Study of Titanium based Composite Coatings
for Resistance against Molten Aluminium
Soldering on H13 Tool Steel

A thesissubmitted irfulfilment
of the requirements for the degree
of
Doctor of Philosophy in Engineering
at

The University of Waikato

by

ASMA SIDDIQ SALMAN

THE UNIVERSITY OF

WAIKATO

Te Whare Wananga o Waikato
The University of Waikato
2011



Tomy father Ch. Muhammad Siddiq atedmy mother Mugat Siddiq
with gratitude for their gift of my education

and for teaching me to value it

Tomy husband Salman and to my children Sdeatand Hafi

with all my love




Acknowledgemens

First of all, | would like to thank my supervisor Associate Professor Brian Gabbitas
for giving me an opportunity tavork on one of the componesnf the light alloy
manufacturing ILAM ) research project.am thankful for his guidance and assistance
throughout this chapter of my career. His technical guidance, cooperation, great
patience and concern for my best interestsd constantly open door have been
integral to furthering my engineering educationwould also like to thank my

research caupervisor Professor Deliang Zhang for the helpful advice.

Special thanks to senior lecturer Dr. Peng Cao, from the University of Auckland
(previouslypost doctorate fellow a&he University of Waikato) and researofficer

Stiliana Raynova for their invaluable discussions, suggestions and great assistance
with my experimental workMy sincere hanks to PradssorXiong Dangshengand

Dr. Janliang Li from Nanjing University of Science and Technology, China for their
valuable assistance to carry out work regarding tribological properties of coatings in
China

Thanksto all technical staff Steven Newcombe, Brett Nichol, Helen Turner, Yuanii
Zhang, Paul Ewart, Indar Singh, Chris and Briadministrative staff Marypalbet
andsciencelibrarian Cheryl Ward for their timely helg.thankall my colleaguesn
the metallic group for theihelp and ceoperation.My specialthanks to Holster

Engineering_td., Tokoroa for hosting my visits to their spraying facilities.

| would like to thank the Foundation for Research, Science and Technology (FRST),
New Zealand, for funding this project and the University of the Punjab Lahore,
Pakistan for the financial support.Thanks to New Zealand Postgraduate Study
abroadawards(NZPSAA) for their fundingto carry outa part of my research workt

Nanjing University of Science anitechnologyNanjing,China.

| owe many thanks to my parents, pasantlaw and my four wonderful sisters Dr.
Sobia, Dr.Saima, Bushra and DAyesha for their love motivation and constant

support in every aspect.




Last but no least, | would like to thanks my husband Salman whose love and
friendship is very precious, without his constant support and cooperation | could not
make it at all. Special thanks to my chéddr Shaheer and Hafi for coping with the
hard situatiorduring my studiesTheir smiling faceand love athe end of each tiring

day gave me surplusiergy and strength to go ahead.




Related Publications

Journal publications

A. Salman, B. Gabbitas, DL. Zhang, P. Cao and S. Raynova,
Characterisation of Ti(Al,0)/AD; composite powders and thermally sprayed
coatings.Advanced Materials Resear@07.29-30: 135-138.

A. Salman, B. Gabbitas, P. Gaand D.L. Zhang, Tribological properties of
Ti(Al,O)/ALO3 composite coatings by thermal sprayimgternational Journal
of Modern Physics B (IJIMPBR009.23(6-7): 1407-1412.

B. Gabbitas, A. Salman, . Zhang andP. CaoReview of research work on
Ti-based composite coatingfternational Journal of Mode Physics B
(IMPB),2009.23(6-7): 1707%-1712.

A. Salman, B. Gabbitas, J.,land D.L. Zhang, Tribological properties of
thermally sprayed TiAl/AD; composite coatinglOP Conference Series:
Materials Science and Engineeri2§09.4: 012006.

A. Salman, B. Gabbitasand D. L. Zhang, Thermal shock properties of
Ti(Al,O)/ALO3; and TiAl(O)/A}O; composite coatingsAdvancel Materials
Research(Paper accepted)

A. Salmanand B. GabbitasThe performance of thermally sprayed titanium
basedcompositecoatings in molten AlSurface and CoatisgTechnology.

(Paperaccepted

Conferences proceedings

7.

A. Salman, B. Gabbitas, DL. Zhang, P. Cao and S. Raynova,
Characterisation of Ti(Al,0)/AD; composite powders and thermally sprayed
coatings.In Proc. of 4th InternationaConference on Advanced Materials
ProcessinglCAMP-4), December 2006, New Zealand.




10.

11.

12.

13.

B. Gabbitas, A. Salman, P. Cao, D. L. Zhaagd S. Raynova&erformance of
Ti(Al,0)/ALO3 Composite Coatings in Molten Aluminiudm Proc. of 1th
World Conference on Titaumm, 3-7 June 2007. KyotaJapan.

A. Salman, B. Gabbitas, P. Gaand D.L. Zhang,Tribological properties of
Ti(Al,O)ALOs composite coatings by thermal spraying Proc. of %'
International Conference on Advanced Materials Proceg§6@MP-5), 2-5
September 2008 arbin, China.

A. Salman, B. Gabbitas, . Zhang and P. CaoJitanium aluminide/alumina

composite powder and thermally sprayed coatimgProc. of International

Conference on Advanced Materials, Development and Performance (AMDP

2008), 1315 October 2008, Beijing, China.

A. Salman,B. Gabbitas, J. Liand D.L. Zhang Tribological properties of
thermally sprayed TiAl/AD; composite coatingln Proc. of Workshop on
Microstructure and Performance of Materials (PMPMj)9 8April 2009,

Aucklard, New Zealand.

A. Salman, B. Gabbitas, D. Zhang and P CaoTitanium aluminide/alumina
composite powder and thermally sprayed coaforgesistance to attack from
molten aluminium.In Proc. of SMNZI Materials Conference 2009,-1D
December 2009, Hantdn, New Zealand.

A. Salman, B. Gabbitasand D. L. Zhang, Thermal shock properties of
Ti(Al,O)/ALO; and TiAI(O)/A}JO; composite coatings. International
Conference on Structural Integrity and Failure (SIF 20167, July 2010,
Auckland, New Zealand

Vi



Abstract

The service life of industrial components is limited predominantlychgmical
corrosion, mechanical failure or mechanical wear. In the aluminium high pressure die
casting industry, liquid aluminium is extremely reactive with the constituents of H13
die steel and has a tendency to form intermetallic layers. This chemical interaction
results in sticking of molten metal to the die surface which produces defective
castings and also damagbe die surface. The use of thermal spray coatings provides
protection to the surfaces operating in severe environments. An HVOF thermally
sprayed coating has the advantage of having excellent bond strength and very low
porosity levels (<1%). This research work is concerned with producing and
evaluating the performaaaf titanium/alumina based composite coatings to improve
the service life of tool steel (H13) used for dies in aluminium high pressure die casting

and dummy blocks used in Al extrusion.

In this research work, the powder feedstocks for making the compositie@gs were
produced by high energy mechanical milling of a mixture of Al and, pi@vders in

two different molar ratios followed by a thermal reaction process. The feedstock
powder was then thermally speay using a high velocity oxygefuel (HVOF)
technique on H13 steel substrates to produce Ti(Al,QAIand TiAl/Al ;O3
composite coatings. The performance of the coatings was assessed in terms of Al
soldering, liquid metal corrosion resistance, thermal shock resistance and wear

resistance.

In an immer®n test, the coated specimens were dipped into molten Al at a
temperature of 70& 10 °C for different intervals of time. The performance of the
coatings was tested in terms of liquid metal corrosion resistance and propensity to Al
soldering. The dissoliin behaviour of the coatings was evaluated by measuring
weight loss after dipping the samples in to molten aluminium. The immersion test
results showed that the coated samples have relatively few locations where aluminium
soldering(reactive/chemicalbcaurred, however, an H13 steel surface showed more
tendency foraluminiumsoldering. It was found that composite coatings changed the

molten Al attackon H13 toolsteelfrom a generalized to a localized one. No reaction
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between molten aluminium and a Ti(Al,O)48k composite coating was identified.

The TiAl/Al,O3; composite coating was found to be attacked by molten aluminium as
a result of a reaction between the coating and molten aluminium. The metallic phase
TiAl in the composite coating is believed to be atetky the molten Al A

Ti(Al, O)/Al,O3 composite coating was found to be a better protective coating than the

TiAl/Al ;03 composite coating due its stability against molten aluminium attack.

The thermal shock behaviour of the composite coatings was investiday
subjecting the coated coupons to a number of cycles, each cycle consisting of a
holding time of 30 seconds in molten aluminium at 20 °C followed by
guenching into water. The surfaces of the coupons were examined for Al soldering
and an evaluain of surface spallation. Any cracks found in the coatings were studied
to explain their thermal shock behavioArTi(Al,O)Al,O3; composite coating on H13

tool steelproduced from a fine feedstotlas better thermahock resistance than the
Ti(AlIL,OYAI,O3 TiAl/Al,O; composite coatirg produced from the agglomerated
feedstocks.

The study also describes and compares the tribological properties such as friction and
sliding wear rate of the composite coatings both at room and high temperature
(700°C) underdry and lubricating conditions. The wear resistance of the coatings
was investigated by a tribometer using a spherical ended alumina, flat ended high
speed steel and spherical ended hardened steel pins as counter bodies. The
experimental results show th#te compoie coatings look promisindgor high
temperature applications due to their low wear rate at high temperature. However
room temperature applications of the composite coatings can be improved under
lubricated conditions.

Suaessful trials of a Ti(RO)/Al,O3; composite coated dummy block revealed that the

coating has potential as an industrial coating

viii



Table of Contents

ACKNOWIEAGEMENLS......cciiiiiiiiee e e s emer e e e e e e e iii
Related PUDICALIONS. .......uuuiiiiiiiiiiiiimme e e e e e e v
Y 011> o PSPPSR Vii
BLIE= Lo (SN0 ) B O 0] ] (= ] XSSP ix
LISt Of FIQUIES. ..ot e e e e e e e r e e e e e e e e as Xiv
[ A0 =10 [ PP PPPURPR XXV
I [ 1 0 To [ Tod o o ISP 1
1.1.  General background...............oooiiiiiin e 1
1.2.  The importance of thigBdy...........ccooiiiiiiiiiiiiieee e 2
1.3.  Problem Statement..........coooiiiiiiiiii e 4.
1.4. Hypothesis, aim and objective of this study...............ccceeviiieeeiiiine . 4
1.41. TheoretiCal DasiS.........cceuuevrirerriiiiimmnneiieeeeeeeeeeeeeeeeeeeeeeeeeveeeneeenneennneeneen Zh
1.4.2. ReSearch ODJECHIVES ........coiiiiiiiiiii et 6
1.5. The scope Of thiS STUAY......ueeiiiiiiiiiiiii e 6
I G I = 2] FS o 11 1 = 6
1.7, REIEIENCES. .. oottt eeeeaee 8
2. Literature ReVIEW........ccvuiiiiiiiiiieeeeeeeeee e 11
2.1. Solid state reaction of Al and THQ.......couuiiieniiiiiii e 13
2.2. High energy mechanical milling..............cooovriiiiien e 15
2.3.  ComMbBUSLION BNNESIS ......coeiieiiiiieces e eereree e e e 18
2.4, D€ CASHING ....ceiiii ittt eeer bbbttt e eeeb bbbt e e e e e e e e e e e e e s enmees 19
2.4.1. High pressure die Casting PrOCESS.........cccuvrrrrrririieeneeeeeeeaasinnereeeeeeeeas 19
2.4.2. Modes of die failure..........uuvviiiiiiiiiiiiee e 21
P28 T Yo (o (=] ] To PP PP PP PP PP PR 22
2.5.1. Mechanism of SOIAErNG...... ... 23
2.6. Coating requirements for tool steel diesS.........cccceeeeeiviiiieceiiiiiiee e, 24
2.7. Coatings used for preventing soldering indM casting dies.................... 25




2.8.
2.9.

2.10.

3.2
3.3
3.4
3.5

3.6
3.7

Ti-based alloys and composite powders for coating materials.............. 28

Thermally sprayed COatiNgS...........uuuuiiiiiie e cceeiieer e e e s eneere s 30
2.9.1. TECNNIQUES ...eiiiiiiiiiiiiiieee ettt e e e e e e e 32
2.9.2. Detonatiorgun spraying (BGUN)..........ccccurimiriieeeiiimee e 33
2.9.3. Combustion (HVOF, HVAR)........ooviiiiieeeeeeeeee e 34
2.9.4. Plasma SPrayiNg.........ueeeeeeeeeiaiiiimrmiairrrereeeeeee s s s samems e e eeee e e e 36
2.9.5. COld SPrayiNg.....ccceiiiuirtiiieiie e e e e e 36
AR ST VLV T (oI Vol o] = | 1 o S 37
REFEIENCES. ... 38
Experimental Procedures............covuveeiiiieiviiccnnneen ) 61
Powder ProdUCTION. ........uuuiiiiiiiiiiiiii et 61

3.1.1 Production of Al/TiQ composite powders by high energy mechanical

0111 T R 61
3B.1.18 POWOET A ettt e e e e rmnne e 61
0 0 o T 0110 = = T PP 61
3.1.1c Disc to powder weight ratios (DPRS).........uuuuuiiiiiiiiimeeeeeeceeeeeeeeeeeen) 63
3.1.2 Combustion reacted POWAEIS...........ccovvviiiiiiiieeeieie e 63
3.1.22 Powder flowability control.................coooriiiiiieeeeieceeeeee e, 64
3.1.2D Feedstocks particle size evaluation............ccoceeeeeiiicccieiiieiiieeiiieeeeeeee, 65
Substrate PreparationsS..............cciiieie e ceeerr e 65
Coating deposition (HVOF thermal spraying)........cccccceeeeeeviiiccceeeeenee 66
Micro-hardness measuremMentsS...........ooeeeeeeiiiiieeee e 67
Coating performage in molten aluminium...........ccccoeeiiiiiieeceeeiccceeeeeee. 68
3.5.1  Aluminium alloy COMPOSItION.........iiiiiiiiiiiiei i reee 68
3.5.2 IMMEISION TESt.. ..o 69
3.5.3 Thermal shock reSiStan®@Sts.........ccooeeiieiiiiii i eeeeeeeeeeeeeeeeeeeeeee 69
Wear and friCtion tESTING .........uuuuuiiriiiiiiii e 70
Microstructure characteriSation.............cccccviiiiieeeieiiieeeeee e 71
3.7.1  Sample Preparation.........ccooooo et reea s 71
3.7.2 Scanning Electron Miascopy (SEM) and Energy Dispersiveray

ANAIYSIS (EDX)....euieiiiiiiiiiiiiiiiiimmme e e et eeee e 2
3.7.3 X-Ray Diffractometry (XRD)........cooe i 72
3.7.4 Differential Thermal Analysis (DTA)......ccoveiuiiiiiieeeeeeeeee e eeeeees 72




4.1.
4.2.
4.3.

4.4.
4.5.

5.1.
5.2.
5.2.1.
5.2.2.
5.3.
5.3.1.

