salts, mostly chlorides and to a leaser extent sulphates,

(ii)  Very hard, Far West Rand waters, with medium chlorides and high suiphate ion
concentrations.

(iii)  Those on the Witwatersrand, having low chlorides , high sulphates and low pH’s.

Higginson and White® analysed the composition of 46 South African mine waters and their
results are tabulated on the following page. The figure below is the key to the table.
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Key :

Cond.
TDS.

cr

802

NH,

NO,

NO,

TH.
Cal.Hard.
Ak,
TSS. O
pH

pHO.
WaterT,
Diss.O.
Na.

Cu,

Fe.

= Conductance, 1S

= Total digsolved solids, mg/t

= Chloride, mg/l

= Sulphate, mg/i

= Ammonia, mgft

= Nitrite, mg/t

= Nitrate, mg/l -
= Total hardness (as CaCOs;, mg/l)

= Calcium hardness (as CaCO,, mg/l)
= Alkalinity {to methyl crange, mg/l)
= Total suspended solids, mg/l

= pH value as-time of analysis

= pH value at tim» of sampling

= Water temp. at time of sampling, °C

= Dissolved oxygen at time of sampling, mg/l

= Sodivm, mg/l

= Copper, mg/fl
= Total iron, mg/l.
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Table 4 : Analysis of 46 of South Africa’s gold mine waters.®

2535 26 656
SO.” 2504 76 " 754
NH, 430 <1.0 <129
NO, 21.0 <1.0 <2.65 |
NO, 1430 <10 <299
TH. 3249 115 847 |
Cal Hard. 1826 87 558 |
Alk, 374 6 107 I
TSS. 2706 <94
pH 9.0 2.8 ) |
pHO 9.1 3.1 12 l
Water T. 43 10 28 |
Diss.O. 10.4 2.0 6.8
Na. 1651 29 47
Cu. <1.00 <0.01 <0.1
Fe. <500 220,02 0.1
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. :
The frequently acidic nature of the waters, cvident from the table, is mainly due to the
presence of iron pyrites in the gold bearing reef. These oxidise and in the moisture fonn

ferric sulphate and sul. - 4c acid. As a control for this acidity, lime is usually added in onder

to keep the pH between '+ md 9,

Work by Higginson™ clearly showed the importance of these lime additions, since, as can be
seen in the graph below, a drop in pH to less than 4 causes & severe increase in the comrosion
rate. (The graph also shows how the level of oxygen in the water effects the corresion rate.)

2.5
Solutions sticred ar 10Gr/min
O Aerated
& Do-nerated _ _
2,04, T ISR
g. 1,5
4
g Lo
0,5+
O
1]

Figure 20 : Effect of pH on corrogion rate of mild steel in synthetic mine water.®*
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2.10.2 Water Tempq'am —

. i .
As previously n{?nﬁo/ ted, the water temperatures vary between 4°C and 50°C in South African
. raines: Figure 21 \‘-ﬂl_ustranes the twmMperature dependence of the cotrosion rate by considering
the corrosion of mild steel in & synthetic mine water at pH values of 2.5 and 6.5.

HpH =25
@ pH = 65

Ty

0,54 R
2 '.}'
0 7 T | -y
2 2 3 0

Tsmperaturs, *C

Figure 21 : Variation in corrosion rats with temperziure in solutions of iynthetic mine
. i

Y5
water.% . i
e ft Yy
i
i
v
I
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Ex-perimental Procedure

3.1 Creation of the Metal Spray Alloys

From conclusions drawn from the results of previoué research on aluminium-based sprayed
coatings, (see Literature Review), and discussions with experts both locally and abroad, it was
decided to produce the following alloys for spray purposes:

(i) Pure Aluminium

(i) Aluminium / 4.5% Ziuc

(iii) Aluminium / 4.5% Zinc / 160 ppm Indium
(iv) Alsminium / 8% Zioc

(v} Aluminium / 12% Fnc.

NOTE : All aluminium and zinc raw materials were reported o have greater than $9.90%
purity. ' '

3.1.1 Melting and Casting of the Alloys

The alloys were melted in a small (20 kg) induction furnace and cast using a laboratory-scale

semi-continuous casting facility®™. The equipment required had previously been designed and

constructed at the University of the Witwaterstand for the explicit task of casting aluminium

alloys. The cast billets had the following dimensions:

diameter : 155 mm { finches)
length : 4400 mm.

Once cast, all the billets were analysed to ensure that the target points bad been met.

Experimental Procedure _ 59



3.1.2 The Production of Wire

The standard requiremernt for most wire-fed metal spray-guns is wire with a diameter of 3,125
mm (Vath of an inch). In order to produce wire of this dimension the 155 mm diameter billets
were first exruded down to 9 mm rod. This rod was then passed through a series of drawing
stages and finally pulled through a 3.125 mm die. All this work was carried out at Hulett
Aluminium’s plant in Ofifantsfontein usmg full-scale plant machinery.

32 Preparation of the Substrate Alloys

Four materials were selected as substrate alloys, these being:

(1) AA626] aluminium atloy

(ii) AAS5083 aluminium alloy

(iii} A meta! matrix composite (MMC)
(iv) Mild Steel,

Once again, prior to use all the alloys were analysed to ensure that they fell within the
designated specifications.

3.2.1 The Reasons for the Alloy Selections

The two aluminium alloys were sclected as they are the most likely to be usid in the
structural applications requiring hish corrosion protection. Mild steel was included as most
of the research and actual on-site spraying of aluminium-based alloys has been on low carbon
steels. The metal matrix composite, although having high strength, has extremely poor
corrosion resistance. Thus, the idea was to give the MMC improved corrosion resistance,
whilst roaintaining its excellent mechanical properties.
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3.2.2 Coupon Size and Dimensions

Al the alloys were supplied in 3mm thick sheet form. Coupons were then guillotined from
the sheet in order to create a smooth uniform edge to cach specimen. Coupon sizes were
varied for each trial, partly for identification purposcs, but mmnly to casure that the relevant
ASTM standards for the minimal representative area for each trial were adhered to.

(i) Salt Spray coupons : 60 x 50 mm (ASTM B117).
(if) Alternate immersion coupons ¢ 70 x 30 mm (ASTM G44).
(ifi) Total immersion coupons ;60 x 25 mm (ASTM G31).

-
v,

(NOTE: See soction 3.5 for actual trisl details).

3.2.3 Grit Blasting of Coupons

Grit blasting of all surfaces that are to be metal sprayed is essential. This ensures firstly that
the bare metal is exposed and secondly that the surface will permit good mechanical keying
of the sprayed metal to it.

SABS 064 specifies that the surface shouid be prepared by abrasive blasting. The compressed
air should be free from oil, grease and moisture and the abrasive must be a clean angular grit
of appropriate size, so 4s to ensure an adequate and sharp surface profile. After blasting, all
the dust and debris must be removed by dry brushing with a ¢lean brush, followed by vacuum
cleaning (SABS method 769). Subsequent contamination of the srface must then be avoided. -

Aluminium grit was used to blast both the aluminium and stesl coupons. The photograph
below illustrates the effect of the biasting.
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Figure 22 : Almminiuin and steel samples grit blasted with ALO,,

3.2.4 Metal Spraying of Alloys

The test coupons were sprayed on all sides (including edges) using a METCO hand-held wire
spray gun. All the substrate alloys were sprayed with each wire alloy in sufficient quantities
for all the corrosion trials and electrochemical test work. Although coating thickness was
difficult to control, large batches were sprayed at one ume, in order to achieve ss much
uniformity as possible. The appearance of the sprayed samples is illustrated below:
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Figure 23 : Metal sprayud coupons.

3.2.5 Final Preparation of Coupons

In order to judge the degree of sacrificial protection offered by each coating, some of the
coupons had controlled defects created in their surfaces, The photograph beiow shows the
arrangement of these defects.

LT EEEEE,
- L
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Figu»e 24 : Controlled defects in test coupens.

This technique is used by the Galvanisers Assoemnon of Australia® and it was thought that
it would work just as well for meaal spraye.? *2st specimens. R

Furthermore, the edges of these test pieces were masked off by an epoxy-typé glue. The
reason for this being that in most accelerated corrosion tests it is always the edges that get
attacked first. It must be noted that the edges of the rest of the specimens were left unmasked
as they had been metal-sprayed and for accurate weight loss measurements masking off womlg
introduce inaccuracies.

3.3 Synthetic Mine Water Make-up

The original synthetic mine water decided npon is based on samples of machine water taken
from a mine in the Orange Free State”. The reason for this selection is that corrosion
problems in these mines are generally considered to be more serious than elsewhere. The
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compogition is listed in the table below.

