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Abstract

As a result of the rise in processing powe

cooled pin fin heat sinks are increasingly being employed for the cooling of graphical
processing units. Currently, these high performance devices are manufactocegh thr
high-cost, highwaste processes. In recent years, a new solution has emerged using the
cold gas dynamic spray process, in which pin fins are directly manufactured onto a
baseplatdy spraying metallic powder particles through a mask. This processdio a

high degree of adaptability to different graphics processing unit shapes and sizes not
achievable by any other process to date. One drawback of this prottegsais substrate
sensitivity to heat and mechanical residual stresses requires ehaf ueduced spray
parametersthere isreduced deposition efficiency, resulting in a fair portion of the
feedstock powder being wasted. This work aims to demonstrate the feasibility of using
powder recycling to mitigate this issue and compares coatirrgyesp with reclaimed
powder to their counterparts sprayed withreseived powderThe work demonstrates
thatcold gas dynamic spray is a highly flexible and economically competitive process for
the production of pin fin heat sinkshen using powder recyclingven when spray
parameters result in reduced deposition efficiendye benefits of pin fins on heat
transfer properties of flat plates used for graphical processing units is briefly addressed

and demonstrated.



Acknowl esddgement

First, 1 would like to express my great appreciation for my thesis supervisor, Professor
Bertrand Jodoin. His guidance and constant encouragement have been indispensable
through this process andam grateful to have had the privilege of working witimhi

Thank you for being a mentor and having such a positive impact on my life.

| am very grateful to have worked withvery supportive and helpful industrial partner
throughout my studies, Eric Matte from Ironside Engineering Thank you for always
being available to answer questions, offer advice, and espedallyinding a work
around when the experiments went less than idea¥iypuld also like to thank NSERC

for their financial support.

| wish to acknowledge the help providegthe technicians &m the machine shop at the
University of Ottawa.l would especially like to thank Jaques, Paul, and Stan for their
speed and precision in helping the various experimental apparatus used in this work come
to life. | would also like to thank Dr. Mohammed Youzi for his involvement

throughout my work and fdhe all of his help isampleanalysis.

| would like to thank all of my colleagues for helping me through this process, but also
for their friendship. Aleksandra Nastic, Saeed Rahmati, Araoud, Robed Fernandez,
Rocio Dominguez, Maryam Razavipour, and especially Daniel MacDonald, thank you

for making this such a positive experience for me.

| wish alsoto thank my family forshowing tremendous support and patience throughout
the long years of my stuek.Lastly, | would like to thanlSamfor he love and support

without whom this would not have been possible.



Tabl

1

2

e of Content s

INTRODUGCTION ... .t e e et imr e e e e e e e e e e e nnmmmees 1
I A = T Y3 (o [ {0 1 o P 1
1.2 ReSearch GJECHIVES. ... 3
1.3 THhESIS OULINE......ccoiiiiiiiiie e e e e e e e e e e e e 4

LITERATURE REVIEW ... .o errme e 6
2.1 HEAL SINKS.. ..ttt 6

pZ2% I R = - Tod o | 01U o o S 6

2.1.2  Heat SINK MOdElNG........cccoiiiiiiieeee e 8

2.1.3 Heat Sink Fin Configurations.............cc.cuuuuiiiiiimemiiiiiiiiiiieeeeeeee e 13

2.1.4 Manufacturing of Heat SinkS............oooiiiiiiiimne e 17

2.1.5 Heat Sink Materials............cccuuiiiiiiiiiieeeee e 22

2.1.6  CONVECVE MEAIUM.........uiiiiiiiiiiie e e 23

2.1.7 Graphics Processing Unit (GPU) Cooling Systems..............cccuvuueee. 24
2.2 Additive ManUFACTUINNG.......uueeiiiiiiiiiieee e eene e 27

2.2.1 Powder Bed SYStEMS.......coooiiiiiiiiiieee e 28

2.2.2 Powder Feed SYSIEMS......cuiiiiiiiiiiiii et 29

2.2.3 Wire Feed SYSIEMS........uuiiiiiiiiiii e e e 29

2.24 CGDS as Additive Manufacturing Technique..............coovvviiceeienennn. 30
2.3 Cold Gas DYNAMIC SPIay......cceuuuuuiieeeieiiiirieeeeesesiiinseeeseessimmmrssseeeseenns 32



2.3.1  BACKGIOUNG........uiiiiiiiiiiiiiiiie sttt e e 33

2.3.2 CGDS RINAAMENTAIS ... e 34

2.3.3 Effect of CGDS Parameters and Relevant Gas Dynamics PrincipalglO

2.3.4 Cold Spray Process COSIS........ccceuiiiiiiiiiiiimene e e eeeeeeeeeesvee s smmmeeeeeae 47
2.3.5 Annealing of Cold Spray Coatings............ccvvvvrirrmmmmmmreeeeeeeierniinnns a7
2.3.6  POWAEI RECYCING....uuuiiiiiiiiiiiiiiiii e 47
RESEARCH OBJECTIVES.... .ot 49
3.1 General ODJECHIVES.......cooiiiiieieee e 49
3.2 Determination of Cost Effective Parameters and Fin Analysis................ 49
3.3 Production of Pin Fin Array Heat SinKS.............coovviviiiiiiieme e 50
3.4 Powder Reclamation and CharacterizatiQn...........ccccccoeeeiieeeiiiiiiiiiieneennn. 51
3.5 Sprayability of Reclaimed POWEL.............ccoviiiiiiiieeeiiieeeeeee e, 51
3.6 Cost Reduction from Powder ReCYCING............uuvvurmiiiiieemiiiiiiiiieieeeeeeeenn 52
3.7 Thermal Performance Characterization..............ccccooiiieemiiiieeeee i 52
3.8 Coating and Fin ANNEAIING............ovvuuuuuiiiiiimeeeeeeree e eeenra s 52
3.9 Heat Transfer Modeling........cccooooiiiiiiiiiiiieeei et 52
EXPERIMENTAL PROCEDURES.........ii i 54
4.1 FeedsStoCK Material...........uuuiiiiiiiiiiii e 54
4.2 SUDSIIAIES .. .o oottt e e 55
4.2.1 Copper Plate SUDSLrates..........coooeviiiiiiiiicceiii e 55



4.2.2 Substrate Surface Preparation..............ooooioiiiiceeeeie e 55

4.3 CGDS EQUIPMENL....ciiiiiiiieeeeeee e e e 56
4.3.1 Heater and CONrOLS.........ccooiuiiiiiiee e 56
43.2 NOZzle ASSEMDIY.. ...t 57
4.3.3 CGDS RoDOtIC Traverse SYSteM...........uuuuiieiiiisceeeiiiiiieineeeeeeeeeaeans) 60
4.3.4 Powder Feeding EQUIPMENT..........oooiiiiiiieeee e 60
4.3.5 Spray Chamber.........oooiiiiiiii e 62
4.3.6 G5 DEliVEIY SYSIEML.....uuiiiiiiiiiiiiiiiiei ettt 63

4.4 Pin Fin SamMPIE SPrays........uecceiiiieiieeeeceemiiiieiieeeeeeeeeeeeesesssinnneeeeesseessssssnnsd 63
4.4.1 Traverse Velocity Determination..............cceeeeiieisieceiniiiiiiieeeeeeeeeeeen) 64
4.4.2 MESN REUSE......coi it e re e 65