Powder Processing and Characterisation................. 73

0o [ [ 1o ] o PP PPPPPN 73
Production of Al/TIQ composite POWAELS........cceeeiiieeeeeeiirieeeicie e, 74
Results and diSCUSSION..........cooiiiiiiiiiiiiieeee et eeeaenees 15
4.3.1. Powder CharaCtemiSS ............uuuuuiiiiiiiiiiiiminee e e e eeeeeeeeee e e e e e e e e eeeeeeneeenneennes 75
4.3.2. As-milled powder characterisations............ccccccvvviicmeeeeeeeeeeeeeeeeeeennnn A B
4.3.28 POWAET A ..ottt ettt eeee e e e e e e e e s bbb e e s eemee s 76
4.3.20 POWAET Bttt e e 82
4.3.3. Thermal analysis of the amilled powders.......cc.ccccvvvvviviivvieeeec e, 84
4.3.38 POWAET A ..ottt ettt e e e e e 84
4.3.30 POWAET Bi.....oiiiiiiiiieee ettt ne e e e 86
4.3.4. Characterisation of the combustion reacted powders..........c.cceeeeeeicee. 87
4.3.48 POWAET A ..ottt ettt e ettt e e e e e e e e st e e e s eeneees 87
4.3.4D POWAET Bi.....oiiiiiiiiieee e eee et ne e e e e ee e 89
4.3.5. Thermal analysis of the combustion reacted powders.............ccccoeveee 93
G T = T e 0111 [T 93
G T8 o 0111 [T 93
4.3.6. Morphology, size distribution and flowability of combustion reacted
POWOETS. ...t eee ettt eeet et e e e et e e e e emmme e e e e e e e e r e e e e e e s smmmeeeeas 94
G T = W 0111 [ 94
G T ] o T 0111 [T 98
SUMIMI@IY ..ottt erer e e e e e e e e e e e e e ennne s 103
RETEIENCES. ... . 105

Microstructure and Characterisation of
Ti(Al,O)/Al ;.03 and TiAl(O)/Al ,O; Composite

(70 T= 1 1] 010 =T 107
0T (3o 1o o I 107
Feedstocks for thermal spraying..........ccooooevviiiiiiccciiien e, 108
SPraying ParamMeEteLS.........iieieiiiiiii e e e ceeer e e e e e enrer e e 108
Substrate CONAITIQN..........ooiiiiieieiiieeeee e e 109
Results and dISCUSSION...........covvivieeieiiiimmee e ee et eeeeennnnas 109
Surface toPOGrapPy........coeiiiiiiiie e 109

Xi



5.3.2.
5.3.3.
5.3.4.
5.4.
5.5.

6.1.
6.2.

6.2.2.
6.23.

6.24.

6.3.
6.4.

7.1
7.2

Surface analysis of the composite coatings............cccovvvvvieeeee e eeeeee, 112

Coating microstructure (cross sectional study)...............ovvvvvviemeennnnne. 113
Phase identifidgon with XRD and EDAX........ccccooiiiiiiiiiiiiieeee e, 117
SUMIMIAIY ..ttt e e e e e et emen e e e e e e eaa e e e e e eebnas smnanns 120
] (=] (=] o= P 122
The Performance of Ti(Al,O)/Al,O3; and TiAl/Al ,03

Composite Coatings in Molten Aluminium.............. 123
[aY (o]0 18 1o} (0] o WUNUTE TR 123
RESUILS aNd AiSCUSSION. ... et 126

6.2.1. Aluminium soldering and corrosion resistance of composite coatings
on a H13 tool steel in a molten Aluminium allay........................cce.. 126
6.2.1a. Soldering/corrosion resistance of a tool steel (H13) substrate to a
molten AluMINIUM @lloY........oooiiiiiiiiii e 127
6.2.1b. Soldering/corrosion resistance of a composite coating (A2)
Ti(Al,O)/Al ;O3 to molten Aluminium alloy...........ccoovviiiiiiiiiieeniieeeee. 133
6.2.1c. Soldering/corrosion resistance of a composite coating (B2) TiANAI

in molten Aluminium alloy...........ouuiiriiiiiiiiie e 144
Coatings dissolution/washout evaluation................cccoevvieeeeiieee e, 154
Thermal shock resistance of composite coatings in molten.Al............ 158
6.2.3a. Ti(Al,0)/Al ,0; composite coatings (A2)........ccceeeeeeeeiiiiiiecccans 158
6.2.3b. TiAl/Al ;03 composite coatings (B2).........ccooeeiveiiiii i 160
6.2.3c. Ti(Al,0)/Al ;05 composite coatings (AL)........cooeeeeiriiiiiirccccia, 163
Industrial trial of a Ti(Al,0)/A}O; composite coating (A2) on a dummy
block used in aluminium eXtruSIOnL..........oovvvviiiiiiiieeme e 168
YU [ ] 4= Y SO 173
RETEIENCES. ... . s 176

Tribological Properties of Ti(Al,O)/Al,O; &

TIAI/Al ;03 Composite CoatingsS..........cevveveeernneennn. 181
[aY (o]0 [¥ 1o} {[0] o WUNTEUTE TR 181
ReSUItS aNnd diSCUSSION.......cueee et 184

Xii



7.3.
7.4.

7.2.1. Friction and wear of composite coatings.............ccceoeeeireeccvvvienninnnnns 184

7.2.1a. Ti(Al,0)/Al ;05 composite coatings (A2)........cceeeeeeeeeieeiir e, 184
7.2.1b. TiAl/Al ;03 composite coatings (B2).........ccovveiieiiiii i 191
7.2.2. Specific wear rate of composite coatings.............cooeeeireecciviiiinniinnnns 197
7.2.2a. Wear track profiles of Ti(Al,O)/AOz (A2) .......eevveerrrrrrriiiiiiiiinnnneeeeeeeenns 198
7.2.2b. Wear track profiles of TIAI/AIO3 (B2)......coveeiiiiiiiiiiiiiiiieeeeeeecee e 200
SUMIMIAIY ...ttt e ettt e e e e ettt et s e e e e e e et e e e eeeessammmenes 203
RETEIENCES. ... .t e e e enee s 204
CONCIUSIONS. ... oo e 209
Recommendation for future WOrK...........ccceeeeeiiiiiceeciiiiieee e 211

Xiii



List of Figures

Figure2.1: Five stages of microstructuraledation...........ccccccceeeiiiiiiiccceeeeeeeenn. 16
Figure 2.2: The various stages of a ductiettle system during mechanical

110 )Y/ 1 o SO 17
Figure2.3: Stages of the die casting ProCESS..........ceeiiieiiieecceeiiiree e e e 20
Figure2.4: General thermal SPray ProCESS........ccuiiiiiiiieiiiiieereeeeee e 31
Figure2.5: Thermal spray and cold Spray ProCESSES............uuveeerrreimemevrrnnnnnnn 32
Figure2.6: Schematics of the-Bun ProCess..........cccceeeivieiiiiccceccieciee e 33
Figure2.7: Schematic of an HVOF torch..............coooviiiiiiieee e 35
Figure3.1: (a) High energy discus mill, (b) milling vial and discs..................... 62
Figure3.2: Combustion reaction experimental Set.Up.........ccccoeeeviiiiiccceeeeennn 64
Figure3.3: HVOF thermal spraying of composite powder feedstock................ 66
Figure3.4: Immersion and thermal shock tests experimental set.up................ 68
Figure3.5:MG-2000 high temperature Pin on Disc Tribometer..................oe... 70
Figure3.6: TLI000A roughness Profiler...........iiiiiiiiiiecceeeeeeee e 71
Figure3.7: Profiler/surface texture measuring equipment............cccooeeeeeeeevvnnnns 71

Figure 4.1: SEM micrographs of mechanically milled composite powder A
(produced using 309 mixture of TiQ and Al) after 4 hour milling with
disc to powder weight ratios (DPRs) of (a) 22:1 (b) 13:1 (c) 4.5:1........ 76
Figure 4.2: SEM micrographs of mechanically milled composite powder A
(produced using @ g mixture of TiQ and Al) particles after 4 hour
milling with disc to powder weight ratios (DPRs) (a) 22:1, (b) 13:1 and
(S I =T SR 77
Figure4.3: (a) SEM micrograph of powder A (produced using a 300 g mixture
of TiO, and Al) and elemental maps of (b) oxygen (c) aluminium, (d)
titanium and (e) titanium and aluminium overlay on powder A prepared
with @ With DPR Of 22:1......cc i 78
Figure4.4: (a) SEM micrograph of powder A( produced using 300 g mixture of
TiO, and Al) and elemental maps of (b) oxygen (c) aluminium (d)
titanium and (e) titanium and aluminium overlay on powder A prepared
WIith @ DPR Of 4.5: 1. ... 79

Xiv



Figure 4.5: XRD patterns of asnilled composite powder A (produced using
300 gmixture of TiG, and Al) with DPRs of (a) 22:1(b) 13:1(c) 4.5:1.....80
Figure 4.6: (a) SEM micrograph of mechanically milled composite powder A
(produced using 500 g mixture of Ti@nd Al) after 4 hour milling with
a DPR of 13.2:1 vih elemental maps of (b) oxygen (c) aluminium and
() tEANIUM ... e e e e e e e e e e e e s eneen e 381
Figure4.7: XRD pattern of asnilled composite powder A (produced using 500
g mixture of TiQ and Al) with DPR 13.2:1 after 4 hours of milling......... 81
Figure 4.8: (a) SEM micrograph of mechanically milled composite powder B
(produced using a 500 g mixture of gi@nd Al) after 4 hours milling
with a DPR of 13.2:1 with elemental maps of (b) oxygen, (c) aluminium

Figure4.9: SEM micrograph of mechanically milled composite powder B after
4 hour milling With DPR 13.2:L....uiiiiiiiiiieeeeeeeen e 33

Figure 4.10: XRD pattern of asnilled composite powder B (produced using
500 g mixture of TiQ and Al) afer four hour milling time with DPR

G T3 USSR 83
Figure 4.11: DTA traces of asnilled powder A (produced using a 300 g
mixture of TiG; and Al) with DPRs of (a) 4.5:1(b) 13:1(c) 22:1.............. 84
Figure4.12:DTA traces of asnilled powder A (produced using 500 g mixture
of TiO, and Al) after four hours of milling with DPR 13.2:1.................... 85
Figure4.13:DTA traces of asnilled powder B (produced using 500 g mixture
of TiO, and Al) after 4 hots milling with DPR 13.2:1........cccoooviiiiiiiiiiies 86

Figure4.14: SEM micrographs of the combustion reacted composite powder A

(produced using a 300 g mixture of gi@nd Al) after 4 hours milling

With DPRS () 22:1 (D) 13:L...eeeiiiiie e e 87
Figure4.15:XRD patterns of combustion reacted powder A produced from 300
g of as milled powder with DPRs of (a) 22:1 (b) 13:1.....cccccvvvviviiiiiieens 88

Figure 4.16: SEM micrographs of the cross section of the combustion reacted
powder A producedrém 500 g of asnilled powder with DPR 13.2:1
after 4 hours milling (a) multiple particles and (b) single particle.......... 88

Figure4.17: XRD pattern of combustion reacted powder A produced from 500
g of asmilled powder with DPR 13.2:0......cccooiiiiiiiiiiiiieieeme e 39

XV



Figure4.18: SEM micrographs of the cross section of the of combustion reacted
powder B particles produced from 500 g ofraidled powder with DPR
13.2:1 after 4 hours milling (a) multiple particles and (b) single particle90

Figure 4.19: Elemental maps of combustion reacted powder B (a) SEM
micrograph and elemental maps of (b) oxygen (c) aluminium and (d)
L1 7= 10 010 o PO PP PP PP PP PP PR 90

Figure4.20:(a) SEM micrograph of the combustion resttomposite powder
B and (b) an XRD pattern of the combustion reacted powder produced

from 500 g of asnilled powder with a DPR of 13.2:1...........cccovvviviiviiies 91
Figure 4.21: DTA traces of the combustion reacted powder A produced from
300 g of agmilled powder with DPRs of (a) 22:1 and (b) 13:1............... a3

Figure4.22:DTA traces of combustion reacted powder B produced from 500 g
of asmilled powder with DPR 13.2:1 after 4 hours milling.................... 93
Figure 4.23: Macrograph of the combustion reacted powder A (produced from
500 g of agmilled powder with DPR 22:1) before ball milling................. 94
Figure 4.24: Particle morphology of combustion reacted ball milled powder A
(produced from 500 g of amsilled powder with DPR 13.2:1) with fine
feed (< 75 um) (a) SEM micrograph (b) Back scattered image............. 95
Figure4.25:Particle size distributions (a) frequency (b) cumulative of powder A
fine feed < 75 um after 15 min ball milling............ccoooooiiiiiicce e 95
Figure4.26 Particle morphology of combustion reacted powder A fine feed (<
75 um) after agglomeration with 2P0/A and sieving to < 106 pm.......... 96
Figure4.27: Particle morphology of combustion reacted pewA coarse feed
(125 pm > size > 75 pm) after 15 min ball milling..............ccccvviiiieeenns 96
Figure 4.28: Particles size distributions (a) frequency and (b) cumulative of
powder A coarse feed 125 um > size > 75 um after 15 min ball milling97
Figure 4.29: Particle morphology of combustion reacted powder A (feedstock)
for thermal SPraying.............. e a8
Figure4.30:Combustion reacted powder A (feedstock) for thermal spraying...98
Figure 4.31: Macrograph of the combustion reacted powder B (produced from
500 g of aamilled powder with DPR 13.2:1) before ball milling............. 99
Figure 4.32: Particle morphology of combustion reacted and ball miliee f
powder B (produced from 500 g of-aslled powder with DPR 13.2:1)
with fine feed (< 75 um) (a) SEM micrograph (b) Back scattered imag89