Table 5 : Composition of synthetic mine water.

The relatively high levels of ammonium salt results from the explosives used underground.
Suspended solids were not added to the water, as it was feared that the machinery used for
the testing would get clogged up if any were added. No biological constituents were added
to the water. » . 3 .

The make-up of the water ﬁras then chinged to vary only the sulphate and chloride levels.
The relative amounts of each chemical were thus altered to achieve two more waters with the
following 80,7 and CI' compositions: |

(i) SO, : 2000 ppm
Cr : 500 ppm

(i) SO* : 500 ppm
Cr  : 2000 ppm

if

Each water was analysed, with the analysis being given in the results section of the report.
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3.4 Electrochemical Corrosion Tesﬁng

3.4.1 Sample Preparation

Samples of approximately 1 cm® of sprayed metal surface were cut fmr;l larger specimens.
An insulated wire was then attached to the back of the sample by a screw, turned into a small
niole drilled in the back. The wire was then soldered to the screw to ensure good electical
coniact, using resin cored solder, This sample was then degreased in an ultragsonic bath in
100% purh alcohol for five minutes. The sample was then coated with a clear lacquer,
leaving only a smali region of the surface exposed. This area was then accurately measured
and the desired corresion scan was carried out. The photograph below shows a test specimen
rcady for testing. ' '

Figure 25 : An electrochemical test specimen.

3.4.2 Corrosion Testing

Accelerated electrochemical cotrosion tests were conducted with a PRINCETON MODEL 273
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corrosion measurement system and MODEL 342 software. All of the corrosion tests were
carried out in  stal.dard one litre, round-bottomed flask, modified by the addition of various
necks to permit the introduction of two graphite counter eletrodes, a gas bubbler, a sarple
and a saturated calomel reference electrode (SCE), all of which conform to the ASTM G5
standard. Thiséimngemennshownintheﬁgumhalow,wasthmmnecmdmﬂm
potentiostat and placed in a water bath, which was kept at & constant emperanure of 25°C.
The test solution inside the corrosion flask was de-acrated with ultra high purity argon for at
least one hour defore testing commenced. |

-

Lt 3T

Figure 26 : Typicel electrochemical polerisation cell : (1) counter electrodes, (2)
reference electrode (SCE), (3) gas bubbler, (4) the sample,
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Figure 27 : Photograph of the EG & G Princeton Model 273 potentiostat,. with its
peripheral devices. ‘

3.4.2.1 Potentiodynamic Tests

These tests produced polarisation curves of the powntif versus the current density. The scaus
were performed in all the synthetic solutions mentioned in section 3.3, at 25°C. These
potentiodynamic curves were used to obtain a general corrosion rag of the samples and also
to give an indication of the overall corrosion behaviour of the samples at various potcnﬁais.
(ie. Active or passive potential ranges can be identified as well as the regions of pitting and
general corrosion). | 7
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3.4.2.2 E,,, versus Time Tests

These scans were carried out to establish the variation of the free corrosion potential as &
function of time. The purpose of this was to determine the stable potential of the coatings
relative to the substrates, so that the degree of anodic behaviour could be established.

It was initialty thought that these tests would be conducted in all the waters. However, due
to the length of time taken for each trial (in excess of 12 hours) and the scatter of the results
initially achieved, it was decided to Limit them to only one solution, the high sulphats and
high chloride synthetic mine water. This was thought to be adequate, as the irepds
established nnder these conditions would be similar to those found in the other waters.”

3.5 Accelerated Corrosion Testing

3.5.1 Salt Spray Testing

A top loading HERAEUS VGTSH salt spray cabinet complying with the pre-requisites specified
in ASTM B117 and DIN 50021 was used for all the salt spray trials.

In an atempt to simulate actual minitg conditions, it was decided initially to use the high
chloride and high sulphate synthetic minc water in the salt spray cabinet, After continual
monitoring for 1000 hours, it was ruled that & more aggressive solution would be required,
as the coated samples were not showing marked signs of corrosion. These samples were then
removed frem the cabinet and analysed according to specifications dealt with in section 3.5.4.

New samples were then exposed to the SW salt spray solution specified in ASTM Bil7.
This solution is prepared by dissolving 5 £ 1 parts by weight of sodiunr -::/oride in 95 parts
of distilled water, After 1000 hours of testing it was decided to once &gmn increase the
corrosivity of the solution, as it was still not possible to rank the performance of the various

coatings.
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For the final test, the salt waser used in the previous trial was modified to adhere o ASTM
B287 - the standard method for acetic acid - sait spray esting. This brought the pH of the

brine down.to between 3.1 and 3.3._

"

Inoﬂcrmadiwmmaﬂﬂmmndaﬂscmwumkmmmﬁgmﬁmmcfoﬂuwingcmdiﬁms
were met: !

|13
() The specimens were supported between 15 and 30 degrees from tho vertical.

(i) The specimens were not wuching each other, or any other metallic material.. Aerspex
 racks were used to hold the coupons). |
|
!

(iit) Each smcimcnwaspMdmas&:pcrmitﬁecseﬁlingOffogmiﬂcir:mfm.
(iv) No salt solution was ‘allowed to drip fiom one specimen to ancther.

(v} All the iests were carried out at 35°C.

3.5.2 Alternate Immersion Testing

An altemate immersion comosion testing apparatus was designed and constructed at the
University specifically for this msearch. Tbe complesed item of equipment is shown in the
following photographs - Figures 28 and 29,
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Figure 29 : Controls for the alternate immersion ommamn testing apparatus.
The pneumatic cylinders allow the simultaneous raising or lowering of ail the test pieces at

a rate well within the time limit specified in ASTM G44, The four separate tanks and the
large number of sample holders enabied a major portion of the trials 1o be run concurrently,
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Initially, three of the tanks were filled with the synthetic minc waters selected proviously and
the fourth thh tap water, to act as « oomrdl. After IGO_O hou;ﬁts the tap water tank was
changadmsyn&w&gm'wminmmptmspwdupmifmi ion rae of the samples,
Following this, after 2000 hours, the mine water proving o be /fhe least aggressive of the
three (the high chloride and low sulphate wates) wes changed 1/0.1 normal sulphuric acid;
in a bid to try and rank the various coating/substrake combinatic 1s. |

A\

.
el

iy

These trials were run at room tempersture and for a minimum of 1000 hours and muximam
; of 3000 hours, with the water in each tank being changed every 300 howrs to try and prevent
- ary microbial action. ' : _.ﬁ
¢

3.5.3 Complete Immersion Trials

_1/\.,\

_ The three synthetic mine waters and'Rand ¥ater Board tap water WIS Ofice aa;h\aiad for
 the soal immersior trials. The water make-yp was nog changed during the exposre period

and the tridls were run for in excess of 3000 hours. “To comply with ASTM G31, the teat -
coupons were suspended vertically and completely immersed in the test solutios, o

Similarly to the case of the alternate immexxion trmiiﬁlcwammchangﬂdtb\;ﬂ‘ytwo
L f

weeks in order 1o minimize microbial atiack, /ffl
N

Vo

3.5.4 Preparing, Cleaning and Evaluating the
Corrosion Test Specimens | o

All preparation, cleaning and cvaluation was performed in accordance with ASTM Gi, the
standard practice for these procedures. :
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3.5.4.1 Sample Preparation

With regard to the preparation of both coated and mill finish test coupons, the following steps
were followed prior 10 all trials:

(i) The specimens were cleaned by rinsing, first in acetone, then aicohol and then distilled
water.

(ii) They were then dried and left in a desiccator for a minimum of one hour.
(iii) For identification pur~oses each sample holder was numbered and labelled, thus svoiding
the wecessity of marking of the specimens themselves - something that

would have affected to results achieved.

(iv) The clean, dry specime s were then weighed to e fifth significant figure, for those

tests in which mass-loss measurements were required,
3.5.4.2 Sample Cleaning

Upon completion of every trial the following cleaning procedure was observed: (Ref:ASTM
D2688) '

(i) Coupons were scraped with a plastic knife and scrubbed with & nylon brush to remove
any bulk corrosion product.

(ii) Chemical cleaning was then carried out. The wbic below shows the demils of the
cleaning operation for tihe various alloys and coatings.
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Table 6 : Chemical cleaning procedure for the removal of corrosion products,

All aluminium alloys 50mi phosphoric acid & 20g
All coated samples and the | chromium triexide in reagent water
MMC. to meke 1000 mlL
Mild steel 0.2g - hexamine © 10
in 1000 mi hydrochloric acid. min
- D M i s

(iif) Rinse in tap water.
(iv) Rinse in distilled water.