4.5  Pin FINAITAY SPray RiQ......coooiiiiiiiiitieees s eeeeeseeeneeeeeeeees 65
451 Steel HOlder BIOCK..........uueiiiiiiiiiiiiiceeeiiiieeeee e 67
4.5.2 Sheet Metal MaskS.........ccuiiiiiiiiiieee e 68
4.53 Stainless Steel Wire Mesh...........cooiiiiiiiiieeee e 69

4.6  Pin Fin Array Milling.........oooooiiiiiiiiiieeee v O

4.7 Powder Reclamation APParatUus............oooveiiiiiiiimmeeeeeeeeessiiiireeeeeeeeaees 70

4.8 COSEANAIYSIS....eieeiiiiiiiiiee e e 72

4.9 Heat TTanSTer TESE RIG.......uuuuiiiiiiiiiiiiiiiieeeiiiiiiee ettt 75
4.9.1 Heat TEeSt RIQ INPULS......couviiiiiiiiii e 77



4.9.2 Heat Test Rig OULPULS........oooiiiiiiiiiiiireee s eeeseee e 78

4.9.3 Thermal Performance Calculations...............ccccoviieemiiiiiiiiiiiiiiieeeeen. 79
410 CFD Modelling Detalls...........coooveiiiiiiiiiimmre e e 87
4.10.1 Computational DOMAIN...........cuuuuuuiiiisie i e e e e e e e eeenra s 87
4.10.2 Domain MEShiNg........ccoiiiiiiiiiiiiiiemme e 89
4.10.3 Governing EQUALIONS. .........oooiiiiiiiiii i 91
4.11  Characterization Procedures and Analysis Equipment........................ 94
4.11.1 Deposition EffiICIENCY.......cooii i 94
4.11.2 Powder Reclamation EffiCIENCY.........uuuiiiiieiiiicicceeiiiiiiee e 96
4.11.3 Powder Morphology ANAlYSIS............uuuuiuuiiiiiiieeeviniierse e e e e e e enas 97
4.11.4 Single Particle Impact ANalySIS..........coooiiiiiiiiiiiemn e 97
4.11.5 Powder Velocity MeasUremMeNtS..........cccuuuuuuirririrrmiiiiiiiiiinneeieeeeeeeee s 98
4.11.6 Coating and Fin Characterization............cccccoeviiiiiccee e 29
4.11.7 Post Spray Annealing ProCedure...............uuuiiiicceeeeeeiiiiiiccieee e 102
4.11.8 Surface Roughness Measurements........ccccoeeeeeeeeeceeeiiciiieee e e 103

5 RESULTS AND DISCUSSION....ccuiiiiiiiiiiii e eeiee e eee e e 105
51 Pin Fin Array Production and Characterization.................coceccveeeee e 105
5.1.1 CGDS Parameter SeleCtion...........ccoouiiiiiiiiicme e 105
5.1.2 Fin Height- Traverse Velocity Correlatian.................ccccccvimmeniiinnnns 106
5.1.3 Cost Analysis for Parameter Selectian...............cccoovvviceciiiiieeeeeennnnn. 112



5.1.4 Substrate BENING.........cuuuuuummiiiiii it enenraa e e e e 116

5.1.5 Spraying of Pin FiN AITAYS........ccooiiiiiiiiiiiiieee e 118
5.1.6  MESH REBUSE........uiiiiiiiiiiiitie ettt e e 124
5.2 POWAEIRECYCING......ccciiiiieieeeeee e s e 127
5.2.1 Powder Morphology As-Received and Reclaimed.......................... 127
5.2.2 Single Particle IMPACES...........oooviiiiiiiieeee e 129
5.2.3  C0oating COMPATISON......eviiiiiiiiiiiiieeii et neee e 131
52.4  PartiCle VEIOCITY.........uuuiiiiiiiiiiiiiiiieeeieeec e 135
5.2.5 Cost Analysis for Powder ReCYClNgG............ccceeeiiiiisieccvveiiiiiieeennn 136
5.3 Heat Transfer PerformanCe..........cc.uvvviiiiiiiemmniiiieee e 140
5.4 Verification of the Constant Surface Temperature Assumption using
1Y [0 (=] 11 oo PP PU PP PP PPP N PPPPPPPPTPR 148
B  CONCLUSIONS. ...t er e e e e e e e eeeeas 153
6.1 SumMmMary of RESUILS..........uiiiiiiiiiiiii e 153
6.2 FULUIE WOTK .....eiiiiiieiiieiee et 154

VIl

CFD



Li st of Figures

Figure 2.1: Comparison of the ar&g @vailable taconvective heat transfer between (a) a

flat plate and (b) a plate with extended surfaces [@2Z{11 Wiley Books)................. 7

Figure 2.2:Representation of heat transfer through (a) the extended surfaces and (b) the
equivalent thermal circuit [22]5( 2011 Wiley BOOKS)..............uvvviiiiiiiiiiiceeeiiiiinnn. 9

Figure 2.3: Representation of heat transfer through the equivalent thermal circuit showing

the original thermal circuit (top) and the simplified version (bottom) [€2P011 Wiley

Figure 2.5: Different heat sink fin configuration on a flat baseplate: (a) uniform cross

section straight fin, (b) varying cross section straight fin, (c) pin fin[22PQ11 Wiley

Figure 2.6: Fluid flow around (a) pin fins and (b) straight fins [1&]2013 Springer

NP2 LU =) TSRS 15
Figure 2.7: Various pin fin cross sections tested by Sabhiti et al.§82D05 Elsevier)16
Figure 2.8: Heat sink manufacturing processes: a) machining [33] (© 2010 IEEE); b)
extrusion [33] (© 2010 IEEE); c) casting [33] (© 2010 IEEE); d) forging [8® 2009
Wiley Books); e) selective laser sintering [3€] 2015 Elsevier); f) bonding............. 19
Figure 2.9: Masking technique for prozing pyramidal pin fin arrays [15]9( 2014
LYY= ) PP 22
Figure 2.10: Example of GPU cooling system showing cool incoming aie @irows)

and warm exiting air (red @rrOWS).......ciieiveeiiiiie e eeeieeee e e seeree s 25



Figure 2.11: Schematic of a a) heat pipe [46] (© 2008 IEEE) and b) a loop heat pipe [45]
(© 2014 EISBVIBI) .. i e et eeee ettt sttt e e e e e e e s 26

Figure 2.12: PC liquid cooling system, adapted from the work of Naphon et al€f49] (
2008 EISBVIBI ). e iiiiieeeeeeeetttt sttt s e e e e e eeet e e e e e e e e e e e e e e e e annnr e e e e e e aaaaaas 27

Figure 2.13: Powder bed additive manufacturing [82P014 Springer Nature)........ 28

Figure 2.14: Powder feed additive manufacturing [82P014 Springer Nature)....... 29

Figure 2.15: Wire feed additive manufacturing [52]4014 Springer Nature).......... 30

Figure 2.16: Items produced by CGDS additive manufacturing: a) copper electrode on a
silicon wafer [13] © 2013 Springer Nature); b) axisymmetric Ti6Al4V part [1®] 2006
Elsevier); c) cold sprayed part afteemoval from support structure and ppsbcess
machining [12] © 2013 Taylor & FrancCiS)..........ccouuuuiiiiiiiiiieee e 32

Figure 2.17: lllustration of the @DS process (image courtesy of Patrick Trahan)..33

Figure 2.18: Example of jetting seen in cold spray, shown in a) the ressitawation

and b) a copper particle on copper substrate [65]J03 EISeVier).........cccccceeeeeeenn... 35