XVi



Figure4.33:Particle size distributions (a) frequency (b) cumulative of povil
fine feed < 75 um after 15 min ball milling..............cooovvvviieeee e, 100
Figure4.34: Particle morphology of combustion reacted powder B fine feed (<
75 pm) after agglomeration with 2% PVA and sieving to < 106.um....101
Figure 4.35: Particle morphology of combustion reacted powder B coarse feed
(125 pm > size > 75 um) after 15 min ball milling.............ccccoeeiiiiieeines 101
Figure 4.36: Particle size distributions (a) frequency and (b) cumulative of
powder B coarse feed 125 pnsize > 75 pum after 15 min ball milling...102
Figure 4.37. Particle morphology of combustion reacted powder B (feedstock)
for thermal Spraying......ccccccoeeee e 102
Figure4.38 Combustion reacted powd B (feedstock) for thermal spraying....103
Figure5.1: SEM surface topography of-aprayed coating A2...........ccccceeeeeennn. 110
Figure5.2: SEM surface topography of flat area ofsgwayed coating A2 with
intrasplat cracks dreen arrows), intraplats porosities (blue arrows)
and splashes of fine debris (red arrQws)............cccuvveveeieeeriiiiiiiiiieeeee, 110
Figure 5.3: Surface topgrapty of assprayed coating B2. Slope area with
porosities indicated DY arrOWS...............uuvuvueiiiccsreeeeeiieere e eeeeene 111
Figure 5.4: SEM surface topography of -aprayed coating B2 with intrsplat
cracks (green arrow), intgplats porosities (blue arrows) and splashes
of fine debris (red arroW)..........cooiiiiii e 111
Figure5.5: (a)SEM micrograph of the surface ¢y A2 and; (bd) elemental
maps of titanium, aluminium and oxygen respectively........................ 112
Figure5.6: (a)SEM micrograph of the surface coating B2 andd)lelemental
maps of titanium, aluminium and oxygen respectively..............ccc....... 113
Figure5.7: SEM micrographs of Ti/Ti(Al,0)/AlO;, a double layer coating Al
on H13 tool steel produced from 300 g ofradled powder (DPR 22:1)
without agglomeration of the feedstock with PVA (a) a patchy porous
coating (b) coatig on a noruniform Ti undercoat.............cccceeeereeesiennees 114
Figure 5.8: SEM micrograph of cross section of composite coating Al with
various phases present. The dark area is Al riciTiAdxide and the
bright area is Ti rich AlTi oxide and the partickare alumina................ 114
Figure5.9: SEM micrographs of a double layer coating cross section produced

from 500 g of asnilled powder (DPR 13.2:1) and agglomeration of

Xvii



feedstock with PVA(a) Ti/ Ti (Al,0)/Al,03 composite coating A2 (b)
TiI/TIAI/Al ;03 composite coating B2........ccooeeevieeeiiiiiieeeiiieeee e, 116
Figure 5.10: Backscattered crossectional images of composite coating A2
produced from 500 g of asilled powder (DPR 13.2:1) and
agglomeration of feed stock with PVA (a) coating crssston and (b)
high magnification CroSSECHION...........ceiiiiiiiiieeie i ceeeei e 116
Figure5.11:Backscattered crossectional images of coating B2 produced from
500 g of agmilled powder (DPR 13.2:1) and agglomeration of feedstock
with PVA, (a) coating crossectia, (b) high magnification crossection..116
Figure5.12: XRD pattern of coating Al (bottom) and its feedstock powder (top)
produced from 300 g of asilled powder...............ooooiiiiiiienn s 118
Figure 5.13: XRD pattern of singledyer (without Ti bond coat) coating A2
(bottom) and its feedstock powder (top) produced from 500 g -of as
111 =T0 10 To 1Yo 1= RS PPPUPRTR 119
Figure 5.14: XRD pattern of single layer (without Ti bond coat) coating B2
(bottom) and its feedstock poed (top) produced from 500 g of-as
111 =T0 10 To 1Yo 1= RS PPPUPRTR 119
Figure6.1: Photographs of uncoated H13 tool steel coupons after (a) one hour
(b) six hours (c) 22 hours and (d) 38 hours immersion into molten
aluminium at 700 °C...oeeeeeeeeiieii e e 127
Figure 6.2: SEM micrographs of aluminium soldering to the steel substrate
along with the generalized attack morphology of the reaction zone
between steel and molten Al alloy after (a, b) one hour (c, d) three hours
(e) six hours and (f,)@22 hours immersion (CroS®CtionsS)...........cccceeennn. 130
Figure 6.3: Elemental mapping of H13 samples after three hours immersion in
molten aluminium. (a) SEM micrograph (b) Al and Fe maps overlay on

SEM image (c) elemental map duminium and (d) elemental map of

Figure 6.4: (a) Photograph of Ti (Al,O)/AD; HVOF coated coupon before
immersion in molten Al (b) asprayed coating morphology (c) intra
splat cracks (green arrows), intra splats poiessi(blue arrows) and
splashes of fine debris (red arrows) in as sprayed coating................. 134

XVili



Figure 6.5: Photographs of Ti(Al,0)/AD; coated coupons after (a) one (b)
three (c) six (d, e) 22 and (f) 38 hours immersion into molten alumin
LR[OS EPR R 136

Figure 6.6: CrossSectional image of composite coating A2 after one hour
IMMErsion iN MOIEN Al.......ooiiiiiiiii e 137

Figure6.7: Crosssectional images of coating (A2) prior to an immersion test;
(a) coding continuity (b) thickness variations...........ccccccoeeeeeveeecccceennn. 137

Figure 6.8: Crosssectional images of composite coating (A2) after one hour
immersion in molten Al (a) wattacked coating (b) Al soldering with
steel/attacked regiON..........uuuiiiii i 139

Figure6.9: Crosssectional images of composite coating (A2) after three hours
immersion in molten Al (a) wattacked coating(b) Al soldering to
steel/attacked regiON..........uuuiiiii i 139

Figure 6.10: Crosssectional images of compasitoating (A2) after six hours
immersion in molten Al (a) wattacked region (b) Al soldering to
steel/attacked region.............iiiiiii e 139

Figure 6.11: Crosssectional images of composite coating (A2) after 22 hours
immersion in molten Al (a) wuattacked region (b) Al soldering to
steel/attacked region............ccciiiiii e 140

Figure6.12: Crosssectional images of coating (A2) after 38 hours immersion in
molten Al (a) un attacked region (b) Al soldering with steel/attacked
(1Yo |0} o PO PO PP 140

Figure6.13: (a) SEM micrograph of Al soldering after one hour immersion in
Al with elemental maps of (b) Al, (c) Ti, (d) Fe and (e) Ti, Al maps
overlay 0N SEM IMage........ovvvuiiiiiiiii e erree e 141

Figure6.14 Crosssectional image of composite coating (A2) with Al soldered
region (hemispherical pit) after six hours immersion in molten Al....... 142

Figure6.15: Composite coating (A2) phases after six hour immersion in molten
AIUMINIUML e 143

Figure6.16: (a) Photograph of TiAl/AD; coated coupon before immersion test
(b) assprayed coating morphology (c) intsalat cracks (green arrow),
intra-splat porosities (blue arrows) and splashes of fine debris (red

arrow) in he assprayed COating.........cooveeiiviiiiiiiiieeer e 144

XiX



Figure6.17: Photographs of coated coupons after (a) one (b) three (d) six (d) 22

Figure 6.18: Crosssectional image®f coating (B2) prior immersion test (a)
coating continuity (b) thickness variations................coccoeciien s 146
Figure 6.19: Crosssectional image of composite coating (B2) after one hour
IMMErsion iN MOIEN Al.......oouiiiiiiii e 146
Figure 6.20 Elemental mapping of composite coating (B2) after one hour
immersion in molten Al (a) SEM image (b) elemental map of Al (b)
elemental map of Ti (c) Ti and Al maps overlay on SEM image.......... 147
Figure6.21: Crosssectional images ofomposite coating (B2) after three hour
immersion in molten Al (a) Ti undercoat without topcoat (b) Al soldered
region/attacked region...........coouviii i 147
Figure 6.22: Crosssectional images of composite coating (B2) after six hours
immersion in  nolten Al (a) unattacked region (b) Al
penetration/attacked regian...............uueeeeiiiieeeiiiiiiiiieeeeee e eeeeeeeee 149
Figure 6.23: Different levels of Al penetration /attack with composite coating

B2 after six hours immersion (a) initial (b) intermediate (c) complete Al

Figure 6.24: Xrays elemental mapping of the solder region after six hours
immersion in molten Al. (a) SEM image and elemental maps of (b) Al
(c) Ti (d) Fe (e) Al, Ti, Fe maps overlay on SEM image...................... 150
Figure6.25: Al soldered region.............ooevuveuiiiiicceee e 151
Figure 6.26: The composite coating B2 after six hours immersion in molten
=11 01T o P 152
Figure 6.27: Crosssectional images of composite coating (B2) after 22 hours
immersion in molten Al (a) patch coating (b) Al soldering to
steel/attacked region.............ooo oo 153
Figure 6.28: Crosssectional images of composite coating (B2) after 38 hours
immersion in molten Al (a) Ti undercoat (b) Al soldering to
steel/dtacked regioN..........coouuiiiiii i reee e 154
Figure6.29: Weight loss as a function of time for (a) Ti (Al,O24 composite
coating (A2) and H13 steel after the immersion test in molten aluminiLtb

XX



Figure 6.30: SEM image of aiing A2 after Shours immersion into molten
aluminium andafter soldered aluminium removal usi29% NaOH
£ ] (111 o TP 156
Figure6.31: Weight loss as a function of time for TiAlf8L5 composite coating
(B2) and H13 tool steel in thenmersion test in molten aluminium........ 157
Figure 6.32: SEM image of coating B2 after 5hours immersion into molten
aluminium andafter soldered aluminium removal usi2)% NaOH
£ ] (111 o TP 158
Figure 6.33: Marographs of Ti/Ti(Al, O)/AJO3 (A2) coated coupons after (a)
zero (b) 200 (c) 300 (d) 400 cycles and (e) uncoated H13 coupon after
00 CYCIBS ...ttt ettt e e e e e e ettt e e e e e e e e nnne s 159
Figure6.34: Surface morphology of the composite coating Ti(Al,QYDAIA2)
After400 CYCIES....ooviieiiicce et eeee e e 159
Figure6.35: Composite coating Ti(Al,0)/ADs (A2) after 400 cycles with crack
MOTPNOIOGY ettt 160
Figure6.36: Macrographs Ti/TiAl/AlO; (B2) coated coupons after (a) zero (b)
200 (c) 400 (d) 500 cycles and (d) uncoated H13 coupon after 500

Figure6.37: XRD patterns of coating (a) prior to and (b) after thermal cycling
EESTING . 161
Figure6.38: (a) Surface morphology of the composite coating TiAA(B?2)
after 500 cycles, (b) surface Cracks...........cccceeeiiiiiiccciiiiicie e, 162
Figure6.39: Composite coating TiAl/AD; (B2) crosssection after 500 cycles
with cracks morphologies; (&prizontal, (b) vertical and (c) interfacial..163
Figure 6.40: Macrographs of the Ti(Al,0)/AD; (Al) coated coupons after (a)
400 cycles and (b) uncoated H13 steel after 400 cycles with a 30 second
holding iIN MOIEN AlL.....eiei s 164
Figure6.41: (a) SEM micrograph of aluminium soldering to the steel substrate
after 400 cycles, (b) EDAX analysis showing formation of iron
AIUMINIAE. ... e e e eneee s 165
Figure6.42: (a) SEM micrograph of aluminium stickingthe coating after 400
cycles (D) EDAX @NAlYSIS......uuuiiiiiiiiiiiiiiiiiieeieiieeee e 165
Figure6.43: (a) SEM micrograph of aluminium reaction with the titanium after

200 cycles (b) EDAX analysis showing-Al intermetallics..................... 166

XXi



Figure6.44 SEM micrograph of a double layer Ti/Ti(Al,O)/&b; coating after
400 cycles of thermal cycling test in molten Al. Dark area is Al rich Al
Ti oxide and the light area is Ti rich Ali OXide............cccooeviiiiiiiiiiccnenn. 166
Figure 6.45: XRD patterns of single&ayer coating (a) prior to and (b) after
thermal cycling teStiNg........ccovviiiiii e 167
Figure6.46: Photographs of dummy blocks used in aluminum extrusion before
operation (a) uncoated (b) coated............oovviiiiiiimmmniiiiieeeee e 169
Figure 6.47 Photographs of the coated dummy block after eight hours of
operations showing Al build up (a) overall surface appearance (b) the
face (C) INSIAe the liP.........vvviiiii e 169
Figure6.48: Photographs of the coated dummy block after 16 hoursecdtogn
showing Al build up (a) over all surface appearance (b) face (c) inside

Figure6.49: Photographs of uncoated dummy block after 60 hours of operation
with Al-build up and without NaOH cleaning (a) front faceweith Al
build up at the lips (b) Al build up at the replacing ring...........ccccceeee... 171
Figure 6.50: Photographs of the coated dummy block after 61 hours operation
and after cleaning with NaOH (a) top surface view (b) mandrel side view
and (c) eplaceable ring with holder (Side VIEW)..........cccvvvvrvriiiieeneeennnn. 171
Figure6.51: Wear comparison of coated (left) andcoated (right) mandrel of
the dummy block after 61 hours operation.................ccccccvvcceeereveeevnnnns 172
Figure7.1: Coefficient of frictionat high temperature (700 °C) using spherical
ended alumina pin, (a, b) coated disc with wear track diameter of 0.028
m, (c) uncoated disc with wear track diameter of 0.052.m.................. 185
Figure 7.2 Wear track morphology of coated sample after 115m sliding

distance at higher temperature (700 °C) using spherical ended alumina

Figure7.3: Coefficient of friction at 700 °C with a flat ended high speed steel
pin (HSS) &) coated disc with wear track diameter 0.028 m, (b)
uncoated disc with wear track diameter 0.025.M..........ccccoevieiirieecinnnes 187

Figure7.4: (a) Wear track morphology of coated sample after 4819 m sliding
distance using flat ended high speed (HSS) steefpd (b) wear track

WIth pin Material............iiiiiiii e e 188

XXii



Figure 7.5: Coefficient of friction at 700 °C with a spherical ended steel pin
with wear track diameter 0.028 m (a) coated disc (b) uncoated. disc..188
Figure7.6. (a) Wear track morphology of Ti(Al,O)/AD; coated sample tested
at 700 °C after 180 m sliding distance using spherical ended steel pin
and (b) wear track with steel pin material...............ccooevvieeeeiiii e, 188
Figure 7.7: Coefficient of friction at roomemperature with alumina pin, (a)
coated disc with wear track diameter 0.028 m, (b) uncoated disc with
wear track diameter 0.020.M........uuuuuiiiiiiie e 189
Figure 7.8: Coefficient of friction at room temperature with a high speed steel
pin, (a) coatedlisc with wear track diameter 0.025 m, (b) uncoated disc
with wear track diameter 0.03L.1M........covvviiiiiiiiiire e 190
Figure7.9: Coefficient of friction at room temperature with oil lubrication, wear
track diameter 0.052 m, (a) coated sample (b) undaample................ 191
Figure7.10: Wear track morphology of coated sample after at room temperature
after 7800m sliding distance using spherical ended alumina pin with oil
1] ] o> g | PP 191
Figure 7.11: Friction coeftient of coated disc at higher temperature (700 °C)
using spherical ended alumina pin with wear track diameters 0.028.1192
Figure 7.12: Wear surface morphology of coated sample after 175m sliding
distance at higher temperatur@Q °C) using spherical ended alumina

Figure 7.13: Friction coefficient of coated disc at high temperature (700 °C)
using HSS pin with wear track diameter of 0.025.M.............cccevvvvveennn. 193
Figure7.14: Friction codfcients of coating at room temperature using alumina
pin with a wear track diameters of 0.028.M.........cccoeeiiiieiiiiceciiiieeeee. 194
Figure7.15: Friction coefficient of coated sample at room temperature with flat
ended high speed steel pin (HSS) with a weaktd@ameter 0.038 m.....195
Figure 7.16 Coefficient of the coated sample using alumina pin at room
temperature with oil lubrication, wear track diameter 0.052.m............ 196
Figure7.17 Wear track morphology of coated sample at room temperature after
4900 m sliding distance using spherical ended alumina pin with oil
1] ] o> g | PP 196
Figure7.18: Wear track profile of Ti(Al,0)/AD3; coating sample tested at high

temperature 700.°C using spherical ended alumina.pin...................... 199

XXili



Figure7.19: Wear track profiles of uncoated samples tested at room temperature
using oil lubricant with spherical ended alumina pin..............ccccoeeeeee. 199
Figure 7.20: Wear track profiles of samples tested at room temperature with
spherical ended alumina pin, (a) Ti(Al,0)#®% coated sample (b)
UNCOAtEd SAMPIE.. ..ot s 199
Figure 7.21: Wear track profile of TiAl/AlO; coated sample tested at high
tempeature 700 °C using spherical ended alumina pin...........ccccc......e 200
Figure 7.22: Wear track profile of TiAl/AIO; coated sample tested room
temperature using oil lubricant with spherical ended alumina.pin....... 201
Figure 7.23 Wear track profile of TiAl(O)/AlO; coated sample tested room
temperature using spherical ended alumina pPin...........ccccceeveviceevvnnnns 201