{v) Rinse in acetone.

(vi) Follo“ﬁng-'ihe rinsing operation, which was ‘intended to remove any remainirg
cormsian-_ﬁproduct and the cleaning chemicals, the samples were dried in paper towels
and - red in a desiccator for a minimum of one hour.

{vii) Finally, the samples were re-weighed to establish the mass loss,
3.5.4.3 Sample Eveluation

Throughout the duration of the corrosion testing ail the tanks were monitored and notes
made of any developments. Photographs of these observations were taken when necessary,
On the completion of each trial, photographs were immediately taken of a representative
sample of each coating/substrate combination. If the cleaning operation revealed
interesting features it was also photographed.

Sufficient samples were #vai!ab!e to allow extensive mass loss measurements. From the
mass-luss data the corrosion rate could be calcnlated uging the following equation:
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Corrosion Rate (in mmn per year) = T.‘:_Tx_g_ﬁ

where : K= 8,76 x 10°,
W = mass loss in grams,
A = area in cm?,
T = time of exposure in hours, and
D = density in gfem’. '

 Where necessary optical, stereo or scanning electron microscopy was conducted to confirm
the results achieved.

3.6 Surface Roughness Evaluation

Prior to spraying, surface roughness measurements of random grit-blasted specimens were
taken, the purpose of these iheasurements being to ensure that the surfaces were sufficiently
rough (as specified by SABS 1391) to ensure satisfactory keying of the sprayed metal to
these surfaces,

Both longitudinal and transverse measurements were taken using a HOMMEL T1000 Surface
kinish Tester.

3.7 Coating Adhesion Measurements

This testing procedure, as covered in ASTM (€633, deals with the determination of
adhesion of 4 coating 10 a substrate. It is particularly adapted for testing coatings applied
by flame spraying., The test consists of coating one side of & substrate fixture, bonding this
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coating to the face of a loading fixture, and subjecting this assembly of coating and fixtures
‘10 a tensile load normal to the plane of the coating. The basic principles of the operation
are shown in the figure below,

A

Bonding agent.

| ——Qlus/meial spray interface.
[ Metal sprayed alfoy.

; A

Grii blusted substrate.

————~Tengile machine grips.

\/

Figure 30 : The tensile test rig for testing coating adhesion.

The essential requirements of the bonding agent is that it has greater adheronce to the
loading fixture and the spraye) metal than the sprayed metal has to the substrate.
ARALDITE epoxy was used for this purpase. |

All the tensile testing was carried out using a CLOCKMOUSE INSTRUMENT COMPANY
MODEL A12 tensile testing machine. |
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3.8 Coating Thickness Measurements

An ELCOMETER 300 coating thickness gauge was used to determive the average
thicknesses of the metal sprayed coatings. The purpose of these measurements was not
only 10 measure the film '); ickness, but also to ensure that theve v 5 po great variation
across & specimen surface br from specimen to specimen.

33 Scanning Electron Microscopy

Samples from electrochemical tests, as well as from other corrosion testing, were examined

under the SEM (a JEOL GSM-840). Before the corroded samples were evaluated, they were

first cleaned to remove the corrosion products. The samples were then washed gff with
. 4 Yon

alcohol, dried ind mounfed into brass holders using a graphite/alcohol suspension.
<\ _. -

. ‘\\
S i
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Results and Discussion

4.1 Analysis of the Metal Spray Wires

As was previously discussed (section 2.5.7.1 of Literature Review), the purity of aluminium
used for metal spray purposes is considered of critical importance. The f2edstock prior to
melting and alloying was thus analysed, and the composition given in the table below.

Table 7 : Analvsis of the "pig" aluminium used as the basis raw material,

Sample Si Fe { Ca } Mn | Mg | Cr Za In Pb
l“Pure"Al 04 IM& 001|004 001 f.O0E] 003 | 0001 001 | 000 1 002

Further analyses were then carried out after the desired alloys had been cast. The column on
the left of the table below shows the primary alloy compositions aimed for and the other

columns the actual values achieved.

Fable 8 : Analysis of the spray wire alloys.

Resuits and Discussion.

i " ]
Sample Si Fe | Cu | Mo | Mg Cr Zn In Ph
Pure Al 03 ] 03 oD ] 001 | 002 ) 000 ] 002 ) 000 ] 002 ).
Al 4.5%Zn 03 04 | .002 1,003 1 00> 000 | 440 3 000 | 001
Al 4.5%Zn Q03 O5 10027 0031 002 | 001 | 445 | 016 | .001
160ppm In
‘ Al 8%7Zn 04 06 | 002] 003 003 | 002 | 787 | .000 | 001
Al 12%Zn 05 04 1 000 000 f 002 | OO | 226 | 00D ] 000
AT CUC T ——




The low impurity levels ead oughly correct alloy additions confirmed the suitability of the
ebove compounds, |

12 Analysis of the Substrate Alloys

Prior to the application of the metal sprayed coatings the two aluminivm and the :m\;\i steel
alloys were analysed to ensure their conformity to the specified compositions. h

1
I:

. Table 9 : Analysis of the aluminium substrate alloys.

“m

Mn Mg Cr Zn T I

PR Sy
In Ph
’ 5083 AT A3 L g8 439 [so 24 17 002 030
" 6261 58 25 28 I 019 023 524 020 /21

Table 10 : Analysis of the mild steel substrate alloy.

'
,
&
éﬁ?l

3 pltrar— s
ISamp c!mlslp s&[c:-lm'm Cu-du'lvl

"
Ll\’lﬂd steel 08 27 021 007 | <01 | 07 A7 | 08 | <01 § <01 § <]

The imported metal mairix composite composed an AA6061 aluminium matrix impregnated
with 10% alumina particles of between 15 and 20 micron in diameter.
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23 Water Analysis

The principal waters to be used were analysed prior to usage o ensure, once again, that they
had the correct make-up. The four waters labelled A 1o D in the table were made according
to the specifications listed in section 3.3 of the experimental procedure. The important
chemical constituents of each water are the following :

Water A : Aimed for 1000 ppm CI" and 1000ppm SO/

Water B : Aimed for 2000 ppm Cl and 500ppm SO/,

Water C : Aimed for 500ppm CI' and 2000 ppm SO,*.

Water ID : Johannesbﬁrg potable water used in making up the other three waters.

Table 11 : Test water analysis,

Water B | Water C Water D
omm— .
787 7.6 736
Conductivity, mS/m 896 452 332 |
Tot. dissoived solids A728 5064 4488 304
Tot. alkalinity a2 CaCO, 12 112 108 9
Ci. hardness 5 CaCO, 804 ) 1134 62
Mg, bardniss sx CaCO0, 280 144 506 40 i
Sodinm, Na 865 1320 454 2 |
Potsssium, K 227 123 82 I
Bicarbonate, HOO, 137 137 132 117
Carbonate, CQ, nil gl | ail all
Chloride, Ct 1321 2093 610 2%
Sulphate, SO, 1128 558 1771 31 |
) Nitrate, NO, 311 281 337 08
Nitrite, as N 7.1 77 72 <0.1
Free and saline ammonia 3.1
004
el
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Some variations from the aim points are recorded.

3.4 Electrochemical Test Work

4.4.1 Potentiodynamic Trials

Each coating/substrate combinavon was systematically tested in every water, A minimum of
three tests were conducted per combination to ensure the accuracy of the results, In the event
of a lack of reproducibility, a further two tesis were carried out. Due to the nature of the
coatings, (ie. porosity, uncontrolled oxide levels, etc.), discrepancies were often encountered,
This meant that once five trials had been done, if consistent curves were still not achieved,
the average had to be taken as representative of the alloy.

4.4.1.1 Performance of the Coatings

The relative performance of each coating is best related back direcdy to the actual
potentiodynamic plot. Figures 31, 32 and 33 on the following pages illustrate the results
achieved from ail the tests carmried out in water A, the synthetic mine water with roughly
1000ppm sulphates and chlorides, Although the other waters gave rise 1o different scans, the
trends established were thé same.

The superimposed scans clearly show the effect of the zinc additions on both the corrosion
potentials and current densities of the coating alloys. Zinc, being more anodic than aluminium,
has the effect of lowering the corrogsion potential of the alloy as increasing percentages are
added. The addition of 4.5% zinc to the pure aluminium congistently lowers the potential by
between 100 and 300 millivolts, the largest difference encouniered.
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A small passive region, of typically between 300 and 600 mV, appesss in all the plets. This
shows that the comrosion does not take place primarily as a result of the dissolution of zinc-
rich arcas. The rcason for this is that zinc does not exhibit much of a passive region, as can
be seen in figure below, since its corrosion product is largely soluble in water. This is a
favourable oceurrence as extensive loss of zinc from the coating would reduce its
effectivencss as an anodic barrier considerably.

