TABLE OF CONTENTS

List of major designations and abbreviations ...........c.ccueereirieirenieinienieeneet e 9
PIEIACE. ...ttt 11
INEFOAQUCTION ...tttk en b 15
1. Thermal spraying of layers and coatings ...............ccccooeiiiiinininininieeeeeee e 17
1.1. Methods of depositing layers and COAtINGS ..........cccvevverieriererereninineeeeeee e 18
1.2, ArC SPraying .......cccoceeeereireneeineeeeeeeeeeenenns
1.3. Plasma spraying
1.4. Flame Spraying.........ccecceeeeveevueruereneneseseeneennens
1.4.1. Flame spraying at SubSonic VEIOCIHIES .......c..ccerveuirreiruirieinieiiiceneeeieereeseee e 26
1.4.2. Flame spraying at SUpErsonic VEIOCILIES .......ccuevuerueruerieriiriiniieieieieiesie e 28
1.5, LASET SPIAYIIIZ .vveurenrenieterienteeteett ettt et st eb e bttt eit et e b et st sae bt ebeebeebeent et et et e nbesbeebeeas
1.6, COLd SPIAYING -.cuveneteieiieieiei ettt ettt b ettt ettt eee e
1.7. Laser alloying and r€mMeIting...........ccooveruirieieieiieieieiestese et eeas
1.7.1. LaSEr AllOYING ...evievieeieeieiieiieieeie ettt sttt ettt naesbesbesbeeseeneenean
1.7.2. Laser remelting of coatings
1.8. Comparison of thermal spraying methods ............cccooverierirerinininineeeeeeeee 44
2. Selected properties of sprayed coatings.............cccoooiiiiiniiiiiniiiii e
2.1. Coating fOrmMAtiON PIOCESS ..c..eeveruirtiriieiieieiertertesteeteettetteeeteeestesseeseeaeeneeneeneensessessessesneane
2.2, CoatiNG AANESION ....e.veeuiiieiieteeteeteet ettt ettt et ettt ettt i e e
2.2.1. Effect of surface preparation ............ccccoeoeirieiienieineeeseic e
2.2.2. Effect Of teMPETAtUIE ......cueeeieiieiieieieieete ettt sbeereeneeeas
2.2.3. Effect of KINEHIC €NEIZY ..veevverierieiiiieiieiieiieieieiesie e
2.2.4. Effect of the physical and chemical properties of materials...
2.3. Residual stresses in surface layers ..........coceeeeeeieierienienenenenenenne
2.4. Residual stresses due to thermal mismatch ..o
3. Feedstock materials for Spraying ..o 64
4. Testing of thermally deposited coatings by flame and detonation methods....................... 69
4.1. Preliminary testing of sprayed coatings by flame and detonation methods...................... 71
4.2. Characterization of feedstock mMaterials ...........ccuevverieriirieririiniieeeeeee e 71
4.3. Stresses in the coating—SuUbSIIate SYSIEIM ......cc.eruieierieieierierierieeieeteeteetee et 73
4.4. Construction of an instrument for testing the deflection of a coated substrate after the
SPLAYINE PLOCESS ... vevtrtenetereentateneetestesteteseest et eseeteteseeseseeseseseebeseeseseseasenseseaseseabenseseaseneeeenes 75



4.5. Spraying titanium coatings on ceramic SUDSIIALES .......c.erereriririerieienienieereeie e 76
4.6. Determination of residual stresses in sprayed COatings ..........c.evveververresreseeeeeeeeeenenns 77

4.6.1. TItaniUM COATINES ..cuveuereiurriiieierieiietetete ettt ettt ettt ettt eb e eaes 77
4.6.2. TitAlLO; COMPOSILE COALINGS ...euververiiriieiiiiieieiententeete ettt ettt ettt eneens 79
4.7. Numerical analysis of residual stresses in titanium and composite coatings ................. 80
4.8. Temperature field during cooling of the coating—substrate System ............cccceceeveeennnne. 85

4.8.1. ODbJECt OF STUAY .c..etieiieiieieietet ettt st 86
4.8.2. Assumptions for numerical calCulations............cccveieieierierierienieniese e 87

4.8.3. Calculation TESULLS .......cc.cciiiiriiiriiiiiiecrce s 88
4.8.4. Comparative analysis of temperature distribution calculation results................. 93
4.9. Stress investigation in Ti and Ti+Al,O5 coatings sprayed on Al,O5 substrate by deto-
nation gun method (D-UN)........ccoceriiriiiiiiiniiicc s 99
4.9.1. Feedstock materials .............coooiriiiiiiiiiiiiiiececee e 99
4.9.2. Detonation SPraying PArameELerS .......c..cververververrerresreereeeeseessessessessessessesassasseesaens 100
4.9.3. Measurements of deflection in specimens after detonation spraying.................. 101
4.9.4. Stresses in the sprayed coating based on the curvature of the specimen............. 102
4.10. CONCIUSIONS....c.einiiiiiieieict ettt 106
Residual stress modelling in the thermal spraying process ...............cccccoceeneninininnnnne 109