Figure 2.19: High magnification image of a pep coating on an aluminum substrate
showing an area where the substrate has been deformed in between particl€s [67] (
2009 SPIINGET NATUME)-.. ...ttt ettt e e e e e e e e e e e et et e e e e e e e e e e e e s s s s nnee s 36

Figure 2.20: Image of an etched@Al-4V coating, where the circles show local bonding
between deposited particles [7Z] ROO7 EISeVIer)..........ooovoiiiiiiiiiiieeenieiiviee 37

Figure 2.21: Deposition window of 2&m particles of various materials impacting on
substrates with identical material properties, with the grey area indicating attainable

process conditions at the time of the study [®P010 John Wiley & Sons)............ 38



Figure 2.22: Increasing DE with increasing particle velocity [62] 1998 Springer
NP2 L0 =) TSRS 40
Figure 2.23: Particle velocity gvand temperature gJ as a function of gas stagnation
temperature [83]@ 2001 Springer NETE)..........ccoorriiiiiiiiiiiieeee e 42
Figure 2.24: Particle velocity gvand temperature gJ as a function of gas stagnation
pressure [83]@ 2001 SPringer NALUIE) - .........uuuuurririiiiiiiieeeerieeeeeeeee e e e e e e e e e e e i 45

Figure 2.25: Increasing Mach number with increasing distance along the nozzle length as

the area ratiancreases [62]@ 1998 Springer Nature)............cccuvvveereerieeecevnvnnnnnnnne. 46
Figure 4.1: SEM image of Praxair %9 COpPer POWAET...........ccceeeeriiiiiiiiicmeeeeenn. 54
Figure 4.2: Final pin fin array copper baseplate............cccuveiiiiieeeiiiiiiiiiiiiiiecceeeeeen 85
Figure 4.3: CGDS gas heater (left) and control cabinet (right)...............ooovviieee. 57
Figure 4.4: CGDS N0zzle aSSEMDIY..........uuuiiiiiiiiiiiieeeiiiiieeeee e 57
Figure 4.5: CGDS convergifgjVerging Part-................eeeeeeeeeeeieeeereeeeeeeeeeeeeeeeeaaaann 58

Figure 4.6: From left to right: The nozzle powder inlet, the insert into the converging

diverging part, and the SPring...........oooiiiiiiiiieee e 59
Figure 4.7: CGDS UltiLife NOZzZIe...........coooiiieee e 59
Figure 4.8: CGDS traverSe SYSTIML........cuiiiiiiii i eeee e 60

Figure 4.9: Powder feeder assembly showing the hammer and perforated wheel (left), and
the pressurized CaniSter (NMGNL).........oooiiiiii e erer e 61

Figure 4.10: 240 medium hole feeder wheel (left), and 120 large hole feeder wheel

(o] 1 TSRO PP TP PPUPPPPPTPPPPRRN 62
Figure 4.11: CGDS spray chamhber...............ccoiiiimmmn e 63
Figure4.12: Small sample pin fin Spray SetUP.........ueveiiiiiiiiiieeeiiiiieeeeeeeeeeeeee 64

Xl



Figure 4.13: Pin fin @rray SPray MQ........uuuueeeeiiieee s eeeeriiiiiiaseee e e e e e e e e eesennnssseaeeeeeees 66
Figure 4.14: Spray rig: 1) Bolt; 2) Mask; 3) Wire mesh; 4) Spacer; 5) Substrate; 6)
HOIAEE DIOCK...... e ee e 67
Figure 4.15: Steel holder block for the pin fin array Spray.figu.......ccccccveeeeerieanennn. 68

Figure 4.16: Sheet metal mask cut with wire EDM to match heat sink footprint geometry.

Figure 4.17: Wire meshmask usedor the production of staggered pin fin arrays....70

Figure 4.18: Powder reclamation apparatus inside the CGDS spray chamber....71

Figure 4.20: lllustration of the heat test rig input and output values...................... 76

Figure 4.21: Heat transfer test rig: 1) Cover plate equipped with gasket for sealing,
pressure taps, and water in/out; 2) Substrate/Baseplate with pin fin array; 3) Bottom plate
with insert for the baseplate and heater block; 4) Heater block eglipiph inserts for
heating cartridges and thermocouples; 5) and 6) supporting pieces..................... 77

Figure 4.22: Staggered fin arrangemeséd for the pin fin arrays showing the direction

of the flow around the fin and in red the cross sectional line where the characteristic flow
ArEA IS TAKEIM. ... e e e e e e e e e e e 80

Figure 4.23: Fin cross section showing reference geometry used for the fin performance
calculations where B is the width of the base of the fin, S is the width of the section
between fins, H is the height of the firsjs the angle of the fin, andnbw is the flow

Area DEIWEEN fINS.....uiiiiiiiiiiiii e 81

Figure 4.24: Thermal resistance circuit of the heat Sink.fins...........ccccccviieeennnnn. 82

XIl



Figure 4.25: Temperature variation of an internal flow over a surface with a) constant
heat flux and b) constant temperat[#2] (© 2011 Wiley BOOKS).............cccevvvvvrrnnnnn 85

Figure 4.26: Dimensions of the computational domain (mm).................uvvvvueeeeenn.. 87

Figure 4.27: Tetrahedral mesh used in the computational domain showing areas of mesh
refinement (left) and a zoom of the entry to the finned area (right)....................... 90

Figure 4.28: Scanning electron MICrOSCOPEL-...........uuururrrririmeeiiiinirirreeeeeeeeeeeeeeeeens 97

Figure 4.29: ColdSprayMeter showing setup in spray chamber (left) and the laser and

NOZZIE (MIGNT). e eeeeieeeee et reea bbbt e e e e e e e e eeer s e e e e e e e e eeeas 98
Figure 4.30: VHX2000E digital optical MICrOSCOPE.........cceeveiiiiiiiiiiiiieee e 100
Figure 4.31: Vickers micro hardness teSter.........oooviii oo 101

Figure 4.32: Binary image of a pin fin cross section produced by ImageJ for porosity
LTST= LT U =T 0 0T o PP 102
Figure 4.33: Lindberg furnace used for annealing of the copper coatings and.fih63
Figure 4.34: Portable surface roughness gauge.............ccccuvvimmmnniiiiiivininnneeee. 104
Figure 5.1: Substrate and mesh DE for the production of pin fins arrays with 50 mm/s
LLE= V=T ST V= (o Lo PP PPPP PP PPPPPP 107
Figure 5.2: Fin height per pass from the production of pin fins arrays with 50 mm/s
TrAVEISE VEIOCITY . . eeeeee ettt r e et e e e e e e e e e ammreeeeeeeas 108
Figure 5.3: Fin heighaichieved by varying traverse velocity to get 1.5 mm height fins for
VarioUS CGDS ParamMeterS.. ... .cuuiiiiiiiiiie et eeee e 110
Figure 5.4: DE measurements frepraying 1.5 mm finS..........ccccvveiiiiiiiiiieecinnnnee. 111
Figure 5.5: Comparison of 1.5 mm fin build shape for a) low parameters and b) high