Figure 34 : Potentiodynamic plot of pure zinc in water A.

The effect of the small indium addition (160ppm) is also clearly illustrated by the
potentiodynamic plots. For the same level of zinc, the indium decreases the corrosion
potential and increases the current density. This results due to its dissolution in the chloride-
containing environment which, aithough promoting corrosiop - | ‘ *¢ in more generalised
rather than localised attack. b
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Figue 32 SUPERIMPOSED POTENTIODYNAMIC SCANS.
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Figure : 33.
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4.4.1.2 Performance of the Substrate Alloys

Table 12 : Corrosion potentials and corrosion rateg of alloys in water A.

Once again the above table illustrates results achicved from tests done in water A, The tends

established are the same for all the waters.

When considering the above table, it should be boms in mind that the AAG261, A .83 and
the mild stee] will be galvanically coupled to the previously mentioned coating alloys. The
highest potential difference will thus sxist between the mild awsel and the 12% zinc alloy and

) Alloy. Coxrrosion potential Corrosion rate
' mv. mm/yesar.
Pure aluminium ~1092 . 0.87 |
Pure zinc -1219 | ..5.76
AAS083 -1166 1,66
AAG261 -1128 0.93
Mild steel 736 79

the smaliest between the AAS083 and the pure aluminium coating. The two aluminiur. alloys

although baving similar resulis do show a small difference, with the AA5083 alloy being

slightly more susceptibie to corrosion,
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4.4.1.3 Corrosivity of the Waters
(i) The Synthetic Mine Waters

The charts on the following pages clearly illusirate the relative ‘oﬁrmiﬁﬁw of each of the
synthetic mine waters. Water A (1000ppm Cl and 1000ppm SO,*) is consistently the most
corrosive, with the corrosion potentials of the coating ailoys generally being the lowest in this
water. The high chloride addition in water B also clearly makes it more corrosive than waser
C which has 2000ppm sulphate, a factor which is notably clear in the aluminium/indiem
coating. '

The bar charts further substantiate the results attained from the potentiodynamic plots, as the
increased zinc additions steadily decrease the corrosion potentials.

(ii) Tap and Sea Water

As was expected the synthetic sea water proved to be far mote corrosive than the tap water.
In fact the salt additions made the water the most corrosive of all, with some of the corrosion

A
potentials even dropping below -1400 mV. A

3 :_._:‘: L

4.4.1.4 Coating/Substrate Combined Performances

ti .
Table 14 lists the exact corrosion potentials obtained for each coating/substrate combination
in every synthetic mine water. No consistent changes in potential were obtgined by altenng
the substrate. Thus it is not possible, using potentiodynamic tests, 10 establish the effects of
the various substrates on the performance of the coating.
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Table 13 : A comparison of the corrosion potentials of the various coating/substram
combinations in the synthetic mine waters.

Corrosion potentials of the coating alloys. (mV.)
Alloys Pu Al P JWJZI. AliIn, ANVBZn.
Water A | -1072 1329 -1354 -1347
AASOB3 | yuter B | -1106 -1140 -1265 1312
Water C{ 909 | -1099 -1190 -1290 1367
Water A | -1023 1307 1337 1367 -1383
AASOL | waterB | 953 | 1281 | -1361 | 1375 | -1388 |
Water C | -1030 -1151 11060 1 -1317 -1329
mw!
Water A | -1062 -1143 -1280 -1277 -1388
Mild
- Stegl, | Water B | -1057 a132 | o120 1222 | 1350 !
Water C | -986 -1034 1107 1221 -1304 H
RIS SIS T SRR SR SR SRR —

The similarity of the above figures wag not unexpectsd a8 the metal spraying process,
altl’_;gugh creating a coating with some porosity, does disribute the alloy evenly over the
substrate. | | )
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Figure 36 : AA626] metal sprayed samples. Results from the synthetic mine water trials.
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4.4.1.5 Summary of the Results Achieved
Figure 41 illusirates the trends established in all the potentiodynamic work. Arrow 1 shows
the decreasing corrosion potentials as the percentage zinc is increased and arrow 2 the

increasing corrosion current. -

These curves clearly rank the coatings in terms of their relative anodic behaviour but they do
not indicate which will behave best in practice.
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442 E,_ versus Time Trials

The purpose of these trials was not merely to establish the free corrosion potentials of the
coatings but slso to determine the time taken for the alloy to stabilize at this potential. The
trends established from this work are shown in figure 42,

As the potentiodynamic irials demonstrated the corrosion potential decreases as the percsntage
zinc is increased. The plots also show how the coating starts out at a potential far more
. cathodic than its stable free cotrosion potential, a factor that can be attributed to the lack: of
stability of the oxide film, The most important aspect of these plots, however, is that the
indium containing alld'} took roughly half the time to stabilize than the rest of the
coating/substrate combinations. This can probably be attributed to the rapid dissolution and
subsequent precipitation of the active indium ions, Most of the coatings ook around 10000
seconds to reach a stable valve, while the indiem conteining cosatings took around 5000
scconds.Tlﬁshasthcadvmagcmatcwnifﬁmmﬁngisiﬁiﬁaﬂymodicwl.hzsubmm,
which is the opposite to the desired scenario, it will 2oon drop down in potential to its more
anodic potential. This is of obvious importance in extreniely corrosive environments,
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a5 Accelerated Corrosion Testing

4.5.1 Sait Spray Testing
4.5.1.1 Syptheﬁc Mine Water Trial

Although not an ASTM 1est, the best way of assessing the behaviour of all the
coating/substrate combinations in actzal underground mining applications was thought to be
in & synthetic mine water. Thus, the high chloride, high sulphate waser was seleceed to be
-used in the salt spray cabinet.

Within 100 hours the uncoated mild steel had corroded severely, with the entire surface being
covered in \% k layer of brown rust. The other samples, although hardly corroded, had
become dlsmlo . This brown dlscolomntmn was pmbably hydrated tron oxide serting out
from mgfwrvmow resulting from the corrosion of the mild steel. Unlike the stecl panels,
the u(c::wd aluminium alloys, although slightly tamished, did not show any visibie signs of |

corrosion after 100 hours of exposure.

-
S,

The coupons were monitored as the trial continued, not only to determine the extent of the
corrosion but also 1o try and rank the various coating/subsirate combinations in this specific
environment. After 1000 hours it was decided to stop the trial as differences in behaviour
were not emerging, especially with regard the coated aluminium samples. Photographs of
représentative samples after the completion of the trial period can be seen on the following
pages.

A white corrosion product started to appear/iin .the coupon surfaces as the irial contnued. As
can be seen in the photographs this con-tmon product is especially abundant around the
defects purposely introduced into the cuawd mild stect samples. This heavy hmid-up is caused
by the coating sacrificially protecting the s{;bstme, as it was designed o do. Close-ups of this
phenomenon are shown in the photographs below.
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Figure 43 : Close-ups of two corroded salt spray samples.

These photographs clearly illustrate the following :

(i) Firstly, the exposed areas, although showing s:gns of rust, are well protected especially
relative to the uncoated samples, o,

(ii) Secondly, as the size of the defect is increased so does the effectiveness of the protection
decreases. The photographs show how the smallest holes are by far the ledst corroded.