5.1. Introduction — physical modelling of the process and generation of residual stresses ... 109
5.2. Methodology adopted for modelling residual stresses in thermally sprayed coatings.... 112

5.3. Particle impact modelling using ANSYS-AUTODYN ....ccoccoiiimiinineineeeneeeeene 115
5.4. Modelling of particle impact on the SUDSLrate.........cccevveevirieieieieieieeeeeeeeeeeeeene 119
5.5. Impact of Ti particles on the Al,O; substrate and particles on the sublayer by detona-
THOM SPTAYIIEZ ..ttt ettt ettt ettt sttt ettt ettt e st et e e bt et s e e b et eneebene b e e s e 120
5.6. Thermo-mechanical model of the thermal spraying process ...........ccoeeeeeererveeerueneens 126
5.6.1. Temperature distributions in the Ti—Al,O; coating—substrate system, detonation
SPTAYINE ettt ettt et et s ettt s et b bbbt b et bbbttt n et enen 131
5.6.2. Stress distributions in the Ti—Al,O; coating—substrate system, detonation
SPTAYIIIE 1.ttt ettt ettt ettt et ettt b e bt st a et e b e b e b bt et e eb e eb e e st et et et be bt be st enean 133
5.6.3. The influence of the substrate preheating temperature on the stresses in the
Ti—Al, O3 coating—sSubStrate SYStEIM ......eveueeieierieieiieeieeeeetieeeeeee et 136
5.7. The effect of the impact velocity on the residual stresses in the Ti—Al,O; coating—sub-
SETATE SYSTEITL 1.ttt ettt ettt ettt ettt b e bt ettt et see et st bt eneene 145
5.7.1. Results of dynamic calculations for the impact of a feedstock material particle
ON @ CETAMIC SUDSIIALE. ......eeutiniiniiiiitietieteeiietet ettt ettt ettt st ebe e enean 147
5.7.2. Impact of Ti coating particles against the Ti coating sublayer ...........c..cccccceeunee. 152
5.7.3. Results of temperature distribution calculations for different particle impact ve-
LOCTEIES . .ttt 156
5.7.4. Results of specimen deflection and stress distribution calculations for different
particle IMPact VEIOCIHIES .....c.eeuirierieiiieiieieeeieiet e 159
5.7.5. Summary of particle spray velocity effects .......covivirieieiierieieerese e 163
5.8, CONCIUSIONS ..uviutiiititteiieiee ettt ettt ettt et ettt et be st at st e et e b e b eebesbeeseeseeneeneans 164
Modelling the impact of a single particle on the substrate ... 166
6.1, MOAE] dESCTIPLION. ..c..euiiieiieiieieieter ettt ettt st 166
6.2. Assumptions for the Ti particle model on ceramic and metal substrates....................... 173

6.2.1. Model of spraying Ti particles on Al,O; ceramic substrate (/= 500 m/s) .......... 174
6.2.2. Model of spraying Ti particles on Al,O; ceramic substrate (V"= 800 m/s) .......... 180



6.3. Comparative analysis of particle impact simulations of ceramic and metallic substra-

S ettt ettt bbb b h et e et bbbt b ettt ettt sttt sae et bt eneene 186
6.3.1. Titanium PartiCle..........ccoveirieiiiniiiriciieeece et 186
6.3.2. COPPET PATTICLE ..ottt 192
6.3.3. Particle geometry after IMPaCt........cocveieieierierierieceeceeeeee e 199
6.4. Modelling of the impact of a heated Ti particle on a ceramic substrate.......................... 199
6.4.1. Geometric MOAEL ....c..oouiiiiiiiiiiieiierier e 199
6.4.2. Model deformation simulation results............cooerieireriineineceeeeeceee 202
6.4.3. Temperature distribution in the Ti particle-Al,O; substrate system .................... 206
6.4.4. Distribution of reduced stresses in the Ti particle—Al,O; substrate system.......... 207
6.5, CONCIUSIONS ...ttt b bbbt b ettt a et ee e eean 211