02 1= 1 TS (=] £ TP PPPT 112

Xl



Figure 5.6: Normalized cost associated with producing pin fin array unit at various gas
tEMPEratureS ANU PrESSULES.......uuuiiiiiiieiiiiiiieeereeee e e et e et e e e e e e e e s smmr e e e e e e e e e aaaaaaaaaans 114
Figure 5.7: Variation in fin cross sectional profile depending on spray height before
(001111 o TR TP P P PP PPPPPPPPPPPP 119
Figure 5.8: Digital microscope 3D images of: a}ygfsayed 2.0 mm pin fins; b) 2.0 mm
fins milled to 1.7 mm; c) asprayed 1.8mm pin fin; d) 1.8mm fins milled to 1.7 mh21
Figure 5.9: Milled pin fin cross section: a) pin fins produced with 3645 MPa; b)

pin fins produced with 400%B.45 MPa.........uuiiiiiiiiiiiiiiii e 122
Figure 5.10: Evolving particle impact angle with fin growthh respect to a) the fins; b

1) particle to particle impact wheethe angle of impact causes the particle to ricochet off
of a previously deposited particle, an@)particle to particle impact where the angle of

impact is high enough to cause the incoming particle to stack on top of a previously

dePOSItE PAITICIE.......oe e e e e 123
Figure 5.11: Columnar growth on the fin periphery..........cccccviiiiiieeeriiiiiiiieee 124
Figure 5.12: Example of copper buildup on wire mesh mask.................ccccceeen. 125

Figure 5.13: The DE on the substrate and mesh when reusing the mesh to spray pin fin
21 = )T PPN 126

Figure 5.14: a) Aseceived Cl59 copper powder; b) Reclaimed -Ch9 copper

(1011176 1= SO OPO TP PPPPPPPPPPPPPPP 128
Figure 5.15: Cufand-cone on reclaimed G159 particle............ccccvvviiiiiivieeniinnnnee. 129
Figure 5.16: Impact of a single-asceivedpartiCle.............cccccvvviviiiiiieeeriiiiiieeeee 130
Figure 5.17: Impact of a single reclaimed particle............ccccooviiiiicce e 130

XV



Figure 5.18: Images of (etched) coatings produced usingcasved and reclaimed
powder blends before and after annealing at 300°C for 4 hauts........................ 132

Figure 5.19: Box and whisker plots of theraseived and reclaimed powder velocities.

Figure 5.20: Normalized cost associated with producing pin fin arrays with powder
recycling at various gas temperatures and pressures compared to cost without powder
(=103 V(o] [T o TSR RTTTPPPO 137
Figure 5.21: Ratio of DE on the mesh to DE on the substrate for production of pin fin
S = )PP 139
Figure 5.22: Water temperature difference for various water flowrates for various
configurations denoteeNA and -A (not annealed and annealed, respectivedy)the
finned plates F2.0 and F1.8, as well as the bare plate NF...............ccccoveeeininnee. 141
Figure 5.23: Heat transfer rate into the flow of water...............o oo 142
Figure 5.24: Heat flux into water compared to heat flux through heater block...143
Figure 5.25: Pressure drop across the finned area for each plate configuration144

Figure 5.26: Inlet to outlet temperature difference of the water and the heated 445ace.

Figure 5.27: Thermal conductance before and after annealing.......................... 147
Figure 5.28: Thermal conductance compared to effective pump power.............. 148
Figure 5.29: Temperature distribution in the water flow..............cc.occceeeinnenn, 149
Figure 5.30: Temperature distribution in the pin fin array heat sink.................... 150

Figure 5.31: Temperature distribution in the heater block, showing thermocouple readout

O A O S et e e —————————— 151

XV



Figure 5.32: Water temperature and surface temperature along the length of the finned

XVI



Li sTamlfes

Table 2.1: Overview of the Pros and Cons of Various Manufacturing Processes for Heat

SINK PrOQUCTION.......ceiiiii it e s ensnn e e e 20
Table 4.1: Cost of consumables used in the production of pin fin arrays..............Z12
Table 4.2: BoundagrConditions Used in the Model............cccoovviiiiieee e, 89
Table 4.3: Material Properties used in CFD Model.........ccooovviiiiiiiccciiiiiiieieeeeeee, 94
Table 5.1: CGDS ParameterS..........uueeiiiiiiiiieeeiieiee et e e sieeesib e e e 106

Table 5.2: Constant Correlating Traverse Velocity to Fin Height and Traverse Velocity
Required for 1.5 MM FiNS........ouiiiiii i eeeer s e e e e e e e e eeeaaaeees 109
Table 5.3: Constant Correlating Traverse Velocity to Fin Height and Traverse Velocity
Required for 2.0 MM FiNS........ouuii e eeeer s e e e e e e e e eeeaeaanns 113
Table 5.4: Lowest Cost CGDS ParameterS...........uuvvieeiiiiemmniiiiiiee e e 116
Table 5.5 Substrate Bending from Surface Preparation and Spray Process......117
Table 5.6: Sample to be tested in heat test.rig..........ccoeeeiiiiiieeeiii e, 120
Table 5.7: DE and porosity of-asceived & reclaimed powder blends................... 131

Table 5.8: Hardness of coatings made withexived and reclaimed powder........ 134

XVII



Nomencl atur e

P Mask
P MKEubstrate
P ftn
PpT
T
(o)

® I

V)

d

o}

do

d

do

W

€

}

le

o

A

A¥
Ay
Aplock
Acb
Ain
ap

Ap
Aot

Mass added to mask, kg

Mass added to substrate, kg

Finned area pressure drop, Pa

Temperature difference, K

Inlet temperature difference, K

Outlet temperature difference, K

Log-mean temperature difference, K

Fin effectiveness

Pump efficiency

Fin efficiency

Surface efficiency

Fin base anglé,

Fin base to ambient temperature difference, K
Viscous dissipation value

Dynamic viscosity, PaAs
Density, kg/m

Stagnation density, kgfm

Particle density, kg/fh

Nozzle area at a certain distance downstreatn, m
Nozzle throat area, n

Exposed base area’m

Area of the heater block surface? m

Area of the fin footprintm?

Fin area,

Particle acceleration, nt/s

Particle area, f

Total heat transfer areaZm

XVII



Aunfin

B

Bs

Ccu

Co
Celectricity
Ciabour
Cn2
Cpn2
Cv-H
Dnozzle
Drin

Dn

dp

DE
DEmask
DEsubstrate
E

EC

SV,

F

Fo

g

GC

H

hs

Unfinned area, m

Transverse fin base width, m
Side fin base width, m

Cost of copper, $/kg

Drag coefficient

Cost of electricity, $/k\Whr

Cost oflabour, $/hr

Cost of nitrogen, $/kg

Specific heat of nitrogen, kJ/Ag
Constant correlating fin height to traverse velocity, #sm
Linear spray distance, m

Fin diameter, m

Hydraulic diameter, m

Particle diameter, m
Deposition efficiency

Mask deposition efficiency
Substrate deposition efficiency
Energy, W

Total electricity cost, $
Required pumping power, W
Force, N

Drag force, N

Gravitational constant, nf/s
Total gas cost, $

Fin height, m

Convection coefficient, W/RK
Sensible enthalpy, kJ/A§

Unit tensor

15t order modified Bessel function

XIX



Keft

Lat

LC

m

M

Mcu feeder

N2

Mp

Mreclaimed

Mesprayed

Mundeposited
water

n

N

Niins,w

P

=2

Prow

P

PC

PGCnask

2" order modified Bessel function
Diffusion flux term

Specific heat ratio

Conductivity of copper, W/
Effective conductivity, W/nK

Fluid conductivity, W/n&K
Conductivity of the fin material, W/
Turbulent conductivity, W/

Length of the finned area, m

Length between bloctemperature readings, m
Totallabourcost, $

Fin parameter, rh

Mach number

Mass of copper in powder feeder, kg
Mass flowrate of nitrogen, kg/s
Particle mass, kg

Mass of powder reclaimed, kg
Masssprayed, kg

Mass of powder undeposited, kg
Mass flowrate of water, kg/s
Surface normal direction

Number of fins

Number of fins widthwise

Pressure, Pa

Pressure at the nozzle throat, Pa
Perimeter of thélow area, m
Stagnation pressure, Pa

Total powder cost, $

Total powder cost lost on the mask, $

XX



PGubstrate
P @ndepos/ted

PFR

2 R
Q.

Reu
Req
Riin
Rhofin
Rn
Rre
Runfin
Re
S

Sn
S

71

Total powder cost lost on the substrate, $

Total powder cost undeposited, $
Powder feed rate, kg/s

Heatrate, W

Heat flux, W/n?