Thus, the sprayed aluminium coatings clearly protect the mild steel subsizzies by sacrificially
corroding at regions where the substrate is exposed to the comrosive enviropment.
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The resulis achieved for the coated sluminium coupons are not nearly as clear, The reason

for this can be attributed to the higher corosion resistance of the subsirate aluminium alloys

in comparisan. with steel. Hence the amount of sacrificial protection required, relative o the

steel substrates, is a lot less, resulting in the formation of smaller amounts of corrosion”

product. In fact from these trials it is not completely clear whether or not the coatings are
anodic 1o the aluminium substrates, although discolouration in the c.em:m of some of the larger
controlled defects does suggest it -

The main criteria by which all thenels were evaluated were firstly the condition of the
substrate material within the controlled defects, and secondly the amotnt of cormosion product
found on the surface. The most important coupons' were thus the mild steel ones which, as
previousiy discussed, exhibited the most corrosion. The photograpls show l'lhw the higher
. zinc-containing coatings ali have more corrosion product on them thas tlmsc with small or
no zinc additions. This fact doss not however make these coatings any worse than those
without zinc. This is both because the corosion product merely indicates that sacrificial
protection is required by the substrate and is so supplied by the coating, and the {inding that
the corrosion product will block the pores, thus acmallf.pmventing further corrosion as it
separates the substrate from ihe environment. Thus one could deduce that an increase in the
zinc content would reduce the life of the coatmg if intensive sacrificial protection was
required, as it would corrode away sooner. Conversely, if less zinc was present the coating
may not he able to supply sufficient anodic current under more severe comrogion coaditions
and hence not protect exposed areas satisfactorily. The above conclusions all revolve arcund
the fact that the addition of zinc makes the coating more anodic to a giver substrate, a fact
that was proven in the electrochemical test work. . |

There thus exists a balance between zinc additions and substrate alloy composition +hat will
provide the optimum protection in a specific environment, This balance woui}if;;bviously be
upset if any of the above th.ee constants, ie. the coating, substrate or environment, were
altered. Furthermore the suitability of a specific coating would naturally depend upon the size
of defect in any coating, This is important #s the larger the holiday, the gresier the "throwing
power" needed to protect exposed arcas furthest from the coating, and hence the more anodic
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the coating would have to be.

When oonsﬂ'éﬁng this first salt spray trial it is beiieved thnt & pure aluminiom or a Jow zinc
coating would be the optimum for the metal sgi'aying of both the alummmm alloys. The”
reason for this selection is that althongh une environment is highty cam.\ e, it is not
corrosive enough to warrant any greater anodic current, due to the mmnn comosion
resistance of the aluminium alloys. With regard the steel substrates however, a higher zinc
addition, preferably in excess of 12% is recommended. The low corrosion resistance of the
steel and thus the accompenying high degree of sacrificial protection required ju&;ﬁci this
selection.

bl
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3. Uncoated steel 4. Uncoated MMC

Figure 44 : High S0, /high CI' salt spray conpons.
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Figure 45 : High SO,“Migh CI" salt spray coupons.
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Figure 46 : High SO, /high CI* sait spray coupons.
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Figare 47 : High 30, high CI" salt spray conpons.
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Fignre 43 : High SO,%high C1" salt spray coupoms.
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Figure 49 : High S0, “/high Cl salt spray coupons.
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4,5.1.2 Synthetic Sea Water Trial

The photographs on the following pages illustrate the appearances of mprcwnmuve samples
achieved from the synthetic salt water orial after the completion of the 1000 hour test.

Because of the difficulty in obteining differentiation from the previous salt spray trial, it was
decided to increase the corrosivity of the environment. A new serics of: specimens were thus
exposed to the standard ASTM salt spray solution.

As in the previcus trial, the uncoated mild sweei WMs were rapidly corroded. They were
thus removed after 100 hours so as to limit their interference on the other samples. The
uncoated aluminium alloys started to show signs of pitting, with a noticeable difference

between the AAS083 and AAG261 bcmg observed, The nmkmg of thc various uncoated ailoys _

was thus as foliows : 1. AAS083 (bcst)
2. AA6261
3. MMC
4, Mild steel (worst).

<

The photographs demonstrate clearly thar the coated mild steel samples once again showed
the far clearer resuits. As before, the discolouration of all the specimens was thonght o be
due 10 the presence of the uncoated steel coupons which, although removed early in the mial,
had still corroded severely prior to that. Looking at the damaged specimens it is evident that
the coatings are sacriﬁéially protecting the substrates very cffectively, even the mild steel still

has somewhat of 2 shine to it. The white corrosion product on the coated steel coupone, a2

the photographs show, is surrcunded by a black band. The photograph below looks more
closely at this region.
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Figure 51 : Corrosion product on & coated mild steel sample. -

The above photograph illusrates clearly how the black beads of liquid surround the white
corrosion product band. Since this corrosion product will "grow” outwards ss more sacrificial
protection is required by the exposed substrate it would appear that the white powder starts
off as this hygroscopic black compourd, The excellent throwing power of the coeting is also
evident from the figure above, as even the largest contrived holiday is well protected.

Ranking the performance of the various coating/substrate combinations again rcmlod that
the glpreinium substrates performed best with different coatings to the steel substrates, Pure
aluminium onto 5083 or 6261 was, unlike the previous trial, not anodic enough 8 corrosion
was observed to be taking place within the larger defects. Thus the addition of 4.3% zing is
considered to be the most favoursble option. With regard the steol coated coupons, the large
-amount of protection required once again explains why the highest zinc coupons ylelded the
best results. _ ’
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Figure 54 ; Synthetic sea water sall Spray coupons. Figure 55 1 Synthetic sea water sall spray coupons.
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Figure 53 : Symhetc sea water salt spray coupons.
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Figure 54 ; Synthetic sea water salt spray coupons. Figure 55 ; Synthetic sea water sait spray coupons.
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Figure 56 : Synthelic sea water salt spray coupons.
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Figure 57 : Synthetic sea water sall spray coupons.
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4.5.1.3 Acetic Acid Trial

The ASTM acetic acid test solution is made up by sdditions of acetic acid 1o the standard
synthetic sea water, in order to bring the pH down to between 3.0 and 3.2, The high chloride

concentration, combined with the low pH, msakes this the most corrosive of the salt spray
| ;olutions used,

The uncoated coupons shown in figure 59 demonstrate the marked difference in behaviovy
between the AAS5083 and AAS261 alloys, with 5083 showing far less comosion. Of the three
samples shown in the photograph the MMC, us expected, has suffered the worst corrosion,
The highly aggressive salt spray environment aitacked the coated mild steel specimens |
vigorously, with the result that the test coupons had to be removed after only 1000 hours. The
conted aluminium samples were left in the tank for a further 1000 hours in an atrewnpt to find
the optimum combination. Figures 60 and 61 representing the undamaged and damaged coated
mild steel coupons respectively show somewhat conflicting resuits, As the photographs show,
an increase in the percentage zinc improves the protective action of the coating. This is
- expected as the grcater the amount of zinc the greater the potential difference between coating
and substrate and hence the betier the wacrificial protection. Thcpuren]um:mnmcoaung
* however, goes against the trend and out-performs all but the 12% zine coating. This
phenomenon is explained by the fact that the solution is highiy corrosive and since the pure
aluminium is the least anodic of the coatings it will tend to iast the lnngast. (Although not
providing the best protection when compared to the other coatings if they are in good
condition.) Thus, the coating performance is affecteq_by two factors, firstly the corrosive
natre of the environment and sscondly the potential difference between cuaung and substrate.
Clearly, & zine addition of 4.5%, even m combination with the indium, is not enough to
protect the substrate and is also not caﬁmdlc encigh to last as the pure aluminium coating
" doss.
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Figure 61 : Acetic acid salt spray coupons.
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4.5.2 Aiternate Immersion Trials

The purpose of aliemate immersion is to try and simulae thawcéfdrycmditianscmmtmnd
in many industriai applications. The appuratus was designod to hold the test coupons out of
the various solutions for 50 minutes and in for 10 minunes, a ratio sufficient to allow complete
wetting and drying. Thus a days cycle could theoretically be condensed into one hour.

4.5.2.1 Tap Waser Trials

As was initially expected all the metal coatings showed a very high resistance to corrosion
in the alternating wet/dry environment. Thiz was especially noticeabie in the relatively non-
corrosive tap water solution. It was thus decided 10 terminate this rial afier 1500 hours,
reslizing that to achieve any results the experiment would have to run for a inordinate length
of time. An example of the extromely effective protoction afforded by these costings in the
tap water envirpnment iz shown in the photograph below.
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Figure 63 : Aliernate immersion samples after 1500 hours.
The small amounts of corrosion product present appeared early in the trial and merely served
to block any pores in the coating, tuereby inhibiting any further corrosion,

4.5.2.2 Synthetic Mine Water Trials
(i) Water A (1000ppm Chloride/1000ppm Sulphate)

All the aluminium coated samples performed exceptionally well in all the test wasers
considered during the alternate immersion trials. Figures 64 to 70 cn the following pages,
which are representative samples aftcr 5000 hours of exposure in water A, substantiate this
observation, The corrosion product present is found largely on the edges of the coupons and
can thus not be taken as representative of the overall coating behaviour. The photographs
show how well the controlied defects are protected, with even the exposed mild steel only
showing slight signs of rusting, as the close-up in the figure below illustrates,
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- Figure 71 : Close-up of a coated mild steel coupon after 5000 hours exposure in water A.