XXV



List of Tables

Table 2.1: Comparison of thermal spiayd cold spraprocesses............ccceeee.... 33

Table 3.1: Disc to powder weight ratios (DPRS)...........cooovviiiiiiimmnne s 63

Table 3.2 Composite coating references with their feedstock arfdnp@ance
evaluation detailS.............uuuiiiiiiiiiiiieeeiii s 67

Table 4.1: EDAX analysis of various phases of combustion reacted powders92

Table 5.1 Composite coating references with their feedstock details............. 108
Table 5.2: HVOF spraying parameters at Triple R Engineering.Ltd............... 108
Table 5.3HVOF spraying parameters at Holster Engineering Co..Ltd.......... 109
Table 5.4Elements detected from the three phases visible underUSig

EDAX @NAIYSIS. .. .uiiiiiiiiiiiiiiiiiiii ettt 120
Table 6.1: Thickness of intermetallics layers with immersion time................. 131
Table 6.2: Composition of intermetallic layers by EDAX analysis.................. 132
Table 6.3: E[AX analysis (at.%) of Ti(Al,O)/AlO; coating after six hours

immersion in molten aluminium.............ooeeviiiiiiiicce e e 143
Table 6.4: EDAX analysis of the Al soldered areas in TiAjAlcoating............ 151
Table 6.5: EDAX analysis of composite coating B2 after six hours immersion in

L0 11T o 1 R 152
Table 6.6: The thermal shock resistance of coatings on H13 toal steel........ 167

Table 7:1: Friction coefficients and composite coating life under sliding.weat97

Table 7:2: Wear track profile details of coated and uncoated samples at room
and high temperature (700 °C) using spherically ended alumina pin..202

Table 73: Wear rate comparison of composite coatings (A2, B2) at room and

high temperature (700 °C) using spherical ended alumina.pin........... 203

XXV






Chapter 1

Introduction

1.1. General background

For over a decade, there has been a lot of interest in metal matrix composites

( MMCO6s) , I ntermetallic matri X composite:
composites (I PCbs) as p cappkcatibns avhere maod er i a |
corrosion and wear resistance are requjed?]. More recenly, researcthas more

focused oni nt er penetrati ng sp lagdyedueciother arsqgue es  (
morphology and improved properties. Témmpositesusually consisbf two or more

phases whichare continuous and interpenetrating within the microstructure. In
interpenetrating phase composites (IPCs) a continuous matrix phase is interpenetrated

by a continuous reinforced phase. The attractive properties of each umntstitus

contribute towards overall improved performance of the composite [20B}posites

of this type are difficult to process using the traditionally employed powder
metallurgical routes. hsitu processing enables production of a wide range of
thermodynamically compatible interpenetrating phase composites, e.g. composites
using the Al/TiQ system have received significant attention [2, 4,TBre is great

interestin extending the performance of Ti alloys, particularly Ti based intermetallics

due b the limited high temperature application of Ti base allapst¢ about 600 °¢

which is farbelow the service temperature of 11D for nicketbased supatioys.
ConsequentlyTi-based intermetallic compounds such agAliTiAl, and TiAlz are

actively under developmerior their elevated temperature properies low density

as a potential material to replace nickaked superalloyi$-8]. The applications of

the titanium aluminides are however limited byithmoor low temperature ductility

and taughnesd7, 8]. This has ld to the development of a novel powder metallurgy
technique for the low cost manufaghg of aluminaaluminide alloys [9] The

process involves the reduction of Li@ith Al in an inert atmosphere to form a dense,

interpenetratig composite of metal matrix and.8k. The advantage of intermetallics
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containing AbOs in the form of composites witthe interpenetrating networks that

the Al,O3 constituent contributetowards good thermal stability, high hardness, good
corrosion rsistance and wear resistance whereas the intermetallic phase improves the
mechanical propertiegspecially the toughness by allowing plastic deformaf&n
Because of the high hardness of the titanium alloy intermetallics and composites, their

applicaton as wear resistant coating materials is appropriate.
1.2. The importance of this study

In recent years the has been significamterest in developing cost effective powder
metallurgical processes for titanium alloys. Work on the production and
characterisgon of titanium based powder allogsid composite powdetsing Al and

TiO, powders as raw materials is well established at the University of Watkado
in-situ fabrication processes for titanium aluminalemina composite powders
(TizAI(O)/Al ,03, Ti(Al,O)AI,03, TiAI(O)/Al ,03) have been developed [10, 11]. The
next stage in the research effort is the development of cost effective products deriving

from the technology developed so far.

Previous research [10, 11, 12] hasshown that the bulk maiat formed composite
powders has enhanced oxidation and scale spallation resistance up to 800 °C.
However due to the brittle nature of ée composite material their application in

the bulk form is limited It has been demonstrat¢d] that an insitu composite
system, T4AI(O)/Al,O;3, is easy to manufacture with cheap raw materials. When it is
applied to Ti sheet by thermal spraying, this coating also decreases the oxidation rate
of Ti at temperatures up to 80W. The oxidation kinetics ofTi(Al,O)/Al ;Os,

TiAl/Al ;03 were reported by Zhand.4] at 700 °C for 400 hours in air on a pure
titanium substrate. The results of this study showed that the oxide scale that formed on
top of the coating was very well bonded to the coating, providing enhanced iprotect

to the base material from further oxidation. Liad§][studied the reaction kinetics of
Ti(Al,O)/Al ,03, TiAI/Al ;03 and TgAl/ Al ;03 coatings at 800 °C and reported that for

all these coatings the oxidation kinetics essentially followed a parabolic law
indicating protective oxidation. The Ti(Al,O)/AD; coating showed the lowest mass
gain while the T4Al/Al ;05 coating showed the highest mass gain, with oxidation
products at 800 °C in these coatings reported to be 8n@ ALOs.
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The promising resultsfali based composite coatings for high temperature oxidation
resistance, initiated an extension of the work on these coatings to investigate their
performance against attack by molten aluminium and their possible application as a
coating on aluminium die asting dies and dummy blocks used in aluminium

extrusion.

An initial investigation[16] on the performancef coatings from Ti(Al,O)Al,Os
composite powdeusing thermal sprayingevealed that coatings showed fairly good
performance in the preliminary thmeal shock resistancestis and did not display any
wetting tendency to molten aluminiurihermal spraying is attractiveamongall other
deposition processes because of the simplicity of application, versatilitheof
materialssprayed high deposition eitiency, cst effectiveness and high wear or
corrosion resistancproperties Among the other thermal spray processes HVOF is
distinctive due to the combination of high particles velocity and relatively low gas
temperature and thus a@voids substrate ovéreating The lower temperature of the
high velocity oxygen fuel (HVOF) has an advantage of producing coatings similar to
the original composition of their starting feedstock powders.

The search for suitable materials that eliminate or minimise moltenadkaagainst

tool steel is important in Al processing industries. To address this issue the contact
angle between the die steel and molten Al should be large. In other words die
materials should have poor wetability with molten aluminilviost oxides, cardes

and nitridesused to coat tool steel disatisfy this requirement but they also have a

large difference in coefficient of thermal expansion from tool steel

In this work we chee composite coatings made from feedstock posvdd
composition Ti(Al,0)Al,O3 and TiAI(O)/Al,Os. A major consideratiom this choice
was low cost, ease of manufacturing and unique microstruclimemical reactions
between Al and Ti@involve reduction of Ti@ by Al in an inert atmosphere and
formation of titaniumaluminide/dumina interpenetrating compositeghe solid state
reactions produced during the heating of mechanically milled Ay p@vders have
been reported by Ying et.§/l]. In these composite materials the ceramic phagé;Al
has high temperature stability aitds not wetted by molten aluminium below 1000
°C [17, 18] and no reaction has been observed at alu@urainium interfaces
between 750C-1100 °CJ[18], while the titanium phase acts as a binder and provides
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good adhesion to the substrate. It also acsctommodate the difference in thermal
expansion betweethe tool steel and alumina. The titanium is also more inert to
molten aluminium than irofil9] andis very corrosion resistant in molten aluminium,

compared with steels and nickese alloy$20, 21].
1.3. Problem statement

In high pressure die castinipe die and cores operate undevere conditions dfigh
pressureandrapid temperature dictuations and face erosion and corrodiam the

fast moving molten aluminium. Underetfe conditions, molteruaminium reactswith

H13 tool steebnd develops a weld, a condition is often referred to as soldering in the
high pressure die casting industr2]2A similar problem can also occur on dummy
blocks used for aluminium extrusiohis not only makes the st@ing ejection
difficult but also affects the quality of the castings. It déssak to machine downtime

and requiregrequent die surface polishingesides soldering and corrosion, erosion
and thermal cracking are important modes of die failur@. [Die failure is a

significant issue for the die casting indudtty 24].
1.4. Hypothesis, aim and objective of this study

The hypothesis to be investigated was that titanium based composite
powdergcoatingsare suitable materials for improving thesistance agast molten
aluminium attaclof metal dies and dummy blogkised in the aluminium casting and

extrusion industry respectively.
1.4.1. Theoretical basis

Die life can be improvedby applying an appropriate coating which acts as a physical
barrier against soldering@he requirements for die coatings are good wear resistance,
good substrate adhesion, good thermal shock resistance, adegctate toughness

and poor wetbility for molten aluminium to prevent soldering.

Continuous research work otie steed and surfae treatment/coatirgghas been
conducted over the past 20 yed?5]. In the associatediterature physical vapour
deposition (PVD), thermoeactive diffusion (TRD) and chemical vapour deposition
(CVD) coating techniques are reported to have the poteatakent solderin{6].
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Both Chemical Vapour Deposition (CVD) and thermactive diffusion (TRD)
require process temperatures far above the tempering temperature of the tools.
Therefore, changes in microstructure and dimensions cannot be avoided &nd thu
involve the postoating heatreatment of the steel substrate due to the high process
temperature. Moreover it cannot be ensured that the specified shape and disnension
can be maintained. These techniques cannot beasgeamising coating methods in
aluminium die casting, especially concerning large and geometrically complex steel
moulds and require pesbating heatreatment of the steel substrate due to the high

process temperature.

The PVD coating process has been successful in a wider range stfateg and
applications. This success is largely due to its lower process temperatud€® (33)
and average coating thicknesses-&f 2m. No heat treatment after coating is required
due to low process temperature. PVD and CVD coatings are commaoriy kasothin
films when their thickness is less thanrid. The thin coatings usually fail as a result

of excessively high chemical or mechanical loading, or a combination of both.

Thermal spray coatingrocessg differ from the other coating methods intttieey are

not atomistic processes which individual ions or atoms attach to a surface. Instead,
liquid droplets, or liquid and solid particles deposit onto a surface. Therowesses
have higher coating depositioates compared to other physical vapdeposition or
chemical vapour deposition coating processes. Thermal spray coatimgsnly
enhance the performamoof the materials but alspreservethe attributes of the
substrate. Another big advantage of thermal spcpis theability to recoat waon or
damagéd coatings without changing part properties or dimensions Thermal spraying is
an effective and low cost method to apply thick coatings to chémgeurface

properties of the component.

Over the past decadbigh velocity thermal sprayingas leen successfully used to
produce dense metal and cernmetustrial quality coatings with strong adhesion and
minimal decompositionHigh velocity oxygerfuel (HVOF) and high velocity air fuel
(HVAF) processes typically have some of the highest particlecitels at relatively

low gas temperature. The high particle velocities result in high impact energies, thus
ensuing excellent bond strength @0 MPa) and very low porosity levels (< 1%) of

the coating$27]. Typical thicknesses are in the range-BOO um.
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The research described in this thesis aims to aclieeenprehensive understanding
of thermally sprayed composit coatings produced by Ti(Al,&¥,0; and
TiAI(O)/ Al,O3 composite powders and their resistancentidten Al attack.

1.4.2. Research objectives

(@) To evaluate the constitution and microstructure of composite powders and the

coatings made using these powders

(b) To study the effect of powder composition the resistance of the coatings

against molten aluminium attack/soldering.

(c) To carry out themal shock resistance tests to assess the integrity of coatings

under severe operating conditions.

(d) To evaluate the hardness, friction and wear properties of the coatings at room

and high temperature.
1.5. The scope of this study

In this work, feed®ck commsite powders Ti(Al,OfI,05; and TiAl(O)/Al O3 were
produced by high energy milling of mixtures of Al and Tigwderdollowed by an

in-situ combustion reaction. The combustion reacted powders wenetliermally
sprayed using the higkelocity oxygen fue(HVOF) method on a hedteated H13

tool steel substrate. The performance of theioga wasassessed in term of soldering
tendency corrosion resistancavith molten aluminium after dippingnto molten
aluminium at a temperatud 700+ 10 °C. The fricion and wear properties of the
composite coating were assessed for their possible applications at high and room

tem peratu re.
1.6. Thesis outline

The thesis contains eigbbhaptersChapter one is a general introducti@hapter two

is a literature review whicliliscusses previous work on the topics of solid state
reactions, high energy milling, combustion reactions, die casting, soldering and its
prevention by using surface coatings. The chapter has a special focus on the study of

various coatings and techniquesed for soldering prevention in Al die casting dies.




Chapter one: Introduction

There is an overview about thermal spraying processes. Chapter three describes the
experimental methodologies and materials used in this research work hdgiee

four to seven present and disculs experimental results. Chapter four covers the
processing and characterisation of the composite powders produced for thermal
spraying, chapter five describes thecrostructure/characterisation tife thermally
sprayedcompositecoatings producedusing a high velocity oxygen fuel (HV®)
spraying technique. Chapter six describes the performance evalusitigche
composite coating®n an H13 tool steel substrate againgtlten Al attack. The
industrial trials of a coated dummy block used in Al extrusioral@ included in this
chapterChapter seven presents anccdsses the results of tribologicakasurements

such adriction and sliding wear afhe composite coating&hapter eight includes the

conclusions and recommendations for future work.
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Chapter 2

Literature Review

Metalceramic composites (cermets) are regarded as a class of advanced engineering
materials with low density, excellent oxidation and corrosion resistance, adequate

creep resistance at high temperature, good wear resistahbégh hardness [1].