Heat rate through copper, W
Heat rate through fin, W

Maximum fin heat rate, W

Maximum heat rate through fin array, W

Total heat into nitrogen, J

Heat rate into nitrogen, W

Total heatrate from fin array, W
Heat rate into water, W

Ideal gas constant, J/mKl
Reclamation efficiency
Resistance of copper, K/W
Equivalent resistance, K/W
Resistance of fins, KIW
Resistance without fins, K/W
Resistance of the medium, K/W
Thermal contact resistance, K/W
Resistance of unfinned area, K/W
Reynolds number

Distance between fins, m

Mass source term, kg/s

Heat source term, W
Temperature, K

Temperature at nozztaroat, K

First temperature, K

XXI



72 Second temperature, K

b Fin base temperature, K

Tblock Temperature of the block, K

Y Temperature read at bottom the bottom thermocouple, K
thox Time in box, s

Tgas Gas temperature, K

Tm Mean flowtemperature, K

Thz1 Inlet temperature of nitrogen, K
Thz2 Outlet temperature of nitrogen, K
To Stagnation temperature, K

Ts Surface temperature, K

tspray Time of spray, s

Y Temperature read at bottom the top thermocouple, K
Twater,in Waterinlet temperature, K
Twater,out Water outlet temperature, K

T Ambient temperature, K

UA Thermal conductance, W/K

% Velocity, m/s

Vgas Gas velocity, m/s

® Volumetric flow rate, r¥s

Vinax Maximum flow velocity, m/s

Vo Particle velocitym/s

Vr Traverse velocity, m/s

Width of the finned area, m

Y Mass fraction

XXII



1 INTRODUCTION

1.1 Background

With the surgeof modern high performana®mputer applicationghedemandor more
powerful computer hardware components lastically increasedn the consumer
market. No longer is this higiech hardware reserved for large corporations, as every day
personal computers (PC) are being fitted with powerful graphics processing units (GPU)
in order to cope with theequirement®f running high end games, as well as the advent

of virtual reality[1]. This increased demand in performance comes hand in hand with a
desire to maintain or reduce the overall size of PCs, leading to a reduction in the GPU
footprint. As such, more powds being dissipated as heat over smaller areas, and in
tighter confinements. Therefore, efficient cooling and thermal management of these parts

has become a significant challerigg [3].

Heat sinks have been used in PCs for decades, and usually utilize forced convection as
the main method of heat transfer, with fdsesngused b generate an airflow over the

heat sink. More recently, it has become necessary to useagaled heat sinks, as the
ability for air to absorb heditas becomensufficientin many casepl]. Furthermore, air

cooling systems are lessmpact than their wateooled counterparts. Current heat sink
manufacturing processes are either material inefficient or costly in terms of change over
whenever the heat sink footprint is altefefl The former issue is especially prevalent in

the machining of heat sinks where more than half of thie imaterial can be wasted

while the latteris further compounded considering the frequency with which new GPUs

are emergingas heat sinks need to be adapted to new GPU footprints on almost a



monthly basig6], [7]. This can be problematic when restrictive manufacturing processes
such as dieasting and extrusion are employed. Since these processes rely on a hard
cased pattern, the whole process must be modified to accommodate any change in
product design, which ffers poor flexibility in a rapidly changing industry and

drastically increases the production costs.

Another factor that needs to be accounted for is demand variability, as not all GPUs are
sold in the same quantities. Highhd GPUs may sell only thousanof units, while lower

end models may sell millions. This inconsistency in demand leads to a variation in the
number of heat sinks that must be produced for any one GPU. A challenge thus exists in
identifying a heat sink manufacturing process that canracwdate various production

volumeg[8] while also remaining flexible to frequent product design changes.

Cold gas dynamic sprayingCGDS) is a welestablished metallic coating process and

has recently evolved into a novel additive manufiacg (3D printing) technologyd]i

[13]. Through this technique, metallic powder particles are accelerated to high velocities
in an inert supersonic gas stream. Upon impact with the substrate, the particles undergo
rapid plastic deformation and bond to the surface to create coatings or sirptares.
Recently, this process has been used to produce pin fin heat sinks for compadiesit
exchanger$14]i [20]. This is accomplished by inserting a wire mesh between the CGDS
nozzle and the metallic substrate. In so doig,array of pyramidal pin fins can be
created with geometric parameters dependent on the mesh characteristics and spray

parameters.

This process presents many advantages when compared to other imgpmpet

manufacturing processes, such as a tmst of operson, and limitless spray pattern
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variability. However, a drawback of the CGDS process is that it can impart high residual
stresses to the substrate. If the latter is sensitive to heat and mechanical residual stresses,
the use of reduced spray parametersrequired (lower temperature and pressure)
Another consideration is that the use of certain feedstock materials in the CGDS process
can cause clogging at high spray temperatures. This again limits the range of spray
parameters that can be used for picithn. An unfortunatedrawbackof this is that a

large portion of the powder being sprayed does not deposit on the substrate and is
consequently wasted, reducing the process viability. Consequently, in order to mitigate
the loss of powder whereducedspray parameters must be used, the possibility of
reclaiming the urdeposited powder so that it can be recycled for use in the

manufacturing of subsequent heat sinksst beexplored.

1.2 Research Objectives

The motivation for this work was to explore the podgibof improving the economic
viability of producing pin fin heat sinks by CGDS by exploring the possibility and
benefits of using powder recycling. The goal would be to reduce the overall process cost
by reclaiming any wieposited feedstock powder frdhre spraying process, and reusing

it in subsequent sprays. This study was done in collaboration with Ironside Engineering
Inc. and the developed process could be used for the first time in retail production. In

order to achieve this goal, the following@g$ were undertaken:

1. Copper pin fin arrays were manufactured by CGDS and a cost analysis model was

developed to determine the least costly parameters for pin fin production.



. The undeposited powder from the production of the pin fin array heat sinks was
reclaimed and analyzed in comparison to theea®ived copper powder for a
variety of characteristics.

. The reclaimed powder was used to produce coatings to ascertain its sprayability
These coatings wewrnalyzed for morphological amdechanical differencesom
asreceived coatings.

. The cost analysis model was then updated to include the savings associated to
powder recycling.

. The coatings and pin fin arrays were annealed in an effort to maximize their
thermal conductivity, and subsequently comparedeémtinannealed examples.

. The pin fin arrays sprayed with-asceived powder were tested in a dedicated rig

to determine their thermal performance characteristics. These were also compared
to their annealed counterparts andfimmed plates.