T

It was in no way possible to determine the optimum coating for a particular substrate or to
rank the coatings relative to one another, even after 5000 hours exposure. Thus, although
coating lifetimes could not be predicted, the éitcellent performance: in this accelerated trial and
the ease with which the coatings can be re-sprayed demanstrates tieir suitability for alternase
wet/dry conditions. /’/

(i) Water B (2000ppm Chloride/500ppm Sulphate)

OGnee again this trial was stopped prior to some of the others to make way for (he use of a
more coriosive media. Thus, after 2000 howrs the samples were removed. The coupons,
although not looking as good as those from the tap water trial, were stll in éxcellent
condition. Even the exposed mild steel remained shiny with slight corrosiun only ta.kmg plaoe
in the cenire of the larger defects, as is evident in the photograph below.
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Figure 71 : Close-up Ef a coated mild steel coupon after S000 hours exposure in water A.

It was in no way possible to determine the optimum coeting for a particalar substrase or to
rank the coatings . :itive 10 one another, even after 5000 hours exposure. Thus, although
coating lifetimes could not be predicted, the excellent performance ir: this accelerated trial and
the ease with which the coatings can be re-sprayed demonstrates their svitability for alienate
wet/dry conditions. " '

(ii) Water B (2000ppm Chloride/500ppm Sulphate)

Once again this trial was stopped prior to some of the others to make way for the use of a

more corrosive media. Thus, after 2000 hours the samples were removed. Th= coupons,
although not looking as good as those from the tap water trial, were still in excellent

condition. Even the exposed mild steef remained shiny with stight corrosion only tnking placs
in the centre of the larger defects, as is evident in the photogragh below.,
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Figure 72 : A coated mild steel alternate immersion coupor after 2000 hours sxposure,

The mgﬁng only takes place in the centre of the defect as that is the region furthest from the
sacrificial coating indicating that the "throwing powe:™ of the sprayed aluminium is not quite
good enough to protect such a large defect,

"l
s

(iif) Water C (500ppm Chloride/2000ppm Sulphate)

Aithough thig trial tan for 5000 bours, 3000 hours more than in trial B,ﬂwmﬁlts achievec!

were very similar. A%l the coated cmpoﬁs weie in & very good condition with only slight

discolouration and small amounts of costosion 'pmdtx:t being found on the coupon surfaces.

Once again it was not possible to select an optimum coatmg for & particular substrate duc to

the good condition of .all the coatin_/substrate combinations.
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Figure 64 ; Mine water A alternate immersion coepons,

Figure 65 : Mine water A alternate fmmersion coupons.

Figure 66 : Mine water A aliernate immersion coupons.

Figure 67 : Min¢ water A alternate immersion coupons.
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Flgure 63 : Mine Waler A alizrnae itmmersion coupons.

Flgqure 69 : Mine water A altemnate immersion coupons.

Figure 70 : Mine water A sliernaie immersion coupons.
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4.5.2.3 Tap Water Trial

Of all the waters used in the aliernate immersion tanks the Rand Water Board water was the

least corrosive, Not surpﬁ.sing__ly; E‘&\wmg the results discussed above, the conpons were
in perfect condition on; completion of the 2000 hour mial period. The test was stopped prior
to soine of the others to make way for a synthetic sea water mixture, this being a more

corrosive: media.
4.5.2.4 Synthetic Seu Water Trial
As figures ‘.‘3 to 79 illusirate the corrosion taking place on these coupons does not follow any

distinct trcr_;Ei_,‘ Thus, the only observation that can realiy be made is that, considering that the
test was mq’:irm hours, most of the coatings performed very well. From tlnq photographs

ttie improved corrosion resistance obtained by coating the sluminium and steel ailoys is once

again clear, Figure 79 exemplifies the protecion offered az all the coatsd MMC coupons
remain in excellent condition. Wh\&c corrosion ;s consiclerable it is thought to be largely due
to edge effects or some other fault iﬁqﬂm coating, rather than the intringic corrosion resistance
of the coating itself. o |

Resulis and Discussion, . . 1 1 4




Figure 73 : Sea wamer alternate immersion conpons,

Figure 74 : Sea water alternate immersion coupons,

Flgure 75 : Sea water alternate immersion coupons.

Flgure 76 : Sea water alternate immersion coupons,
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Flgure 77 : Sea water alternate immersion coupons.

Figure 78 : Sea water alternate imgmersion coupons.

Figure 79 : Sea water giternite immiersion coupons.
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4.52.5 Sulphuric Acid Trial

After 2000 hours, having achieved no conclusive results from the trial conducted in mine
water B, it was decided to replace it with a more corrosive solution. 0.1 Normal sulphs-n
acid was selected and placed in the aiternate immersion tank. Photograpﬁs of the cbupons
after 1000 hours exposure are shown on the following pages.

It is clear that the pure aluminium coatings out-performed all the others irrespective of the
substrate atloy. The reason for this i3 that the pure aluminium is far less anodic an&hcnce Yoss
sacrificial than those coatings to which zinc is alloyed. This means, as was pmvi‘n by the
electrochemical work, that the potential difference between substrate and coating de&!(eases
as the percentage zinc is decreas 1. As the photographs show, large areas of coatmg have
corroded away, leaving areas of bare substrate exposed. The photograph below shows

effect more clearly. _ '\.\-!\

Figure 87 : A corroded steel sample after the 0.IN H,SO, alternate immaexsion trial.

This photograph shows that, although the coating is partiatly corroded away, it is still able
10 protect the regions immediately adjacent to it,
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4.5.2.5 Sulphuric Acid Trial

After 2000 hours, having achieved no conclusive results from the trial conducted in mine
water B, it was decided to replace it with a more corrosive solution. 0.1 Nopraal sulphuric
-acid was selected and placed in the alternate immersion tank. Phowgt'aphq;”gf the cbﬁpons
after 1000 hours eExposu.rc are shown on the following pages. |

|

It is clear that the pure aluminium coatings out-performed all the others irrespective of the

substrate ailoy. The reason for this is that the pure aluminium is far less anodic and hence less

sacrificial than those coatings to which zinc is alloyed. This means, as was proven by the
electrochemical work, that the potential difference between substrate and coating decreases

as the percentage zinc is decreased. As the photographs show, large areas of coating have

ctsroded away, leaving areas of bare substrate exposed. The photograph below shows this
effect more clearly.

Figure 87 : A corroded steel sample aier the 0.1N H,SO, alternate immersion trial.

This photograph shows that, slthough the coasing is partially corroded away, it is still able
to protect the regions immediately adjacent to it.
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Although the pure alumininm coated panels pro-mhd the best resalts, their controlied defects
are completely rusted over. This suggests that even though the aluminivm/zine coatings
corrode too fast, if intact they would protect holes in ¢ coating far more effectively, due to
their more anodic aature. Thus when selecting a (:Tﬁ..';;‘.._,-'li?ig for a specific medium it'ﬁwwld be
best to choose the one that generates the highest pognible potential difference between coeting
and substrate, while ensuring t.at the coating would last the required life of the component.

¥
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Figure 80 : 0.IN H,SO, slternate immersion coupoas.

Flgure 81 : 0.1M EL,S0, alternate immersion coupons.

Flgure 82 : 0.1N H,80, alternale imrersion coupons.

Figure 83 ; 0.IN H,50, alternate immersion coupons,
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Figure 84 ; 0.IN H,S0, aliernsaie immersion coupons.

Figure 85 ; 0.1N H,S0, alternate immersion coupons.

Figure 86 : G.IN H,S0, alternate immersion coupons.
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~ 4.5.3 Complete Immersion Trials
4.5.3.1 Synthetic Mine Water Trials | R

All the complete immersion coupons were suspended vertically in tanks containing the four
test waters for a period of 5000 hours, fe. roughly seven months, i@ reason for this lengthy
trial period was once again to try and rank the performance of the various coating/substrate
combinations. Photographs of representative test coupons taken from water A, the most
aggressive of the synthetic mine waters, are shown on the following pages.

As the photographs illustrate, it is impossible to establish any consistent differences betwesn
the various combinations of coating and substrate. The coupons, althongh slightly discoloured,
all performed exceptionally well, Comparing the uncoated mild steel coupon in figure to all
the coated steel specimens, the high degree of sacrificial protection becomes apparent. The
exposed steel on the coated samples has in fact hardly rusted at ail, behaviour similar to that
found in the aliernate immersion trials, The presence of the white corrosion product, as
previcusly mentioned, must not be misinterpreted as deleterious, as it is in many ways
beneficial es it seals off any pores in the coating. '

The coupons exposed 1o the other two, less corrosive synthetic mine waters, not surprisingly,
showed even fewer signs of cosrosion and were in fact hardly affected at all.