In order to further improve the performance of metlamics composites, more
recent research has moved away from traditional composite materials with discrete
dispersed addition (fibres, whiskers, particles) to interpenetratinge pltanposites

where the second phase exists in larger quantitieq. [Zhe new class of metal
ceramic composites was proposed more than a decade ago [5] and termed as
6l nterpenetrating phase compositesdéd (I PC:
have aunique microstructure in which both the metal and ceramics phases are
continuous and form a three dimensional interconnected network throughout the
structure [5, 6]. This improved structure plays an important role in improving the
overall performance angroperties of a traditional ceramic. The continuous ceramic
phase has the potential to provide higher strength, improved high temperature
properties, good wear resistance and thermal stability over traditional ceramics with
discrete particles and fibre ndorcements [7].In the literature Al/A}JOs [4, 8],

Ti/Al ,05, Ti/SIiC, Cu/TiB, [6], AlITIC/AlI 05 [9] and TEAI/AI ;03 [10], NiAl/Al ;O3

Ni3zAl /Al,03[11] are described as commonly used interpenetrating phase composites.

Traditional techniques such as sliptaag, infiltration or thermal processing used for
producing cermets do not look promising due to high production cost, long processing
time, and heavy equipment requirement for densification purposes [1, 12, 13].
Moreover infiltration techniques, commonlysed to produce IPCs have the
disadvantage of microstructural inhomogeneities as a result of low wetability between
ceramic and the metallic phases and the presence of closed pores within the ceramic
material which restricts metal infiltration [6, 9]. Sgifopagating highemperature
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synthesis (SHS) is described as an alternative method to address the problems due to
its low processing cost, purity and high time and energy efficiency. A number of
materials such as carbides, nitrides, borides, intermatahd composites have been
produced using this process [1, 14, 15].

There is great interest in titanium/alumina metal ceramic composites as low cost
materials for high temperature application. The class has an additional advantage that
besides having vergood properties such as low density, excellent corrosion and
oxidation resistance and good wear resistance, both titanium and alumina have similar
coefficient of thermal expansion. This make a significant contribution towards better
performance of this aks at higher temperature compared with the other commonly

used titanium/SiC metal composites [1, 16, 17].

Intermetallic/ceramic composites are another important class for high temperature
structural and functional applications. High energy milling is @mnemical way of
producing these types of composites. The process involves intensive mechanical
milling of elemental metals witll,O3; or using aluminium with metal oxides [18].
Intermetallics withAl O reinforcements have special interest for higher txatpre
application because thd,0; constituent contributes towards good thermal stability,
high hardness, and good corrosion and wear resistance whereas the intermetallic
phase improves the mechanical properties, especially the toughness by allowing
plastic deformation [19]Titanium aluminidegkl,O; cermets are the most promising
class among intermetallic/ceramic composites. The intermetallic phisgum
aluminide (TiAl, TAl and TiAls) in these composites contribute towards low
densities, excellénoxidation and corrosion resistance, high ductility at higher
temperature and an adequate creep resistance [20].

Metalcontaining A}Os; composites with interpenetrating networks have been
fabricated by various techniques such as pressureless sintefif$][2reaction
squeezeasting [27, 28], pressure assisted thermal explosion [19, 29], reactive
infiltration [30-35], pressure infiltration [11, 36], hot pressing [37, 38] and direct
metal oxidation [39, 40]. The main limitation with the established autweal
processing routes such as DIMOX (directed metal oxidation) [41] and RMP (reactive
melt penetration) [33] is that they are restricted to the manufacturingadmaining

composites. However, for composites containing more refractory metals, high
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temperature processing methods such agpgessure infiltration, hot extrusion, hot
pressing or HIP [424] are commonly used. High processing cost is the main
problem with these types of composites. The composites fabricated inchiAdetl
FeAl with TiC, WC and TiB, TiAl-Ti,AIC and ZrQ-W.

To address the issue of the high processing cost of composites containing refractory
metals a novel powder metallurgy technique was developed [26]. The low cost
synthesis of intermetallic/alumina composites with npémetrating networks was
successfully achieved using this process. The process involves mechanical milling of
either mixtures of aluminium and metal oxides (Fi®Ge0s;, N,Os, ZrO,, etc) or
elemental metals (Al, Fe, Ni, etc) and,@4 followed by contrded heat treatment or
sintering. Aluminides formed as a result of the reduction of metal oxides with
aluminium or alternatively by a reaction between elemental metals [18, 26, 30].

2.1. Solid state reaction of Al and TiQ

The use of reactions between Al andD7iis attractive due to their potential in
producing insitu metal matrix composites (MMCs) and intermetallic matrix
composites (IMCs) at low cost. The solid state reactions between Al anchdv@

been widely studied over the past ten years [26475 The reaction involves
reduction of TiQ by Al in an inert atmosphere and formation of titanium
aluminide/ALO; interpenetrating phase composite. The metal phase can be a single
phase metal matrix or an alloyed Al phase or intermetallic phase based upamt amo
of aluminium in the starting powder mixture. It is reported that aluminium cannot
reduce TiQ to pure Ti [47]; rather the formation of titanium aluminidetdd
composites is possible through the use of different initial ATmblar ratios.
Titanium duminide phases such as TAITIAl or TizAl are formed [27]. Ying et al.

[47] reported the formaton cdd d di t i on al pTh @IsOg, Fi;AKQ) and a s
TiAI(O) in which a solid solution of oxygen and aluminium in a Ti matrix is formed.
Thermodynamically, Al reacts with Tis follows [27, 48, 49].

13AI+3TIO, Wo- BTIAlL +2AL0; .. .o Eq.2.1

TAI+3TIO, Wo- BTIAI+2A1,0, ...ooovoeeeeeeeeeeeeseeeessseeeeee e eees Eq.2.2
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BAl+3TiO, We- TiyAl +2A1L,0, covooeceeeeceeeeeeeeeeeeeeeeeeeeees e Eq.23

The resulting chemical composition of the aluminides depends upon the ratio of
auminium to metal oxide, as shown in equations 2.1 to 2.3. A wide variety of
aluminaaluminde compositewith different intermetallic/ceramic ratios can be

produced. It is reported that with intermetallic volume fractions above 20%, both

phases are contious and hence exhibit an interpenetrating network [24].

The reaction between Al and Ti@an be enhanced by reducing the starting powder
size by milling techniques such as ball milling or discus milling. Welham et al. [45]
reported the formation of JAl and ALO; phases at lower temperature for a powder
mixture ball milled for 100 hours under vacuum compared to thmilled powder
mixture. Thus a combination of high energy mechanical milling and heat treatment or
sintering can be used to producesitu metal matrix composites (MMCs) and

intermetallic matrix composite (IMCs) powders with favourable microstructure.

Formation of Ti (Al,O)/ AbOs, TiAI(O) /Al 03, TisAl(O) /Al,0O3 and TiAk(O) /AlLO3
compositesas a result of heat treatment of mechanical ohilleO./Al composite
powdersis reported by Zhang et al. [58gpending on the molar ratio between FiO

and Al. The metallic phase in these composites contains considerable amounts of
dissolved oxygen (up to 25 at%) due to limited reduction ability of adiwmm for

TiO,. The presence of some aluminium in the solid solution was also reported in the

Ti metallic phase (eq.2.4). According to this research, @@ Al react as follows:

3TiO, + 4AI Y- 3Ti(Al O)+ 2A1,0, ..o Eq.2.4
3TiO, + 7AI Y- 3TIAI (O)+ 2A1L,0; ... e Eq.25
3TiO, +5Al Y- Ti Al (0)+ 2A1,0, ..o e Eq.2.6

The oxygen content in Ti(Al), TiAl and JAl phases is reported to decrease with

increasing aluminiunsontent.

In this project, composite powders were produced using &r@d Al powderqtwo

different molar ratios based on eq 2.4 and eq 2.5) as starting materials using high

14



Chapter two: Literature review

energy mechanical milling followed by a self propagating high temperature sgnthesi
(SHS).

2.2. High energy mechanical milling

High energy mechanical milling is a very effective method of producing alloys and
composite powders. Milling is usually carried out under an inert atmosphere in order
to prevent the oxidation of the powders. Proces#rol agents are normally used to
prevent sticking of the powders to the discs or the balls and the inner walls of the
bowl and to achieve a proper balance between cold welding and fracture when milling

ductile materials.

The most common high energy Hilinclude attritor mills, tumbler mills, vibratory
mills, planetary mills and discus mills. A number of methods have been used to
mechanically mill powders having a composition range such as Al and4%051],

TiAl, TiAl 3, TizAl [52], Ti, Al and SiC [33], Ti and Al [54, 55], prealloyed TiAl and

NiAl [56] and PbO, LaOs, Zr0O, and TiG [57].

The alloying and phase transformation processes during mechanical milling largely
depends upon the energy transferred to powder particles from the moving media
(balls, discs). The energy transferred depends upon a number of parameters such as
milling speed, milling temperature, types and size of milling balls or disc to powder
weight ratio.

Mechanical milling is described by Murty et al. [58], as a process in whialigro
particles are subjected to repeated fracturing and cold welding using moving media
such as balls. The degree of fracturing and cold welding during milling depends
mainly on the mechanical behaviour/nature of the powder systems. Mechanical
alloying/milling involves three types of powders systems, described as (i)
ductile/ductile (ii) ductile/brittle or (iii) brittle/brittle systems [58].

) Ductile/Ductile System

The mechanism of mechanical alloying in a system where both powder blends are
ductile in rature was first described by Benjamin and Volin [59]. According to these,

mechanical alloying in this system can be dived into five stages. The microstructural
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evolution for the system during mechanical milling is schematically described in fig.

2.1.

In the initial stage of mechanical milling equiaxed ductile particles are flattened and
forged resulting in plate like particles. In the second stage, plates like particles are
welded together and result in a sandwich like microstructure. The third stage is the
formation of equiaxed particles as a result of stain hardening and fracturing. The
fourth stage is called random welding, leading the formation of a number of lamellar
colonies of random orientation within each composite powder particle. In the fifth and
last stage a balance is achieved between the welding and fracturing of the patrticles.
With further milling the composite microstructure becomes finer and finer and
eventually the lamellae become-resolvable under an optical microscope [58]. A
majority ofelemental powder blends, mechanical alloyed fall in this system. The most

common among them are48ir, CuNi, Cu-Zn, Ni-Al, Ti-Al etc.

4
@@

Starting Powders Particle Flattening Welding Predominance

Equiaxed Particle Formation Steady State

Figure 2.1: Five stages of microstructural evaluation [60, 61].
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(i) Ductile/Brittle System

Ductile/brittle systems typically involve particles of a ductile metal such as Ni or Al
and a brittle phase which might be a metal oxide. During milling the ductile particles
become flattened and then welded together to form addystructure. The brittle
particles are fragmented and become embedded in the layer ductile particles. As the
milling continues, the layered structure becomes more refined until the individual
components are dresolvable. The brittle phase is uniformigtdbuted in the ductile
matrix [58, 59]. NiAl/ALOs;, alumindes/AlO; and alumindes/SiC are the most
common among this system. The microstructural evolution for the system during

mechanical milling is schematically described in fig. 2.2.

QDuctile

Flattening
o Brittle 280
LA
o
Starting Powders Fragmentation Welding

Fracture Random Welding Steady
Equiaxed Particle Formation Orientation State

Figure 2.2: The various stages of a ductildrittle system during mechanical Alloying [61]
(i) Brittle/Brittle System

The mechanism of alloying is not clearly understood in this system yet. The
microstructural fatures are described to have granular morphology during mechanical
alloying which differs markedly from lamellar morphology for ductile/ductile system.

Si-Ge is a particular example of such system [58, 62].
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A Rocklabs ASplit Di ¢mthisworkhioppducecompasiecy mi |
powders through the shearing and impacting action of a pair of hardened steel discs in

a hardened steel bowl. In comparison with the commonly used mills for laboratory
investigation such as spex and planetary millsdteeus mill has the advantage that a

large amount of powder (more than 0.5 kg per batch) can be milled.
2.3. Combustion synthesis

Combustion synthesis is also known as Self Propagating High Temperature Synthesis
(SHS) [19] or thermal explosion [29]. It is artrattive technique for synthesising a
variety of advanced materials such as composites, ceramics, intermetallics and

functional graded materials with low processing cost.

In combustion synthesis, an external heating source is used for a short penoé of ti

to initiate a reaction in the mixture; once the heat is generated the reaction become
self supporting and yields final products without requiring any additional Aeat.
number of characteristics associated with the process are, -geselfated high
temperature (800 °C to 3500 °C), relatively rapid propagating combustion fronts (0.1
to 10 cm/sec), high rates of heating (up t8 d€g/sec), and thermal gradients (up to

10" deg/cm) [63]. The values of temperature, wave velocity, thermal gradients, and
rateof heating depend upon the nature of the reactants. Combustion synthesis can be
performed in fine powders, liquids and gases. However, it is most commonly used for

powder mixtures (loose or pelleted) and powder (pefjat) system.

Besides a number of adntages such as short production cycle, low processing cost,
low energy requirement, simple production equipmegmisity is sometimes reported

as a major quality of combustion synthesis [64, 65]. This is due to the reason that heat
generated as a resuft@xothermic reactions is sufficient to evaporate the low melting
points impurities/volatile compounds. However, The main concern with this technique
are that combustion synthesized materials often have considerable retained porosity
[64], moreover it is dficult to fully control the degree of completion of a reaction.

Pawlowski [66] reported carbides (TiC, SiC), borides ¢JiBaBg), silicides (TiSs,
MoSiy), aluminides (AINi), titanites (TiNi), nitrides (NbN, $l,), hydrides (MgH],
ZrNiH3) and oxidesYBCO, L&) sSr 2CrOs) compounds suitable for the SHS process.
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Composite powder can be formed by adding a-meawctive powder to the initial
mixture. For example to obtain a cermet of NIGE [67], a NiCr powder is added to

the reacting precursors of TiciC. Pawlowski [66] also reported that the composite
powders produced with this method are porous and need a high temperature treatment
such as the plasma spheroidization method [68] or post treatment of SHS powders

using a higkpower laser [69].

Self promgating high temperature synthesis (SHS) is used to develop magnesium
aluminate spinel TiAlI/T3Al interpenetrating phase composite [70],@d/TiC [63],
TiC/TiB,[71], ZrB,/ZrN [72] ceramics composites, TiC/Al [65] and NiTi/TiC metal

matrix composite powas.
2.4. Die casting

This is a common and effective way of achieving high volume production of
geometrically complex parts. It is used for the manufacture of parts in ferrous and
nonferrous alloys and has the advantage of achieving good surface finish with
minimum scrap wastage. High production rate such as 200 parts per hour and batch

sizes of about 300,000 parts are common in the die casting industry [73].

The die casting process is described by Shivpuri §3]. The process involves a die
which consistof two halves called the cover die and the ejector. The die halves are
closed together to make a diavity in which molten metal is injected with high
pressure and velocity. The pressure and velocity with which molten metal is injected
depends upon theza of the casting. Upon solidification, the desired shape is attained
and later the die halves are opened to eject the cast part. For each casting cycle, the
opened die halves are sprayed with water based lubricants arsdldeti compounds

to facilitatethe easy removal of the castings.
2.4.1. High pressure die casting process

Molten aluminium is poured into the shots sleeve and then injected into the die cavity
by a plunger under pressure [74]. The melt temperature for the aluminium alloy is
approximately 700 C [75]. The cavity fill time is extremely quick, typically 0.1
second or less and the gate velocities range fro®04@/s but can be as high as 200
m/s [74]. A pressure of about 40 to 120 MPa is usually applied during solidification of
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the metal. The pugse of the applied pressure is to reduce the amount of gas porosity,
feed shrinkage porosity, and increase dimensional accuracy of the part. The die is
usually internally cooled to increase the rate of solidification. After solidification the
die opens andhe casting is separated from the die by hydraulic ejector pins. The
entire cycle time to produce a single casting may-Bes8conds but it may be -G
seconds in case of larger casting [74]. To facilitate the casting ejection, the die is
usually spraye with a water based lubricant at the beginning of every casting cycle.
The process is summarised in fig. 2.3.
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4. Casting ejection 5. Die cooling and lubrication

Figure 2.3: Stages of the die casting process [76].