. A computational fluid dynamics (CFD) model wdsvelopedn ANSYS Fluent

in order to visualize and better understand the temperature distribution through
the water and pin fin array heat sink in the heat transfer tesivitig the main

goal beng to suppet certain assumpti@made in heat testing

1.3 Thesis Outline

This thesis is organized into 6 chapters. Chapter 1 presents an introduction to the

motivating factors for this research, as well as a brief overview of the methodology that

was employed to accorlgh the goals of this work.

Chapter 2 presents an up to date summary of the literature relevant to this work. The first

section gives an overview of modern heat sink technologies and the underlying heat
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transfer concepts that are used in their design.s€bend section provides an outline of
additive manufacturing processes, as well as their advantages and shortfalls when it
comes to the production of pin fin arrays. The third and final section summarizes the
CGDS process and expands on how it can be @sedn additive manufacturing

technique.

Chapter 3 outlines the specific objectives of this work. This chapter provides a clear
workflow with the goal of demonstrating the importance of each step in accomplishing

the final goal of reducing the cost of prmihg pin fin array heat sinks by CGDS.

In Chapter 4, the experimental procedures and methods of characterization are
enumerated and explained. This includes detailed information on the experimental
materials, experimental equipment, characterization ewgnmp and characterization

techniques used in this study to satisfy the research objectives. In this chapter the CFD

model is also defined.

Chapter 5 presents the results and discussion on the final pin fin array heat sinks
produced and the viability of paler recycling, as well as the results of the heat testing.
This also includes the plans for testing, the CGDS parameters, the sample preparation
steps, and the methods of data collection used in the heat transfer test rig, as well as the

conclusionf the CFD model.

Conclusions drawn from Chapter 5 can be found in Chapter 6. Therein can also be found
recommendationsvith regards to future work that should be undertaken to further the
outlined research objectives. A complete list of references and apesradin be found

hereafter.



2 LITERATURE REVIEW

This chapter provides an in depth overview of key concepts and previous research related
to this work. The first sectiopresents th@nportantconcepts in heat transfer atigtrmal
managementvhich are necessary to understand the use of pin fin heat sinkthe

second section, additive mdaaturing processes are outlineas well as the use of
thermal spray processes for this purpose. In the final sectioGGIES process will be
examined along with relevant gas dynamics theagd how this process can be applied

to the manufacturing of pin fin heat sinks.

2.1 Heat Sinks

2.1.1 Background

Heat sinks are used in many applications with the goal of providing enhanced heat
dissipation from thermallyensitive parts. In the case of electronics, heat is generated as
electrical current passes through electrically resistive materials, including metallic wires,
soldered connections or other electrical components. In a computer, the central
processing unitGPU) and the graphical processing unit (GPU), are composed of densely
packed circuitry t hrough whi ch t he maj or
performed. As such, these components draw considerable amounts of energy from the
comput er 6 s mad tharaefore gangrgid thye,mosa heat. Extensive heat release
has been shown to reduce the performance of the chips: higher temperatures lead to
higher electrical resistances that slow down processing sdéétls Furthermore,
excessive heat can cause damage to the chips through the deterioration of plastic

components and evéailure of soldered connections.



The purpose of a heat sink is to aid the transfer of heat from the aforementioned high
temperature electrical or mechanical parts to a coolant fluid, usually air or water, thereby
allowing the part to operate at sustaina@lmperatures. It accomplishes this by taking
advantage of the heat transfer principles of extended surfaces. The term extended surface
refers to the fact that these devices featurebaseplate with a series of
protruding/extending shapes, called fins. Tise of such extended surfaces increases the
area through which convection may occur (as seéfigare2.1), thereby enhancing the
overall heat transfer capability tfe piece. As such, heat is drawn from the base into the

fin material by conduction, and is then dissipated from the fin boundaries into the

surrounding fluid by convection.

Figure 2.1: Comparison of the aea (A) available to convective heat transfer between
(a) a flat plate and (b) a plate with extended surfacg22] (© 2011 Wiley Books)

Heat sinks can feature a wide varietly different fin geometries and configurations.
Selection of fin geometry/configuration often depends on design constraints, such as
weight, space limitations and manufacturing costs. Nevertheless, some of the most

important fin design considerations linde heat transfer performance (directly correlated



to the convection coefficient resulting from the addition of the fins) and the pressure
losses associated with the flow of fluid over the extended suf&jeln a heat sink

there will always be substantial pressure losses, as the addition of extended surfaces into
the flow causes obstruction, raising the resistance ttaweof thefluid. However, these
extended surfacegenecessary to have a high heat transfer perform&ureersely,

when pressure losses become too high, fluid flow slows down or is stalled, drastically
reducing the convection coefficient atmreforeoverall heat transfer performance. Thus,

the key toheat sink design is to find a balance between the performance of the extended

surface and the pressure losses.

2.1.2 Heat Sink Modelling

Heat sinks are generally modelled using the concept of thermal resistances. Using this,
each mode of heat transfer in the dimay is considered as a thermal resistance. As such,
the heat transfer can be reduced to the convective heat transfer between the fins and the
surrounding fluid, and convection between the exposed portions bafieplateand the

surrounding fluid. A rpresentation of the equivalent system is showkigare?2.2.
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Figure 2.2: Representation of heat transfer through (a) the extended surfaces and
(b) the equivalent thermal circuit [22] (© 2011 Wiley Books)

The following development is adapttdr om A Fundamentals of Heat

textbook by Incropera et dR2] for the determination of heat sink thermal resistances.
The general equation for a thermal resmise is

vy (2-1)

y ’
n

where Ry is the thermal resistance of the medjuhn and T> are the temperatures on
either boundary of the resistance, and the heat rate through the resistance. Extending

this principle to fins, the thermal resistance of a fin becomes

'y _ (2-2)
n
whereRiin is the total resistance of the figy, is the heat rate through the fin, andis

defined as

YUY (2-3)



which simply describes the difference in temperature between the finTaassd the

surrounding fluid Tp.

A good way to characterize the benefits of using fins is to determine the fin effectiveness
(), which is defined as the heat transfer rate going through the fin compared to the heat
transfer rate from the base if there was no fin (i.e. via convection directly from the base
through the fin footprint area). Fin effectiveness can also be exprasseunis of

thermal resistances:

Y (2-4)

Y
whereRnofin represents the thermal resistance without the fin (simple convection from the

base through the fin footprint area). This resistance is noted as

p (2-5)

Y <
D -

whereh is the convection coefficient over said area, Anglis the crosssectional area of
the fin at the base (fin footprint area). An effective fin should not have a higher
resistance than that of the exposed base, and asfsueffectiveness should ahys at

least be higher than 2 for the heat sink to be worthwhile.

Fin efficiency is another useful way to

efficiency, d, can be written as

n (2-6)
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wheregmax IS the heat rate from the funder ideal conditions which the fin is at a
uniform temperature throughout its length, equal to the base temperature. Agnsuch,

may be rewritteras

n® — (27)
where Asn is the total area of the fin surface. While fin efficiency serves as a
measurement of a singles finbés ther mal per

be used to characterize an array of fins, as in a hdat®is can be written as

n (2-8)

wheregmaxtis heat rate through the entire fin array if it were at a uniform temperature
equal to that of the base, agds the actual total heat rate from the array. For both the
aforementioned heat rates, the surface area through which heat transfer takes place is
noted A, which includes the area of the fin surfaces and the exposed portions of the

baseplateThereing: can be determined by

n o- — ® — (2-9)
whereN is the number of fins in the array, afAglis the exposed surface area of the base.

The heat ratgmax,;s can be written

n s @ — (2-10)

and the ared is determined by equation-(2L).