The pcrfonnancc.of the test specixhcns in all three of the above stated waters serves 1o
confirm their suitability in mine water environments. From these tests it is not possible
however to select the optimum coating for a specific substrate. This selection would require
cither a longer exposure period or the evaluation of the coating/substrate combinations in

more aggressive environments.

Results and Discussion. 121



Figuce 38 : b.sse water A complete immersion coupons.

Figure 89 : Mine water A complete immersion coupons.

Figure 90 ;: Mine water A complete immersion coupons,

Figure 91 : Mine water A complete immersion coupons.
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Figure 94 : Mine water A complete immersion coupons.
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4.5.3.2 Tap Water Trial
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As with the above mine water ‘rials, no conclusive results cm:ldmbé drawn from this m
of tests. The innocuous namre of the tap waer meant that the test specimens, with the

exception of the uncoated mild steel coupons, suffered very littie corrosion. The &7 - ';d sreas
of substrate, résulting from the controlled defects, were once again well pmtet,m thh the
coating adjecent to the holc; providinig the sacrificiai protection. This protection by sacrificial
means is illustrated in the photograph Blow. .

——

-

Figure 95: A coafed mild steel complew immersion coupon after 5000 hours exposure in
', Rand Water Bourd water.

The regions adjacent to the holes have been cumroded, as clearly shown by the black
discolouration in these arcas, while rr. rest of the coating remains complenely intact.

£k 2
i
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- 4.54 Weight-Loss Measurements

Prior to the commencement of any of the trials it was decided to limit the weight-loss
evaluations to the undamaged complete and alternate imniéi‘sioﬁ iest coupons. The sait' spray
samples were not considered as they wers suspended at ronghly 15” to the vertical, so the one
side corroded far more than the other. The masking off of the samples with controlied defects
also precluded their use as weight-loss coupons.

Before measuring the loss in weight, the coupons were cleaned to remove the corrosicn
product, using the techniques explained in the expetimental procedure. For those coupons,
both continuously and alternately immersed in the synthetic mine waters and the tap water,
the results achieved were largely meaningless. The weight-losses were inconsistent and in
fpany éases there were no losses at all; in fact in & few instances the coupons even gained
&&ght. These inconclusive results can be attributed firstly to the resistance of the coatings
10 the environments. Secondiy any corrosion that did take place resulted in a blocking of the
pores with corrosion product, thus slowing the corrosion rate down and making the corrosion
product very difficult to remove.

The only test that yielded meaningful results was the alternate immersion trial carried out in
0.1 normal suiphuric acid. The reason thig trial differed from the others was firstly that the
solution was more corrosive and thus attacked the samples more aggressively, and secondly
that the corrosion product dissolved into solution rather than adhering to the sample surface
(as & n:sult of the low pH). The chart below shows the results achieved for this trial. Clearly,
as predicted by the visual examination conducted in section 4.5.2.4, the weight-loss increases
as the percenmage zine is increased. As previously explained this is directly linked to the
potential difference between coating and sabstrate,
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Figure 96 : Weight-loss measurements for the conpons éllnmamly immersed in 0.1N H,SO,.
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4.5.5 Scanning Eiectrgh Microscopy

The EDAX facility was used to determine the elements present on the surface of both
uncorroded and corroded samples. Some of the typical plots found are shown in the figures
below. Figure 73 was achieved having scanned an area of & mild steel coupon coated in
aluminium / 8% zing, prior to any corrosion testing.

Al

|

Figure 97 : EDAX of corrosion coupon prior to testing. /

This coupon was then placed in the salt spray cabinet and exposed for 1 hours to the

synihetic mine water A. Figure 74 shows an EDAX taken across an area of this surface,
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Figure 98 : EDAX of corroded surface.

The small iron peaks serve to prove that the coating has been penetrated at certain regions
of the coupon. Also, as expected, the high salt concentration in the water results in the
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precipitation of chloride contining corrosion products on the sample surface.

The next EDAX was taken across the surface of an alternags immersion specimen (still coated
‘n Al/8%Zn) exposed to water B, the high chloride containing synthetic mine water. The
clearly evident calcium peaks prevail due to the evaporaiion of the water on the coupon
surface as it is removed for 50 minutes from the water bath.
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Figure 99 : EDAX of a panel taken after 1000 hours in the alternate immersion machine,

C

Finally an EDAX of the corrosion product found on the surface of another alternate
immersion specimen was carried out. (The material having been scrapad off the coupon
surface.) The sampie was exposed to water A, thus explaining the high sulphur and chlorine
peaks. The celcium, although not corrosion product, was present as a result of its precipitation
during the drying cycls and could be deleterious as it may result in crevice corrogion, The
proof that corrosion of the coating is in fact taking place comes in the form of the alumininm
and zinc peaks, which are clearly evident in the corrosion product.
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Figore 100 : EDAX of the comosion product scraped off an alternate immersion specimen.
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4.6 Surface Roughness Evaluation

The important figures gained from the analysis of the surface roughness were the following

(i) The arithmetic mean rc.finery value ¢ This being the average value of all
absolute distances of the rough - -5 profile R from the centre-line within the
- measuring length L. This is demonstrated in the figure below.
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Figure 101 : Arithmetic mean roughness value parameters.

et

(i) The ten point height : This being the average height difference between the five
highest peaks and the five lowest valleys over a single sampling length.

(iii) The maximum peak to veliey height.

The actual results achisved are summprized in the table below.
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Table 14 : Results of the surface roughness evaluation.

fsmple description

5083 allgy 7/ pure Al 8.73 {leng) 58,01 62.54

coating 7.7} (trans} 87.53 70.38
5083 wlloy / Al/A.5%2n 6.84 {long) 418.9¢ 56,20
coating 6.98 (trans) 50.16 61.82
5083 allay/aisd.5%zZn 8.71 {long} fil.ga 69,80
/160ppm In coatlng 9.49 (trans} §0.13 71.50
5083 alloy 7 Al/B%Zn 3.53 {long} 63.57 68.69
coating 8.02 (crang) 54,70 £2.58
5083 alloy /7 Al/12%In T.21 {leng) 50.20 57.08
enatin 6.85 (rrans) 53.05 62,34
6261 alloy / pure Al §.45 {long} 45.14 . 49,58
coating §. T8 {tranx) 48.27 54,04
6261 alliay / AL/4.5%In 7.12 {leng) 50.11 53.38
coat ing §.40 {trana) 50.33 58,12
6261 allay / Al/d.5M2n §.89 (long) 52.20 59,87
/160ppa In coating .08 (trane) £7.08 £3.40
6261 alioy / AL/BAZn 7.45 {long)
coating 7.36 {Lrans)
6261 allay / Al/12%Zn 6.8% (long)
___coating _ _7.32 (trans)
MLild steel / pure Al 5.95 (long)
coating 5.25 (crana}
Mild steel / Al/4.5%2n 1.79 {long}
costing 667 (trasi}
Miid atesl / AL/A.5%%n 41.38 (long)
/160ppm in coatlng 4,96 {trans)
Miid stesl / Al/8%Zn S5.94 {lorg)
costing 5.78 (crans)
Mild steel / ALF12%Zn 4.27 llong}
caating 4,30 {crans}

SABS 1391 and BS 1134 both specify that the average peak to valley height should lie
between 50 and 100 gim for the best coating adhesion. The above table tiaus demonstrates the
suitability of the substrates for metal spray purposes. The table also shows that after blasting
the mild steel swifaces were not as rough as those of the sluminiem alloys. This can be
attributed to the higher hardness of the sieel, making the alumina blasting slightly less
effective, although still adequate.
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4.7 Coating Thickness Me;asiurements

The ultrasonic film. thlckmss ms;rument, ‘used was only cffective for the aluminium coated
mild steel specimens. ('I'hé ultr/.tsmnc peam could not pick up.the interface of the sprayed
aluminium and thc a.l.mun.?).m substrate), The average thicknesses achicved are tabulated
below. e Hﬁ

\\. __1'

Table 15 : Coating thickness measurements.

S A

Coating. Ave.thickness Min.measured Max.measured

. WM. © jim,
w
Pure Al , l 1274 6.6 190
' i

AlV4.5%Zn. 88.7 42,0 . 149
A 118.8 55.4 157
AY8%Zn. 95.8 . 635 169

- A12%Zn. 98.2 i 54.6 153 _

Note : The testing was carried out on thres random samples from each batch, with a mindmuny of twenty
messurements being waken from sach specimet. .