The multiple reges of a die (high production rate) and severe operating conditions
such as high flow velocity of the melt and large die temperature gradients within a
short of period, all limit the die life . A die life is usually described betvw2&000 to

over 250,00(parts depending upon the type of casting being produced [73]. Dies are
expensive, the die cost being determined by the nature of the parts being produced and
may cost more than US$100,000. For this reason die wear and failure is a matter of

great concerto the die casting industries [77].
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2.4.2. Modes of die failure

Die wear and failure involved a number of mechanisms. The most common modes of
die failure are described by Shivpuri et al. [73] as;

1 Erosion or washout

This occurs because of the high flow rate ofiteroaluminium inside the die cavity.
The melt velocity may range between-@D m/s and can cause the steel surface to
wash away. The wash out results in dimensional instability of the die and is
commonly observed in the case of cores, pins, ribs andresowithin a die. The

regions need to be rebuilt in the case of severe wash out.
1 Heat checking (thermal crackihg

During casting, injection of molten metals results in rapid heating of the die surface
while the spraying of water base lubricants results apidr quenching. Due to
alternate heating and cooling cycles within a short span of time, the die surface is
subjected to compression and tension respectively. As a result of thermal fatigue
cracks appear on the die surface. The cracks are commonly cededhecks and
result in poor surface finish and defective coatings. The cracks can propagate further
with time and can cause gross failure of the die.

1 Soldering and corrosion

Corrosion occurs because of a chemical reaction between the die material and Al
melt. The reaction usually results in the formation of 4atuminium compounds.
Soldering takes place during solidification and results in sticking of the casting with
the die surface and thus it not only makes casting ejection difficult but also causes

damage to the die.

The wear phenomena are widely observed in AISI H13 die steel, the most commonly
used die materiaAn understanding of die corrosion by aggressive molten aluminium
attack is important and necessary for selecting a suitable coating fddgtool steel

die.
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2.5. Soldering

Soldering occurs when a molten metal deve
the solidification process in a die casting operation. Soldering not only makes the
casting ejection difficult but also damages die surfattesesults in poor surface

quality of the casting, requires a frequent die surface polishing and effects the process

run time. Soldering is categorised into two types, based upon temperature; one that
occurs at high temperature due to a chemical/meg@diair reaction between the

molten aluminium alloy and the die, the other occurs at low temperature due to the

mechanical interaction [780].

Soldering at high temperature occurs as a sequential effect of washout and chemical
corrosion. Washout occurs whehe molten aluminium alloy enters the die and
destroys the protective film (coating or lubricant) on the die. During chemical
corrosion, the molten aluminium reacts with the die surface. Iron in the die material
dissolves into the melt whereas aluminiund ather elements in the melt diffuse into

the die. This forms a layer of intermetallics at the die surface. Under the right
conditions, an aluminiumich soldering layer may also form over the intermetallic
layer [78, 79]. Yu et al. [81] have also showattthe molten aluminium alloys have a
tendency to react with H13 tool and form intermetallic layers. At low temperature, the
soldering results due to physical interlocking of molten aluminium with die without

the formation of an intermetallic phase [83].8

Another classification of soldering, described by Tsuchiya et al. [83], is based on the
surface appearance of the silvery casting alloy built up on the die. The two types of
soldering based on appearance are-fika soldering and massive solderinbhe
film-like soldering is characterised as a buiit layer of solder with smooth surface
finish and small sectional thickness [83]. Massive soldering is characterised by a

built-up layer of solder with a rough surface and greater thickness [83].

It has leen suggested that the interfacial intermetallic phases form first and thus cause
the casting to adhere to the surface of the die [84]. However recent research work by
Chen et al. [85] has indicated that casting alloy layers build up first on the die and

subsequently the intermetallic phases form between the tool steel and the casting alloy

built up layers.
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2.5.1. Mechanism of soldering

Chemical corrosion and physical erosion are the main mechanisms of materials failure
in molten aluminium [86]. In literature, tweoldering mechanisms have been
suggested. The first mechanism suggests that soldering occurs as a series of steps
involving erosive wear, corrosive wear, dissolution of die steel and development of
intermetallic phases [79]. Physical erosion results duthé high flow of the melt
relative to the die surface, and becomes more severe when there are hard particles in
the melt.However the research by Chen [87] showed that core pins subjected to the
high melt impingement exhibit no erosive wear before theeldpment of the

soldered layer

The second mechanism proposes that soldering is caused by corrosive wear due to the
strong affinity of aluminium for iron in the die steel. During the die filling and
solidification processes, the casting alloy reacts Wiéhdie steel and forms complex
intermetallic compounds [85]The iron from the steel diffuses into the aluminium
melt resulting in the formation of intermediate layers. Intermetallic phases that form
as a result of immersion of die steel samples intoenataisting alloys have also been
studied in an attempt to understand the soldering reaction. Shanker et al. [88] studied
the interface reaction between the molten Al alloy and tool steel and reported
soldering as a diffusional process (sdiglid reaction) similar to the hot dip
aluminizing of steel. However in a study reported by Chen and Jahedi [82] the
soldering reaction in the die cavity occurs at a temperature below the liquidus
temperature of the casting alloy and therefore most of the reactiors acdhe solid

state. These researchers also reported that there is a possibility that soldering can
occur initially without any formation of intermetallic phases. This stage is described
as non reactive soldering or casting alloy build up. Tsuchiya f83jlalso suggested

that soldering can be a physical interlocking without the formation of an intermetallic

phase.

The die life can be improved in a number of ways. The most common methods are,
developing new die materials, improving die material testtments, changing the

die design, using better lubricants and applying appropriate coatings [73]
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Surface engineering techniques that have been used to extend die life include surface
modification of the die tool steel, such as nitriding-pgg, depositn of tribological
coatings using PVD [9306] and CVD [77, 10-412] that deposit wear resistant
coatings onto the die tool steel, and duplex treatments that involve a die surface
modification coupled with a wear resistant coafibfy3-120]. Hard coating®ased on
nitrides and carbides of transition metals (e.g CrN, CrC, TiAINp)TiBwve been used
commonly to protect the steel surface from erosion and soldering of aluminium and

improve resistance against thermal cracking.
2.6. Coating requirements for tool steédies

The major requirements for a coating to be applied on tool steel dies for resistance

against molten Al are described by Lin et al. [121] as follows:
()  Nonwetting with liquid aluminium
(i)  Wear and oxidation resistance.

(i) Ability to accommodate the therm@sidual stresses induced due to heating and

cooling cycles (good thermal shock resistance).
(iv) Adherence to the die material.
(v) Ability to delay the thermal fatigue cracking (heat checking).

Thus to achieve an optimum performance; adhesion, hardness, soluehsgour,
oxidation resistance and stress state have to be carefully optimized, before big and

heavy dies can be coated.

A single layer coating alone cannot entirely fulfil the above requirements. This
promotes a new concept of using multilayer or gdacleatings so that each layer can
serve a specific function such as, adhesion to the substrate, good tribological
behaviour, corrosion resistance, good thermal shock resistance avadetadiity

with the molten metdl122]. Based on this concept Lin et fl21] proposed than
optimized, multilayer and gradexbatingarchitecture must be designed in which each

layer has a specific purpose.
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2.7. Coatings used for preventing soldering in Aldie casting dies

Suitable surface treatment can significantly imprdwe performance and lifetime of

the tools used in the die casting [108, 123]. The most widely used techniques
described in the literature for coating die casting dies against molten Al attack are
physical vapour deposition (PVD), plasma assisted chemigabuvadeposition
(PACVD), Laser surface Engineering (LSE) [124, 125]. Chellapilla et al. [126]
studied a number of potential coatings and concluded that physical vapour deposition
(PVD), thermereactive diffusion (TRD) and chemical vapour deposition (CV&)eh

the potential to prevent soldering.

Chemical Vapour Deposition (CVD) is a coating deposition process in which a
reactant gas mixture is passed in a Heyhmperature reactor to form a solid product in
the form of a thin film at the substratehe technque has an advantage that large and
complex tools can be uniformly coated. However the high processing temperature
(8001000 °C) is the main concern with this technique. High processing temperatures
(above the tempering temperature) can result in miicrctural and dimensionional
changes of the tool. The process thus requires acpasihg heatreatment of the
tools. It is not guaranteed that good dimensional stability can be maintained after a
postcoating heat treatment. Therefore, CVD cannot ken sepromising coating
method in the case of large and complex tools used in the Al die casting industry [108,
127]. However using a plasrassisted chemical vapour deposition (PACVD)
technique, the deposition temperature can be reduced to A28 The operating
pressure for PACVD is in the range of several tens to hundreds of Pa [77] which
allows the coating of big and heavy tools without rotatiblowever, PACVD
coatings have more defects and lower density in comparison with the CVD coatings
[128]. PACVD hard coatingscontaining nitrides and borides of titanium are well
known for their high hardness, minimal difference in coefficient of thermal expansion

between substrate and high corrosion stability against metal melts [129].

Lee et al. [130] used @lasma assisted chemical vapour deposition (PACVD)
technique to deposit a titanium diboride TiBoating on H13 tool steeDifferent
types of hard coatings TiN, Ti(C,N), Ti(B,N) and (Ti,Al)(C,N) produced by PACVD
were tested in aluminium die casting apalionsby Hiem et al.[108] and results

showed a significant increase in core life with no tendency of soldering for all types of
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coatings.Duplex treatments consisting of plasma nitriding and PACVD beatings

have proven to be successful in improving wear, fatigue and corrosion resistance and
the load carrying capability of steel substrdie3l, 132]. DuplexPACVD coatings of
Ti(B,N), TiB2/TiN, Ti(B,N)/TiB, were studied by Klimek et al. [129] for aluminium

and magnesium die casting applicatiohke Zr(B,C) and Zr(B,C,N) coatings were
synthesized by means of BflilsePACVD for applications in aluminium die casting
[132].

A thermo reactive deposition techuogis used to coat steels containing hard and wear
resistant layers of carbides, nitrides, or carbonitrides. A coating containing carbide or
nitride forming elements such as vanadium, niobium, tantalum, chromium,
molybdenum, or tungsten is deposited on #fteel. A dense, metallurgical bond
develops at high temperature between the steel and deposited coating layer. Diffusion
of carbon or nitrogen from the steel to the deposited coating layer results in carbide or
nitride coatings at the substrate surfacg3[1134]. TRD coatings, like CVD coatings
require a high process temperature (1038 °C) which also involves-aqatistg heat
treatment of the steel substrate due to the high process temperature.

In the PVD deposition technique, a coating material is @apd under vacuum by
various mechanisms (resistance heating, -eigérgy ionized gas bombardment, or
electron gun) and the resulting vapour phase is transported to the substrate to form a
coating.lt is a lineof-sight procesbecause the coating matéris sputtered from a

target and thus requires substrate rotation to obtain homogeneous and uniform
coatings.However it is difficult to coat complex features such as undercuts, slits and
cavities. Various metallic and ceramics coating can be applied uiisgmethod
typically at a rate of a few millimetres or less per hour. The PVD coating process has
been successful in a wider range of substrates and applications. This success is largely
due to its lower process temperatures498 °C) and average ating thicknesses of

2-5 um. No post heat treatment of substrate is required after coating due to a low
process temperature. All these characteristics make PVD coatings ideal for
applications involving high speed steel and carbide cutting tobhe major
disadvantages are high capital cost and low deposition rate. It is -af-sght
technique which requires complex sample movement [135]. Moreover, it is difficult to
coat forming tools (most commonly extrusion dies) with complex geometry such as

cavities slits or undercuts using this technig{f86]. Also the degree of adhesion of
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the coating to the substrate is somewhat less than that for CVD, because the high
processing temperatu(800-1000 °C)used in thermal CVD allows some diffusion of

the coaing material into the substrate [137].

Most of the literature, describing PVD coatings is biased towards cutting tool
applications. There is little information about their performance on tools used for high
pressure die casting of aluminium alloys. Toyfwlhderstand the mechanisms leading

to their failure, these coatings should be extensively evaluated for a number of
industrial applications. PVD coatings such as TiN, CrN and TiCN have been
evaluated for their performance against molten aluminium solgl@rihigh pressure

die casting. The results of these studies showed that PVD coatings have a potential to
act as a physical barrier against soldering [138]. Wang [139] studied the effects of
TiN, TiAIN and CrN PVD coatings on a series of tool steels feistance against
molten aluminium corrosion and thermal cracking. The results of this study showed
that all the coatings significantly improve the corrosion and erosion resistance of the
tool steels in molten aluminium. However, a TiN coating was not faandst long
because of its low oxidation temperatufenong all types of coated steel, only H19

tool steel showed significant reduction in heat checking.

To improve the properties of PVD coating further, a new approach is to replace the
single layer coiéng with the multilayered one. In multilayer coatings, two or more
different layers are alternatively deposited on the substrate. The multilayer structure
improves the properties of the coating. In several investigations, it has been shown
that ceramic mitilayered coatings can exhibit an improved fracture resistance as
compared with single layered ceramics coatings [140]. In addition multilayered
coatings have also been shown to possess very high harnesses [141, 142] and

excellent corrosion resistance Rl4

Both conventional single andulti-layer coatings have been successful in improving

the thermal fatigue resistance of steel dies used in die casting. However, Srivastava et
al. [97] proposed a new concept of using a thermal barrier coating withieealéyer
coating architecture to improve the thermal fatigue resistance of die steel. The aim of
using a thermal barrier coating was to reduce heat transfer and chemical diffusion to
the die steel. Using this approach, a substrate with, an outer layesrofal barrier
coating (rare earth oxides), middle layer of TiAIN and an inner layer of Ti was tested
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up to 4000 cycles in molten aluminium. The results of this study showed a significant
improvement in the thermal fatigue resistance of the substrate oetnpath a

substrate coated with a conventional miatier PVD coating

An investigation of AISI H13 tool steel, coated with TiN, CrN and a duplex coating
(nitriding plus TiN) [144] resulted in increased thermal fatigue resistance. The duplex
treatment (fasma nitriding/PVD coating) has also been used to improve the

performance applications as coatings on dies and cores [114].

PVD coatings including TiN, CrN, (Ti,A)N and TiBwere investigated on
aluminium extrusion dies [145]. The most promising coattogsicrease the die life

were (Ti,A)N and TiB. A central factor for this selection was the chemical inertness

of the coatings. In another study of multilayered coatings [146], a combination of
PVD TiN, Ti;N, Ti(C,N) and (Ti,Al)N layers were deposited MR tool steel and

their wear resistance studied. The resistance to sliding wear seems to be mainly
affected by the coating hardness, where the (Ti,Al)N and Ti(C,N) based|ayeits
showed the best results.