6 06 o (2-11)

Furthermoreg: may be rewritten as
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Q6 -6 6 066 — (2-12)

which can be combined with equation§Rso thats may be rewritten as

00 (2-13)

Rearranging equation {22) givesan expression for the thermal resistance of the entire

fin array,Req, Which can be expressed as

— P (2-14)

The equivadnt thermal circuit can be seenFigure2.3.
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Figure 2.3: Representation of heat transfer through the equivalenthermal circuit
showing the original thermal circuit (top) and the simplified version (bottom)[22]
(© 2011 Wiley Books)

Fin efficiency depends on numerous parameters including fin material (conductivity),
flow conditions (convection coefficient) and fin geometry. Various expressions can be

obtained to evaluate the fin efficiency from these different parame@igen thatthis
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work deals specifically with pyramidal pin fins, only the fin efficiency for such fins is

presented here. The geometry of these fins is showigure2.4.

[e—>T

Figure 2.4: Pyramidal pin fin geometry [22] (© 2011 Wiley Books)

The value of fin efficiency wasalculated using a relation foursshd developedh the

work of Incropera et a[22]:

¢Oca O (2-15)
a dOc¢a O
and the ih parametenn, is
’ I 0 (2-16)
“ 7o

wherel1 andl, are the first and second order modified Bessel functions of the first kind,
H is the height of the finy is the convection coefficienks, is the conductivity of the fin

material, andsin is the base diameter.

2.1.3 Heat Sink Fin Configurations

Heat sinks can be divided into multiple subtypes based on the different fin shapes they

have and the shape of the object they are manufactured upoe. dagé of heat sinks
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used for the cooling of CPUs and GPUs, the heat bedeplate are usually flat.
Common fin configurations for these applications are straight fins or pin fins, with
constant or varying cross sectional areas, as showigune2.5. One of the first studies

done on heat sink fin shapes was done by Kays and Ld@8hrwhere a multitude of fin
configurations were studied, and provided the basis for many experiments into heat sink

design to this day.

Figure 2.5: Different heat sink fin configuration on a flat baseplate (a) uniform
cross section straight fin, (b) varying cross section straight fin, (c) pin f[22] (©
2011 Wiley Books)

In the design of heat sinks, there is an underlying incentive to reduce the volume of
material used and required manufacturing costs, while still obtaining the proper heat
transfer performance. Using pin fins insteadstriight fins can reduce the volume of
material required while mataining cooling effectiveness.dwever the manufacturing of

pin fins is more time consuming and cod4&?]. The major advantage found when using

pin fins over the more traditional straight fins is tHay having a discontinuous flow
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path, the pin fins engender fluid mixing which has been proven to be beneficial to heat
transfer[24]. Additionally, it has been shown that pin fin arrays are able to transfer heat
more efficiently than other straight fin arrangements, although this generally comes with
higher pressure loss@25], [26]. An illustration of fluid mixing in the casef pin fins is

shown inFigure2.6.
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Figure 2.6: Fluid flow around (a) pin fins and (b) straight fins [17] (© 2013 Springer
Nature).

The beginnings of pirfin research can be traced back to the workagfauskas et al.

[24], where the heat transfer benefits of fluid mixing in the wake of circular tubes was
demonstrated. Following this, exploration into the use of discontinuous fins instead of
traditional straight fins began. Since then, thees Hbeen much research into the
optimization of pin fin heat sinks for various applications, through varying the cross

sectional shape of the fins.

Initial testing was done on circular fin cross sections, showing that these fins featured
improved thermal p#ormance over straight finR7]. Many other fin shapes have been
tested and compared, such as inwek of Chapman et al. where elliptical and square

pin fins were compared to regular straight fia8]. The bulk of research has gone into
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finding a fin profile which reduces pressure losses, while maintaining goochahe
properties. In a study done by Pandit e{20], diamond pin fins (square fins rotated® 45

from flow direction) were compared to circular fins, and were found to give superior
benefits in heat trafer. Furthermore, a comprehensive study was done by Sahiti et al.
[30] where a variety of pin firshapes, as shown iRigure 2.7, were compared in
simulations for both inline and staggered fin arrangements. This demonstrated that
staggered fin arrangements outperied inline fin arrangements. This is due to the fact
that the inline fins are situated directly
offset, causing the impact of the incoming flow to be more pronounced. It was also found
that the ellipticafin profile featured the highest performance, while square fins were the
least performant. Even though the square fins exhibited similar Nusselt numbers to other
fin profiles (elliptical had the highest Nusselt number), the higher pressure drop
associaté with the square profile resulted in a lower performance on the basis of heat

transfer versus pumping pow&o0].

NACA Dropform Lancet
Elliptic Circular Square

— O t

Figure 2.7: Various pin fin cross sections tested by Sabhiti et gdl30] (© 2005
Elsevier).
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An aspect of fin design that has not been explored in detail is the use of tapered, or
pyramidal, pin fins. Investigations have been done on tapered circular pin fins, but fail to
compare them to netapered pin fing31], [32]. As for square base tapered fins, the only
references that were found came from the works of Cormier and Dupilii§18]. They

stated that the reason this shape is uncommon is likelst due to the complexity and

cost of manufacturing such fing.he pin fins produced in one of their studies were tested

in a cross flow of air to evaluate their heat transfer performfife The results were
compared to straight fins for validation, and the pyramidal pin fins were shown to exhibit

far superior thermal performance.

2.1.4 Manufacturing of Heat Sinks

Heat sinks can be manufactured using many different processes, depending on the desired
fin configuration and the bulk material used. Machining is a typical manufacturing
technique used for the gutuction of heat sink fins, which can produce both straight type
fins and pin fing33], [34]. By using a machining process such as end milling, shown in
Figure 2.8a, it is possible to create thrdemensional shapes from a variety of metallic

bulk materials. As such, machining is an attractive option for the production of heat sink
fins. Since a robot ontrols the path of the end mill, this process is well suited to
prototyping, but can become costly for mass production. Another drawback of this
process is that the efut is lost, constituting a large loss of matef&8], [34]. While

these offcuts could potentially be recycled by recasting them into a new block of bulk

material, this constitutes amtensive extra processing step.
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Another important process is extrusion, as sedfigare2.8b. In extrusion, a solid block

is fed through a die and pushed into a continuous cross sectional shape by forcing
material to flow under high pressui@s]. This process works well for high volumes of
production, however, due to equipment costs, it is not suitable for prototyping. It also
cannot be used for pin fin production, as it can only create shapes with a continuous cross

section[36].

Casting, shown irFigure 2.8c, is capable of producing heat sinks with either pin fin or
straight fin configurations. Casting can produce very high complekigypesout it is a
very expensive process at low rates ofdoiction due to the high cost of complex molds

[33].