Although SABS 1391 recommends a range of coating thicknesses depending on the coating
alloy and the environment, it was attempted in this research to keep all the thicknesses the
same. A thickness of 100 im was aimed for, this va!ue being the minimum recoms, ded
thickness for a pure aluminiom coating. The s,bovc table shows how the average thicknesses
are around this mark.
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4.8 Cmtiiié Adhesion Measurements

The coating adhesion tests were conducted in accordance with ASTM (633, with five
spechinens being tested to cnsure reproducibility. Ail the coatings were pulled completely off
the subsirate, thus testing the physical bond between coating snd subswate. Table 16 shows
the average of the five adhesive strengths achieved for each coating/substrate combination,

Table 16 : Adhesive strengths of the coatings.

Coating Alloy Adhesive Strength, MPa

AAG261 substrate | AASUSS substrate | Steel substrate
Pure a!uminiu 34
AV4.5% Zn, 37 37
| i AUAST Zn/ In. | 35 3.6
AV8% Za. 35 33
39

SABS 1391, the stancard specification for thermally sprayed coatings, recommends that for
satisfactory performance, the adhesion of & flame sprayed aluminium cosating, when coated
onto steel, should be at least 3.5 MP«. The above table illusiraie' learly that the preparation
procedure followed in this rese.. sh of cleaning, grit blasting and spraying creates coatings that
adhere more than adequately to the surface. The meial sprayed onto the aluminium alloys,
although not adhering as well, is still well within the limits of acceptability.
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Conclusions and Recommendations

5.1 Conclusions

A range of especially formuiated experimental aluminiuni-based alloys were sprayed onto .
the various substrates and tests conducted to ensure that the physical and mechanical
propertics were adequate, It was thereby possible 1o conduct all the corrosion testing assuming
that the only difference between one test coupon and another was the comrosition of the
coating and/or the substrate. Thus, assuming all else to be equal, meaningful conclusions
could be drawn from the various tests.

5.1.1 Electrochemical Test Work

Referring back to Figure 41, which shows the trends established from the poteatiodynamic
test work, two factors become clear. Firstly, an increase in the percentage zinc in the
aluminium-based coating decreases the corrosion current. This means that, relative to a givea
substrate, the coating becomes more anodic with increasing zinc content. Secondly, the higher
the zinc level the greater the corrosion current. The superimposed scans in Figures 31, 32 and
33 demonstrate how a marked difference is noted in this current, especially consiaering the
fact that the X-axis is a log scale. The current denrity is directly related to the corrosion rate
and one can thus see how by increasing ihe amount of zinc, the coating will corrode at a
much higher rate. |

Conclusions drawn from the potentiodynamic test work can be further substantiated by the
resuits of the E_,, versus time tests. Although these trials merely monitor the free corrosion
potential as a function of time, the decrease in potential, and hence the increase in potential
difference between coating and substrais, is clearly evident as zinc levels are raised. This is
of significant importance as it quantifies the effect of zinc on the free corrosion potential and
allows for the accuraic measurement of the potential difference between coating and snbstrate.
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Thus, using the electrochemically achieved potential difference readings, together with the
results obtaized from exposure trials, one could predict an optimum difference in potential
between coating and substrate. This would, in future, make it possible 1o design a coating
having a specific free corrosion potential thet would best protect any substrate in a certain
environment. It must be borne in mind however, that electrochemical testing alone cannot
rank any of the coatings in terms of performance in any media, but can merely measure and
rank the potentials at which they operate.

The effect on the coating’s corrosion potential and corrosion current by the addition of smali
amounts of mdmm is also clear from the clectrochemical work. The dissolution of the indium
definitely makes the alloy more anodic when compared 10 the same indium-free afloy. Once
again, however, the actusl performance of the coating relative to the others cannot be
established from these tests.

Thus, this series of tests, although not establishing all the trends did allow the determination
of the following :

) The corrosion potentials and corrosion currents of the various coatings and
substrates

(ii) The potential difference between ceating and subsirite

(iii)  The effect of zinc on the corrogion potential and cwrent

(iv) The effect of indium on the corrosion potential and current

(v),  The effect of exposure time on the free corrosion potential of the coating.
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5.1.2 Accelerated Corrosion Test Work

5.1.2.1 Salt Spray Testing

This form of testing, in comparison to the others, creates an environment closest to an actual
undergrcund mining environment. The test carried out in mine water A served to demonstrate
clearly the suitability of these coatings for underground use. The water was highly aggressive,
with 1000ppm sulphates and chiorides, but still hardly damaged the conings during the
exposure time. Particular success was noted for the coated aluminium coupons which far
outperformed the coated mild sieel specimens. This improved performance was a result of the
better corrosion resistance of the aluminium substrates themselves, a factor that makes the use
of coated aluminivm combinations ideal for many mining applications. This conclision was
further substantiated by the synthetic sea water and acetic acid tests, after which the coated

aluminium coupons were 5till in an excellent condition.
5.1.2.2 Alternate and Complete Immersion Testing

The up to seven months exposure period in many of these trials failed to enable the ranking
of the range of coating/substrate combinations, With particular reference t the “less-
corrasive” environments very little corrosion took place at all and any that did merely served
to blogk any pores in the coating, thus improving the performance with time. This lack of a
conclusive behavioral irend is good on the one hand, as it establishes all these aluminium-
based sprayed coatings as excelient performers nnder complete and alternate immersion
conditions in this range of enviro:. . 1its. On the other hand, the optimum coating/substrate
system in each solution still remains unknown and thus further testing would be required i
the maximum possible component life is to be determined,

The one test that did conclusively rank all the coating/substrate combinations was the 0.1N
H,SQ, alternate immersion trial. This was by far the most aggressive solution used, thus
making the best possible sacrificial protection cssential. As discussed in sections 5.1.3
however the creation of the largest possible potential difference betweer substrate and coating
does not always make for the best combination. The relative success of the weight-loss
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measurements are directly atiributable w __i_lle--cmosivi’ty of the envimnme;xt. Unlike all the
other solutions in which tests were conducted, the sulphuric acid not only attacked the
coupons but also dissalved the corrosion product, thereby reducing the protection further.

5.1.3 Coating Optimizption

The determination of the best sprayed coating for a particular substrate in a certain
environment hinges around three main factors, namely :

1. The po:cntial difference between substrate and costing

2. The size and extent of defects or expesed substrate tn be protected

3. The expected life of the system.

Increasing the potential diffedence, ie. improving the sacrificial nature of the coating, will
protect larger regions of exposed substrate, especially in higher mosistivity media, byt willlead
to rapid removal of the coaung. Converscly. a smaller potential differcnce bctwbn coating
" and substrate, sithough mcreasmg the coating life, will not protect exposed arcas as well.
Ideally abnlnnccmustthusbefuund,mthcanhoftheabovafumrsbmngtaiwnmmwcmm,
so that the potential difference can be maximized whilst still enabling the coating to last the
required time-span. In so doing the coating will protect the exposed arcas as best as possible
for 2 particular set of circumstances. When considering these variables it must always be
borne in mind during the development of 2 new coating, that the process of grit blasting and
re-spraying is an operation that can be carried out in tluééﬁeld.
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5.2 Recommendations

® With regard the suitahility of these coatings for underground mining appﬁcéﬁom it is
recommended that test coupons be placed o{'r-sitc at various mines across the coimtry. This
would serve to substantiate the commswns drqwn from this research, prior to the actual
usage of the coating systems. '

0'Iheposmvcoffectsofmd:mnfwndmmﬂyﬂwomaﬂoyslmuldbet‘mhermvemgamd
usmnarangeofmncukhm

@ The success of the mﬁﬁcialprowcﬁonofferedbythesccoaﬁngsmeantmatlig;mmecases,
especially in the less corrosive environments, the holes drilled in the uoatiﬁgs were not
large enoagi o determine the coating's “throwing power”. A lu:rmz *r. of holes and
ones with sharp comers should be used in further test work. N

) | | i |

@ The sealing of the mmssﬁllcoaungopnons needs 10 be cxaminadasinmostdpracﬁcal

applications this iz part of the system.

@ More tosts in & wider range of situstions need to be conducted since a3 the pool of data
on the numerous coating/subsirate combinations in the many environments grows it
may become possible to determine an optimum potential diffevence between coating
and substrate. Thus a costing couldbedengmdforapathculm substrate maﬁem‘gma

certain environment, ‘\l

® This research has shown just how well aluminium-based metal sprayed coatings perform

in a range of environments, This system must be compared to other coating techniques
such as cladding, painting, duplex systemé, etc ’
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