The Cathodic arc physical vapour deposition E¥®) technique is widely used to

deposit hard coatings because of its many advantages such as high deposition rate and
strong adhesion between the coating and substrate. The CAPVD process involves
vaporization of material from a cathode target by usinglectric arc. The vaporised

material then condenses on a substrate to form a thin Tilm. process allows
monolayer, multilayer, graded or alloy films to be deposited on a variety of substrates
[147-149]. However, a major disadvantage with this proceggli®ration of molten
Omacroparticlesd during coating depositi ¢
and bumps in the film [150].

A laser surface engineering technique has been used by Agarwal [125] and Shah et al.
[124] to deposit TiB and VC coating respectively on AISAI steel. The results

showed significant improvement in the corrosion resistance of steel to molten Al.
2.8. Ti-based alloys and composite powders for coating materials

The unique properties of titanium make it one of the most importanistiral

materials. This is because of its high strength, fghight, excellent corrosion
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resistance and biocompatibility which make it suitable for a number of applications. A
number of titanium base alloys have been developed as structural materials for
aerospace applications. The scope of these alloys is now expanding to other areas
such as energy production, petrochemical, automobile, metallurgical, papermaking,
medical, and food industries. Ti based alloys can operate at a moderately high
temperatureg600 °C) which is far below the maximum service temperature (1100
°C) of Ni based alloys. This limits its use for higher temperature applications, for
which Ti based intermetallics such agAl TiAl, and TiAl; are being developed
[151-153]. However, lowductility at room temperature is the major obstacle to the
use of TiAl, TiAl and TiAlz as structural materials. Titanium aluminide surface
coatings are considered to be another promising application for these intermetallic
compounds [154.56].

There isa great interest in intermetallic matrix composites due to the reason that
monolithic intermetallic alone can not satisfy the properties required for advance
applications. One of the effective way to improve the wear resistance of intermetallic
compoundss to obtain hard phase reinforced intermetallic matrix composites (IMCs),
which are expected to possess high hardness and subsequently good wear resistance.
However the processing of intermetallic matrix composites is a critical issue. A
number of methodiave been explored to fabricate such composites with either
continuous or discontinuous reinforcements. The composite with discrete
reinforcement provides less improvement in mechanical properties compared to the
one with continuous reinforcement. Mechati@lloying provides an economical
processing route for composite with discrete reinforcement whereas composite with

continuous reinforcement are usually produce by SHS method.

Al,O3 is found to be a suitable reinforcement for improving the wear resistdnce
metal matrix composites (MMCs) due to its excellent chemical and thermal resistance
and high hardness [23, 154, 155]. The high hardness of the titanium alloy
intermetallics and composites make their application appropriate as wear resistant

coating marials.

A suitable and economical coating method is an important consideration for potential
coatings on die casting dies or other surfaces. Most die casting dies have complicated
geometrical features such as cores, pins, ribs and corners. The methdgsusede
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for coatings such as physical vapour deposition (PVD), chemical vapour deposition
(CVD), plasméaassisted chemical vapour deposition (PACVD) may not be effective

in coating these complicated features. Some of the methods either take more time or
neal to be carried out at higher temperature which might alter the properties of the
substrate materials. With these problems in mind, a thermally sprayed coating seems
to be very promising as a method for coating a substrate material with complex

geometry. e major advantages are summarised below;

() A wide variety of materials can be used to produce coatings.

(i)  Higher coating deposition rate

(i) Coatings can be applied to substrates without significant heat input.

(iv) Worn or damaged coatings can be recoated withoutgth@ the properties or

dimensions of parts.

The main disadvantages of thermally sprayed technique are the difficulty in attaining
uniform, high quality and dense coatings. The -bfisight nature can lead to non
uniform coatings on complex shapes. Hoem\the problem can be overcome with

moving fixture design.

Thermal spraying is one of the advanced spraying techniques commonly used to spray
metal/alloy, composite and ceramic powders. The powders can be deposited using
advanced deposition techniques sus high velocity oxyuel (HVOF), plasma or

flame spraying and cold spraying to produce coatings with high wear and corrosion

resistance.
2.9. Thermally sprayed coatings

Thermal spraying is low cost methoHdat appies thick coatingsto improve the
surface poperties of a component. Coatings are used in a wide range of applications
including automotive systems, boiler components, power generation equipment,
chemical process equipment, aircraft engines, pulp and paper processing equipment,
bridges, rollers andEAF electrodes in steel mills, concrete reinforcements,
orthopaedics and dental, labdsed and marine turbines, ships, etc. {159]. The

applications of thermally sprayed coatings are varied but the largest categories are to
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enhance the wear and/or mmsion resistance of a surface. A wide diversity of
materials are used as thermal spray feedstock like metals, intermetallics, cermets,

ceramics, glasses as well as polymers.

Thermal spraying technology has undergone remarkable development since its
beginnngs 80 years ago. It remains unchallenged as the most diverse of all coating
processes with the capacity to deposit, at high rate, numerous metal, ceramic and
polymeric materials in thickness from a few tens of microns to many millimetres. The
techniquesare complimentary, but not competitive, to thin film processes such as
CVD/PVD. Generally such coatings have greater porosity than CVD or PVD coatings
and thickness control is more difficult to achieve. PVYD and CVD coatings are
commonly known as thin filmsvhen their thickness is less than dath. Thermal
sprayings can deposit relatively thick coatings which vary with process parameters
such as deposit time, temperature, nozzle length, and particle velocity.

Coating material in the form of powder, rod orevis heated into a molten or semi
molten state. The resultant heated particles are accelerated and directed towards a
substrate surface either by process gases or atomization jets. The particles develop a
bond with the substrate surface as a result of lmgpact. A continuous process

results in a build wup | ayer with a | ame

undergo very high cooling rates, typically in excess of 106 K/s for metals [160].

Powder injection Motiten particlas

Thermal spray =

source i? e

Haat source

Jetispray patierr:

Materiat feed

Dapositcoating

Figure 2.4: General thermal spray process [161].
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Thermal spraying is a wedistablished coating technique in industries where large
components are required for wear and corrosion resistance applications [66]. Cermet
materials, such as WCo or CgC,-NiCr, are commnoly used feedstock materials for

a number of applications. The microstuctural refinement of these composite powders
improves mechanical properties such as hardness and fracture toughness. The thermal
spraying of the nanostructured composite powders |leattgetformation of wear and
corrosion resistant coatings along with low porosity. Several studies have investigated
the grain growth of nanostructured powders during the spraying processgq3p2

2.9.1. Techniques

The thermal spray processes can be groupedantdoroad categories (fig. 2.5).
1 Combustion

1 Plasma Spray
1 Cold spray

1

Wire Arc

Figure 2.5: Thermal spray and cold spray processes [161].

The techniques differ from each other on the basis of their mode=satihg, variation
in temperature and velocity of the particles attained during spraying. A comparison of
thermal spray processes is shown in table 2.1. Both HVAF and HVOF thermal spray
processes are distinctive among the other thermal spray processes doue

combination of high particle velocities and relatively low gas temperature.
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Table 2.1: Comparison of thermal spray [161, 166] and cold spray [167, 168] processes

Attribute Cold HVAF HVOF D-Gun Flame Al Wire

spray Spray | Plasma Arc
Jet temperature (°C) 450650 | 900-1500 13002000 5300 3300 15000 >25000
Particle temperature (°C) 350450 | 800-1300 12001900 N/A 2200 >3500 >3500
Jet velocity (m/s) 400-1000 | 500-2000 500-2200| >1000| 50-100 | 300-1000 50-100
Particle velocity (m/s) 4001000 | 2001000 2001100 N/A | 50-100 | 200-800 50-100

Bond strength (MPa) >70 >70 >34

Oxides none none| Moderate to small high | Moderate| Moderate
dispersed to coarse|  to high

2.9.2. Detonation-gun spraying (D-Gun)

The detonation gun coagrtechniquewas introduced bynion Carbidein the mid

1950s [169]. It is the starting point for the development of high velocity flame

spraying process.

The D-Gun (fig. 2.6) includes a long water cooled barrel with an ID of about 25 mm.
A mixture of oxyg@® and acetylene is fed into the barrel together with a charge of the

powder (560 um). The gas is ignited, explodes and its detonation wave accelerates

the powder. There are abouB4detonations per second. In order to avoid backfiring

i.e. the explosiomf the fuel gas supply, an inert gas such as nitrogen is used between

the portions of exploding mixture. Nitrogen gas also purges the barrel.

spray powder

substrate

g/spark plug

acetylene

o

-

Figure 2.6: Schematics of the BGun process [128]

The maximum teperature is 4500 K and the detonation wave may attain a velocity
of 2930 m/s [170] while the velocity of the particles reportedly reached 750 m/s and
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1000 m/s in the super-Bun [171]. Kadyrov [172] reported velocities varying
between 1000 m/s and 3000sxrhe high velocities of the hot particlem impact

with the substrate result in a build up of a very dense and strong coating.

The most used powders are composite with carbide reinforcements. Oliker et al. [173]
studied the BGun spraying technique fanechanically alloyed Ti and Al elemental
powders The porosity of coatings made by usinggub is very small, 0.5% for W.C

Co coatings and about 2% for,8k [174]. The tensile bond strengths were 83 and 70
MPa respectively. The thickness of the detonagom-sprayed coatings does not
exceed 300 um [66].

ThenameD-Gunis atrademarkanda proprietary proces3here isonly one supplier

available.
2.9.3. Combustion (HVOF, HVAF)

The HVOF spray process was developed at the end of 1970s. Many authors, Bick and
Jurgens [175] and Kreye et al. [176] agree that initial work was carried out at Thayer
School of Engineering (Hanover, USA) and by Browning Engineering (USA). The
principles of this technique are similar to thegDn, except for a difference in the way

a fuel nedium is burned in oxygen. The burning is continuous for HVOF and
repetitive for Dgun. At present, the HVOF is the fastest growing thermal spray
process [158, 171].

The high velocity oxyfuel (HVOF) and high velocity air fuel (HVAF) processes have

some ofthe highest particle velocities at relatively low gas temperatures. The particle
velocities result in high impact energies, thus ensuring excellent bond strength (70
MPa) and very low porosity levels (<1%) [66]. Low gas temperatures and short dwell
timeslimit the maximum particle temperatures achievable, the spraying technique is
less suitable for ceramics which have high melting points but is advantageous for
cemented carbide and other materials with low melting points or materials prone to
degradation tahigh temperatures. The most used powders are composites with carbide
reinforcements and metal or alloys matrices. Typical thicknesses are in the range 100
300 pum. In particular, HVOF spraying has been established into a reliable technique
to coat a greavariety of metallic surfaces with hard, adherent and tribologically

improved composite coatings [177].
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The materials widely used for HVOF spraying are W& WGCoCr, NiCrCrsC,

[178], TiC-FeCr, TiB-FeCr [179] and NiGiTiB, [180]. Wang et al. [181] stueld the

bond strength of Ni and Co based composite coatings deposited by HVOF using WC
Co, SiGCo, TiGCo, TIiGNi, Al,0s-Ni, W-Ni composite powders. Schorr et al. [182]
characterised the FeCrAl€r;C, cermet coatings applied to low carbon steel
substrate usg a HVOF spray technique. Moreover the FeNiCo alloys i.e. Hastelloys,
Stellites, Tribaloys and self fluxing Ni based alloys can be effectively deposited. The
other common metals and alloys sprayed by a HVOF spraying technique include
copper, nickebluminium, ironchromiummolybdenum and cobatholybdenum

chromium.

The HVOF process combusts a hydrocarbon fuel and oxygen mixture under pressure
in a water cooled chamber. Powders4tb um) with a carrier gas are fed into the
nozzle where the particles arerriad with the confined high pressure combusting
gases. The gun (fig. 2.7) is designed to achieve high gas flows with supersonic
expansion. The gas exit velocities are so high (typically 1000 m/s) that multiple shock
diamond shaped patterns are observedhm gas jet indicating that supersonic
velocities have been attained [161].€Timajority of HVOF systems usgaseous fusel

such as ethylene, propane, propylene and natural gas. Liquid fuel kerosene is used in
the HVOF torch JF000.

Expanzion nozzle
Fusl gas Oxygen Coating

\

Diamond shockwaves

v

g—-ﬂ%

T_.’

Com pressed air

Powder and carrier gaz
Workpiece

Figure 2.7: Schematic of an HVOF torch [183].

High velocity air fuel (HVAF) spraying is a recently developed technology for
deposition of metallic and carbigeetal coatings of commercial powder materials
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[184]. The HVAF proces was originally developed as a cheaper alternative to the
HVOF thermal spray process. It utilizes compressed air for combustion and generates
considerably lower temperature than the HVOF process. Initial studies suggest that
coatings sprayed with HVAF havthe advantage of not exhibiting the oxidation or
decarburization effects as observed in HVOF [185]. High quality coatings of 316L
stainless steel, ZAl, Ni-Cr, CoC¥WC and WCCo have been produced by using
HVAF spraying system.

2.9.4. Plasma spraying

Plasma spaying involves the injection of particles, usually in the rang®@@m into

a plasma jet with temperatures of up to 15000 K which causes a high degree of
particle melting and velocities of up to 800 m/s which leads to improved deposition
densities (> 9%6) and bond strength (> 34 MPa) compared with other techniques,
such as flame and wire arc spray coatings. A high plasma temperature makes it
possible to spray refractory materials such as oxides and high ndimgmetals

such as molybdenum.

The thickness of individual splats is typically in the range €fQlum. The porosity of
the air plasma spraying (APS) coatings is usually in the raifgg#land the thickness
of the deposit varies between 30800 pm [66].

Traditionally plasma spraying has beeredisfor corrosion and wear protection,
thermal insulation orepair applications. However, recent developments in controlled
atmosphere processes have extended its scope for other applications such as
production of powder metallurgy (P/M) structures, compesmetal structures,
metal/ceramic matrix materials, superconducting oxide processing and near net shape

manufacturing [186]. Plasma spraying is used widely for spraying ceramic coatings.
2.9.5. Cold spraying

Cold spray technology was initially developed in thiel 1980s in Russia [187[n a

cold spraying process, fine solid particlggenerally 150 um) are acceleratetb
velocities in a range between 500 and 1000 usiag a carrier gafl68]. The solid
particles undergo plastic deformation and bond to thaeyr rapidly building up a
layer of deposited material. Only the powders of materials that can deform plastically
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can be sprayed by using cold spraying and therefore this technique is suitable for
ductile metals and alloys. The f.c.c metals have goodmehility; h.c.p metals have
lessdeformability while b.c.c metals have the lowest deformability. Another indicator
of sprayability is the melting point. A low value of, 75 beneficial for successful cold
spraying [66]. On the other hand, materials thatknharden under mechanical stress

such as 317L or the alloy TiAI8V4 are difficult to spray.