Coating testing and modelling of residual stresses in the thermal spraying process

using the HVOF method ...t

7.1. Testing of metal coatings sprayed on Al,O; ceramic substrate

7.2, TESt ODJECL weeuverieievieiieiieieieie ettt st eneen

7.3, SPIayiNg STALIOM.....cuerviuieiiieiieieieit ettt ettt ettt ettt

7.4, Structural STUAIES ........ccoouiiiiiiiiic s

7.5. Coating WettaDIlILY TESTS ..veuveveriirierieiieeieeie ettt ettt ettt ssesee s e e enaeneas
7.5.1. Wettability teStS N arZOM ..c.cerveieriiriirieriieiieiieiietete ittt ettt st sae et eseeneens
7.5.2. Wettability teStS Il VACUUIM. .....c.eiiuiiiiiietiieiieienceteeeetc ettt
7.5.3. CONCIUSIONS ....viiiiiiiciiiieieictete ettt

7.6. Residual stress tests in the coating—substrate SYSteM.........ceecveveierienierierereneeeeeeeenen
7.6.1. Determination of residual stresses based on the curvature of the specimen ........ 229
7.6.2. Research on residual stresses in coatings using the X-ray method

7.7, CONCIUSIONS ...ttt b e ettt ettt et et bbb bt e s eneenean

7.8. Numerical and experimental analysis of residual stresses generated in metallic coatings

deposited by HVOF on an Al,O3 SUDSLIAte ....c.eeveieiiiiiiiiciieiieieieieeeesie e 235
7.8.1. Impact of Ti particles on the Al,O3 SubStrate..........cccoeeveevveeneiiineinceceeee 235
7.8.2. Temperature distributions in the Ti, Cu, Ni coating System ...........cocceceverereenene 239
7.8.3. Stress distributions in the Ti (Cu, Ni) coating—Al,O; substrate system ............... 241
7.8.4. CONCIUSIONS ...cuviuiiiiiietieiieiietet ettt ettt ettt ettt te b sneeneeneens 245

Investigation of strains and stresses in sprayed Ti and Cu coatings using grating inter-

FEPOMICEIY ...ttt ettt et ettt b e sttt 247
8.1. Grating interferometry Method..........cccoeoiiiriiiniiiiieeeee e 247
8.2. Specimen grating teChNOLOZY ......ccuevuiruiriiiieiiieeeeee e 249
8.3. Automatic analysis Of fringe IMaZES.........ccereiriririinieiieieereeee e 250

8.4, MEASUIING SLALION .e.vevieuienienieieteeteeteete ettt et et etestestesbeeseeseeseeseeseeneensansansessessessesseesneneens 251
8.5. Measurement PrOCEAUIE ........cc.eruertirtirtietietieiieitetestestesteeteeteesteseeneeseetebessesbesteseeeseeneeneans 253
8.6. Measurements on a titanium coating sprayed on an Al,O; substrate...........c.ccoceevreenee 254
8.6.1. Measurement of displacements in the measuring field of 14.3x14.3 mm prior to
CUELITLZ +. ettt ettt ettt b bt b e et e e et b e b e e bt e bt eb e eseent et et enbesbe bt eneeneenean 255
8.6.2. Measurement of displacements in the measuring field of 14.3x14.3 mm after
CULLITIZ 1ottt ettt ettt ettt e bt se e st est et e e s e b e ebeese et e eseeneensensensensesseeseeneeneenean 256
8.6.3. Measurement of displacements in the measuring field of 14.3x14.3 mm after
the SECONA CULLING .....ovieiiieiieiiee et 259
8.6.4. Measurements in a small measuring field (3.7x3.7 mm) .....ccoovevievinieieierenne. 262



8.7. Measurements on a copper coating sprayed on an Al,O; substrate ...........c.ccceveevreenene 264
8.7.1. Measurement of displacements in the measuring field of 14.3x14.3 mm prior to

CULLITIZ 1.ttt ettt ettt et et et et e et e te e st eseeste st e st anseseeseeseeseesaeseensensesensesseeseeseaneenean 264
8.7.2. Measurement of displacements in the measuring field of 14.3x14.3 mm after
CULLITIZ 1.ttt ettt ettt ettt ettt bt b et eat et e et e b et e eb e et e esees e ent et e benbeebeebeeneeneenean 265
8.7.3. Measurements in a small measuring field (3.7x3.7 mm) after the second cutting...... 268
8.8. Strain comparison for Cu and Ti coated SPECIMENS .........ecvevireeririirieinieiieieiereeeeeeane 270
8.9. Modelling of deflection and residual stresses in Cu/Al,O5 and Ti/Al,O5 systems before
and after Cutting the Plate .........ccverievieieriiececeeee et eneens
8.9.1. Cu—Al,O; coating—substrate model
8.9.2. Ti—Al,O; coating—substrate model ...........cccoeveririnininieeeeee
8.10. Comparison of determined residual STrESSES ........couererieriririririeieierierese s 279
811 COMNCIUSION. ...ttt ettt ettt eneen 279
9. Summary and coONCIUSIONS .............ccooiiiiiiiiiiiii e 282
BIbHHOGIAPIY ...ttt ettt et ae ettt et bt neeneeneenean 291