Most metals and alloys such as Cu, Al, Ni, Ti , Ta ;blsed alloys, aluminium
alloys, ironbased amorphous alloy [188], steel [189] and nanostructured materials,
can be deposited by cold spray [190, 191] and even cermets [192] suciABOAI

and ceramics [193] can be embedded into a substrate to form a thin layer coating in

cold spray. In practice copper is the most popular materclttspray.
2.9.6. Wire arc spraying

Wire-arc process is used for any metal that can be drawn into a wire. The thermal
efficiency of the wire arc spraying is higher than that of all the thermal spray
processes. This is due to reason that process involves direct heating of the electrode
wire compared with other thermal spray processes which require indirect heating of
the particles through heated gas jets. In i@ spraying, a pair of electrically
conductive wires is melted by an electric arc. An arc temperature may reach 5800 °C
with anarc current of 280 A .The molten metal is atomised by a high velocity air jet
into fine droplets which are accelerated towards the substrate surface to form a
coating. Molten metal particles formed of wires can reach velocities up to 150 m/s
[194]. The pocess has a number of advantages such as high spray rates and low
running cost. The main disadvantage is that the process is only suitable for electrically

conductive wires.
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Chapter 3

Experimental Procedures

This chapter describes the experimental methodologies and materials used in this
research work. In particular, a description is providedHerproduction of composite
powderscoating deposition and performance evabmaffriction and wear testingnd

sample characterisation
3.1 Powderproduction

3.1.1 Production of AIl/TiO, composite powders by high energy

mechanical milling

The starting materials used were commercially avail@aille (Anatase, 99% purity)
with a particle sizeranging from 5 to 50mm and commercially available pure
aluminium powder (99.5% purity) with an average particle size of 40 pum.types

of composite powders were produced using high energy milling.
3.1.1.a PowderA

The Al and TiQ ratio was determined according the following nominal ratio with

5wt% surplus aluminium:
3TIO, + 4AI&%- 3Ti+ 2A1,0, ittt Eq.3.1

3.1.1.b PowderB

The Al and TiQ ratio was determined according to the following nominal ratio with

5 wt% surplus aluminium:

3TIO, + 7TAIY&2- 3TIAl + 2A1,0; i Eq.3.2
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The reaction products in tbe eqsare not Ti or pure TiAl intermetadlicompound

The Tiphase usually contains sorakiminium and oxygen in solid solution, while

the TiAl phase has a ¢am amount of oxygen intdréal. An extra 5wt% aluminium

was added to the above mixtures to compensate the loss of aluminium during milling

and to compensater the impurity pesence in the starting Al powder

Figure 3.1: (a) High energy discus mill,(b) milling vial and discs

The powders were mechanically milled in a high energy mechanical mill (Rocklabs,
New Zealand) under argon atmosphere. (8dl). A processontrol agent (PCA),
isopropyl alcohglwas added up to @t% into each batch before milling frevent

the powder sticking tthe vial walls and the discs. Each batch of powder was milled

for 4 hours.

The effect of disc to powder weight ratio (DPR) on the degree of intermixing was
studied using 30Qy of powder A Eg. 3.1) using Aland TiQ starting powders with a
molar ratio of 3:4Three different disto powder weight ratios (DPRs) of 4.5:1, 13:1
and 22:1 were used, with a milling time of four hours for edtle optimized results

of this study were used to produBewder A and powder ,Bising 500g of initially
charged mixture of Ti@and Al with molar ratios of 3:4 and 3:7 respectivelth an

disc to powder ratio@PR) of 13.2:1. The as milled powders were stabilized in a

glove box under argon atmosphere.
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3.1.1.c  Disc to powder weight ratios (DPRS)

Disc to powder weight ratio determméhe intensity of milling. It ffects the degree
of mixing and refinement of starting powdei$ie hgher the disc to powdeveight

ratio (DPR)thelower will be the milling time.

Disc to powder weight ratie= Weight of the milling media (discs/ballspwder
weight

The details of various disc to powder weight ratios (DPRs) used for powder A and B

are shown in table 3.1.

Table 3.1: Disc to powder weight ratios (DPRS)

Powder Powder Milling Media Disc to Powder
Type Weight weight Ratio (DPR)
Type Size Weight
(mm) )
2 large discs 195each 6600 22:1
300 2 small discs 164each 3900 13:1
Powder A
15 steel balls Diameter: 14 1334 4.5:1
500 2 large discs 195each 6600 1321
Powder B 500 2 large discs 195each 6600 13.2:1

3.1.2 Combustion reacted powders

As-milled Al/TiO, composite powds, which were produced witiolar ratios of 3:4

and 3:7 using high engy milling, were thermally reacted kayself propagating high
temperature synthesis (SH®chniqueto produce Ti(Al,0)/AO3z and TiAl(O)/Al,Os
feedstock for thermal spraying. The combustion reactions were performed inside a
glove box (fig. 3.2) under argn atmosphere (with oxyges 200 ppm) using a
graphite crucible. The combustion reactiging. 3.2) were triggered by an electrically

heated external sourcHi¢Cr cail) connected t@ low voltage power supply.
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The combustion reacted powder A (Ti(Al,OY®@g) was produced using a digo
powder weight ratio (DPR) df2:1 and300g of aninitially charged mixture of TiQ
and Al with molar ratios of 3:4This was mechanically milled for 2 minutes in a
discuss mill and the feedstock was thteermally sprayedat Triple R Engineering
Ltd., Palmerstone North,éWw Zealand

Figure 3.2: Combustion reaction experimental set up

Two batches of combustion reacted powder(TA(Al,O)/A.03) and powder B
(TIAI(O)/Al ,0O3), wereproduced using disc to powder weight ratio (DPR) d82:1
and500g of aninitially charged mixture of Ti@and Al with molar ratios of 3:4 and
3:7 respectively Each batch of the combustion reacted powder mashanically
milled in a ball mill using thee steel ball§25.40 mm diametgifor different intervals

of 15 minutes,depending upon the characteristiéslee combustion reacted powder
Thefeedstockpowders were processed further to control their flowability through the
spray gun nozzle. Théeedsock powdes A and B were then used for thermal

spraying at Holster Engineering, TokoroawZealand.
3.1.2.a Powder flowability control

After each interval of 15 minutes, the combustion reacted powder batches (produced
from 500 g of an initially charged mixtuig TiO, and Al) were classifiedising a
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combination of sieves of sizes @i and 125 um. The powder fractions with size <
75 um and 75 pm <size <125 um were collected separately and checked for their
flowabilty (ASTM B 213) using a flow meter. Powder dtimn with size > 125 pm
was subjected to further milling. The powder classification proessscontinued
until the whole batch was subdivided into two fractions. One fraction with size <
pm and the other with 7pm <size< 125um. The smaller fractiowith 75um < size

< 125 pm was found suitable for thermal spraying due to its good flowapbility
whereaghe larger fraction with size 5 pmhad poor flowability and thereforeas
subjected to agglomeration using?% PVA (polyvinyl alcohol) binder. After
agglomeration, the powder hgdod flowability in the size range of < 106 pithe
agglomerated powder fraction of sizel@6 um was mixed with the uagglomerated
powder 75um < size <125 um fraction. The over all fowability of the feedstock
powders A(Ti(Al,0)/A,03) and B (TiAl(O)/ALO3) was measuredsing a flow meter

to ASTM B 213standard.

3.1.2.b  Feedstocls particle size evaluation

The particle size distributions of the -agglomeratedeedstockfractions (75um <

size <125 um) and éize < 75 um) of powdersA and B were measured using a
Malvern Mastersizer Laser Particle Size Analyzer. The particle size distributions of
the PVAagglomeratedeedstockfractions were measured using SEM images only
due to the problem of PVA dissociation in water (used as &leartcarrier) in the

particle size analyzer.
3.2 Substratepreparations

The substrate material used in the test specimens was a AISI H13 hot work tool steel
(DIN 1.2344 EFS)with the nominal chemical composition (wt%) 0.4%6 1.0%Si,
5.3%Cr, 1.4%Mo, 1.0%V and Fe balance. Prior to coatjrige steel was hardened

and double tempered to a nominal hardness 8 RC. Heatreatment of the
specimen was carried out at Hdaeatments Ltd., Auckland. The hardened steel
substrates were grit blasted using alan(36grit) with an air pressure of 0.17 MPa
prior to coating application. The surface roughness of the grit blasted sangdes w

measured using T1000A roughness profiler (MTF, Harbin, China)
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Steel substrates of three different shapes/dimensions westdarscoating application
for various testsThe choice of a coupon shapeascording to the requiremeffdr a

particular test

1 Cylindrical coupons 063 mmlength and 20 mm diametéor immersion
tests

2 Bar couponsof dimensions 12% 10 x 10 mmfor thermal shock resistance
tests

3 Circular discs of 76nm diameterfor wear and friction tests

3.3 Coating deposition(HVOF thermal spraying)

The combustion reacted powders were used asdsfock for thermal sprayinging

a highvelocity axygen fuel (HVOF) methodfig. 3.3) on a heatreated, grit blasted
H13 tool steel substrat®ore detail of thermal spray conditions/parameters is given
in chapterfour. A single and double layer coating that consisted of an intermediate
layer of pure Ti ancan outer layer of Ti(Al,O)/AlOz or TiAl(O)/Al,O composite
were produced for various tesfs.Ti under layetbond coat was produced by thermal
sprayingof either hydride and dehydrate Ti powder or atomized Ti powd&d(q
mesh)

Figure 3.3: HVOF thermal spraying of composite powder feedstock
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The composite coating details are given in t&ke

Table 3.2: Composite coating references ith their feedstock and performance evaluation details

As- HVOF Tvoes of
. Powder PVA milled spraying yp Performance | |nqustrial
Coatings feed K | . d f d Ti under i ial
eedstoc agglomeration | powder | performe layer evaluation tria
(TIO /Al at
TripleR .
Al No PVA 300 g| Engineering| Atomized | Thermal i
Ti shock
Ltd.
Liquid metal
corrosion
Ti(Al,0)/Al ;04 resistance Dummy
Holster (immersion
A2 2% PVA 500 g | Engineering| HDH Ti | test), thermal | block
Ltd. shock used in Al
resistance, | extrusion
wear
resistance
Liquid metal
corrosion
resistance
Holster (immersion
B2 TIAI(O)/Al 053 | 2%PVA 500 g| Engineering| HDH Ti | test), thermal | -
Ltd shock
resistance,
wear
resistance

The surface roughness tife assprayed composite coatinggas measured using
T1000A roughness profiler (MTF, Harbin, Chin&oatingthickness was easured

using optical microscopgnd SEM images.
3.4 Micro-hardness measurements

The micrehardness of theoating surface was measured usanigeco LM700 micro

indenter with a load of 109 and dwell time of20 s. At least 15 surfae harness
readings/measurements were recorded in case of each coating. The coating surface
was polishedgently using 4000 grit SiC papend followed by polishing with
alumina suspension (0.Am agglomerated alpha alumina). Because of the fine
structure inthe interpenetrating composites with a separation distance between phases

of about 3 um, a hdness for individual phases was not measured.
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3.5 Coating performance in molten aluminium

3.5.1 Aluminium alloy composition

The aluminium alloy used in the tests w@é01 dloy with a nominal chemical
composition, Al, 7% Si, 0.34% Mg and a small amount of strontium for moddicati
Composite coatings referréd as A2 (Ti(Al,0)/ALOs) and B2 (TiAl(O)/ALOs) were

used fora performance evaluation in molten.Al

Furnace

Figure 3.4: Immersion and thermal shock tests experimental set up

A test apparatudfif. 3.4) designed at Glucina Smeltingd., Auckland was used to

perform immersion and thermal shock remige tests. The test apparatus consists of

1 An electrical furnace with a thermocouple to maintain the molten aluminium

temperature.
1 A removable ample holder with single and multiple specimen holding capacity.

1 A pneumatic system to support alternating mgain molten Al and cooling in

water.

1 An automatic controller, foregulating thenolding time in molten Al, movement

speed andbr displayingthe number of cycles.

1 A bath with water.
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Chapterthree Experimental procedures

3.5.2 Immersion test

For Al soldering evaluation, coated and uncoated cytaticoupons were dipped for
different time intervals into the static molten Al melt at a temperature of210D°C
followed by aircooling.For each given time interval a set of three cylindrical coupons
(two with different types of coatings and one usiedl) were immersed into the
molten aluminium at the same time using a sample holdes nature of the Al
soldering to the coated and uncmhtsamplescfosssections) wasassessed using

scanning electron microscopy (SEM).

The dissolution ofthe coatinggwash out in molten aluminiumvas evaluated by
determining the weight loss of the coated coupons dipped into molten aluminium for
various time intervals. The coupons were kayrnight in anoven ata temperature

70 °C and weighed carefully prior to moitéAl immersion The weighing was carried

out with accuracy to the nearest 0.0001 g. During an immersion test, the coated and
uncoated samples were immersed into molten aluminium at 2Q0°C for different

time intervals. The samples were then removedftbe melt and air cooled. The Al
layer soldered to the samples was removed by using warmiGQ5060 °C) 20%
NaOH solution The weight loss of the coupons was determined from the difference in
weight before immersion in molten aluminium and after soldahechinium removal
using NaOH solutionThe weight loss per unit area of test coupons was used to report

the degree of wash out.
3.5.3 Thermal shock resistance tests

Thermal shock tests were performed using the test apparatu3.4jigvhich enabled
controlled cycling of test coupons between molten aluminium and water. Coated
coupongsquare bgrwere dipped into the molten aluminium furnace which was kept

at a temperature of 7G010 °C and then quenched into thiater Three faces of each
coupon were coatedhite one face was left uncoated for the comparison purpose
Coupons of different types of coatings were tested at the same time using a sample
holder. For each thermal shock cycle, a specimen was held above the moltefometal

6 second and then dipped to molten Al for 30 secorsg] lifted out over the water

bath and immersed into water for 10 sec. After every 100 cycles, the sample was

removed from the holder and the surfaces of the coupons were examined for Al
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Study of Ti based composite coatings for resistance against molten Al soldering on H13 tool steel

soldering and an evaluation of surface salh. The composite coatings aaetas of
cracking/spallation on the surface and from cEsstionswere analyzed using

scanning electron microscopy.
3.6 Wear and friction testing

Pin on disc Test

The friction and wear tests were carried out using an20@ high temperature Pin
on DiscTribometer (Beilun Cp.) (fig. 3.5) for both high temperature testing without
lubrication and room temperature ting under dry and lubricating conditions. The
wear performance of the composite coating was assessed uspigereca ended
alumina pin L0 mm diamete}, a flat ended high speed steel ghhmm diametérand

a spherical endetdardenedsteel pin(10 mm damete) as counter bodies at a load of
20 N with a sliding speed of 0.&/s. The pin was rubbed against the rotating coated
H13 disc (70mm diamete).

Figure 3.5: MG -2000 high temperature Pin on Disc Tribometer

The surface roughness of both the uncoated H13 tool steel and coating were measured
at two different posions before conducting the wear test using a T1000A roughness
profiler (MTF, Harbin, Chinajfig. 3.6). The frictional movements were continuously
recorded by a computer. The samples were cleaned by ethanol after each wear test and
the wear rate of theoating (wherea spherical ended alumina pivas usedas a

counter body) was measured from the depth of the wear track by using a
profiler/surface texture measuring perthometer (S3P, Gern{iay3.7).
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