Forging is another popular technigioe heat sink productiof86]. In forging, extremely

high forces are used to crush a bulk material into a desired shapes using a molding die, as
shownin Figure2.8d. The cost of equipment necessary for this process is however very
high, and the level of precision attainable is relatively low, which is problematibdo
fabrication of inherently small/fine features such as fins. Uneven fin heights and size

limitations would be expected, leading to a need for post procd8€hg

Various powder sintering techniques can also be used to produce both types of fins. One
such technique is Selective Laser Sintering (SLS), seéigure 2.8e, whereby a fine
powder is deposited onto a baseplate substrate and then selectively sintered layer by layer
to produce a thredimensional shapg33]. This process is difficult to use for mass
productiondue to high process timgsut is excellent for prototyping. A drawback of this
process is that it can result in oxide inclusionl, in certain cases, porosity, effects which

could potentially hinder heat transfer performaj&4.
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A process which seeks to eliminate the cost of expensive dies and molds is bonding. In
this process, straight fins or pin fins are bondedlaseplate using thermosetting epoxy

[36], as seen ifrigure2.8e. This process is viable for low yield production, but it suffers
from a considerable drop in therm@rformanceas the interface material bonding the

fins to thebaseplatés less conductive than the byB6].
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Figure 2.8: Heat sink manufacturing processes: a) machinin§33] (© 2010IEEE); b)
extrusion [33] (© 2010IEEE); c) casting[33] (© 2010IEEE); d) forging [35] (© 2009
Wiley Books); e) selective laser sintering37] (© 2015 Elsevier) f) bonding.
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The above mentioned pregses all have prohibitive draacks in the proddion of pin

fin heat sinks. Whether it be through loss of material, lack of precision, reduced thermal
properties, equipment cost, or the inability to cope with various production rates
(prototyping vs. high volume) there is no single process that iscigréeiited to tle task

of producing heat sinkslable 2.1 provides an overview of the pros and cons of each

process.

Table 2.1: Overview of the Pros and Cons of Various Manufacturing Processes for
Heat Sink Production

Manufacturing Pros Cons Pin Fin
Process Production
Machining -Easily variable -Wastes material Yes
-Good for -Bad for mass
prototyping production
Extrusion -Good for mass -Expensive equipmen No
production -Bad for prototyping
Casting -Complex shapes -Expensive equipmen Yes
achievable -Bad for prototyping
Forging -High production rate -Expensive equipmen Yes

-Low accuracy

Selective Laser -Complex shapes -Low production rate Yes
Sintering achievable -Defects
-Good for (porosity/oxides)
prototyping
Bonding -Low cost of -Low production rate Yes
equipment -Low product
performance

More recently, pyramidal pin fin heat sinks were produced using CGDS as an additive
manufacturing technique, by Cormier and Duplid]i[18]. CGDS, a process that is

discussed in detail later in this work, is a type of thermal spray process used for the
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production of metallic coatings. This achieved by projecting fine powder particles at
high velocity onto the surface to be coated. In order to use this technique to produce pin
fin heat sinks, a wirenesh mask is added between the CGDS nozzle and the substrate.
While the mask wires effectdly block off some of the projected powder particles, others
flow through the square openings in the mask and fodis@ntinuouscoating on the
substrate. As the coating builds up, discrete pyramidal pin fins are produced, as shown in
Figure2.9. This process has currently only been used to produce square base pyramidal
fins, and investigation has been done into the optimal size and spacing of these fins, as
well asstudies on different materials that can be used to produces[14¢if20]. The
economic viability of producing pin fins in this manner is an important aspect to consider
that has not yet been explored in much detail. In the work of Stier et al., selective laser
melting is compared to CGDS for the production of pin fin arraysgua model based on
material deposition rate per hour, showing that CGDS is far superior both in terms of cost
and production capacity38]. In this work, the author alsproposedthat powder

recycling could be used as a means to reduce the cost of pin fin production.
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Figure 2.9: Masking technique for producing pyramidal pin fin arrays [15] (© 2014
Elsevier).

2.1.5 Heat Sink Materials

Heat sinks must be made with highly conductiwaterials in order to provide law
resistance patithrough which heat may be extracted from the sensitive part. Several
materials are used to produce heat sisk&h as magnesiunk<159 W/nmK), copper
(k=386 W/mK), and aluminum K=204 W/mX) [36]. In certain high temperature
applications, nickelk=90 W/mK) and stainless steed£45 W/mX) have also been used,
despite lower conductivity39]. The decision of which material to use for a heat sink

comes down to thepplication it will be used foithe manufacturing procesand cost.

Forinstance, aluminum alloys are the most common heat sink materials due to their low
cost and ease of manufacturing with multiple procel8&sHowever copper, which has
a significantly higher conductivity, can only be made into a heat sink by machining or

bonding[36]. Copper is also heavier tharuadinum and is more expensive. Thus, with
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machining being one of the only ways to process copper, the wasted material in off cuts
constitutes a large production cost. A less common material used is magnesium, which
has been found to be the most efficientenal for heat dissipation with respect to the
mass of the heat sirfB6]. Thus, in situatioewhere the mass of the final product is of
comparable irportance to heat dissipation, it may be desirable to use magnesium instead

of aluminum or copper.

2.1.6 Convective Medium

The main function of a heat sink is to transfer heat away from a high temperature source,
such as heat sensitive electronic equipment,ltavar temperature fluid. This fluid is the
convective medium by which heat can be drawn away from the heat sink. In most cases,
the fluid flows over the heat sink so that heat transfer can take place through forced
convection, as this greatly increaseseffeciency of heat transfer when compared to that

of natural convection in a stationary fluj@2]. In forced convection, a pressure

differential is created by a fan or a punspusing the fluid to flow over the heat sink.

The most common fluid used to cool heat sinks is air, but more frequently water, water
basedsolutions, or nandluids are being used. The capacity of air to absorb heat is no
longer sufficient for many applations, whereas liquids offer far superior performance
[40]. Water has a much higher heat capacity than air, meaning that it can absorb more
heat per unit mass than §0]. However, the use of water near electronics runs the risk

of causing a short circuit if not managed pmbpeMixing water with other fluids, such as
glycol, has also beedone to prevent freezing in lower temperature applicatjdhs

More recently, there has been research into using water as a convective medium with
phase transition, wdre the latent energy from evaporation maintains the fluid
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temperature constant, aiding in heat tranfd. Nancfluids are also used to further
enhance heat transfer efficiency. A ndhod consists ba base fluid, usually water, into

which very small nanometaize particulate has been mixéd the case of nanfiuids

being used as theonvective medium in heat sinkshe particles are usually high
conductivity materials, such as copper, aluminum, or alumina, to enhance the-thermo
physical properties of the fluid], [42], [43]. However, nandluids are more costly than

water and require more maintenance. Furthermore, they can cause undesirable side

effects such as particle agglomeration ancbdgon[4].

2.1.7 Graphics Processing Unit GPU) Cooling Systems

GPUs constitute one of the greatest electrical loads in modern PCs, and therefore produce
a large amount of heat that must be dissipated to prevent damage to the unit, and to
ensure it functions efficiently. GPUs are constantly becoming more powerful with the
demands of modern usage, and, coupled with an overall decrease in siziicitet

cooling of these parthkas become a subject of much interest in recent y2ar$3].
Currently, most commercial GPUs use an integrated air cooling system thes poe
assembled onto the GPU chip. This consists of a fan, which draws in cool ambient air and

forces it through a heat sink mounted on top of the GPU, as sEajune2.10.
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Figure 2.10: Example of GPU cooling system showing cool incoming air (blue
arrows) and warm exiting air (red arrows).

The underlying heat sinks in these cooling systems consistoméination of straight

fins made from copper or aluminum plagéed heat pipesr loop heat pipesHeat pipes

are a two phase cooling device that transfer heat by evaporating a coolant liquid, which is
circulated by its change in density to a cooled saaind then condensed to be circulated
back to the hot are@4]. Loop heat pipes are different only in tlihe evaporator and
condenser portions are separptB]. In the case of GPUs, the heat pipes are put into
contact with the GPU processor,daoontain a coolant fluid which is heated and then
circulated through the length of the pipe. The heat pipes are surrounded by the straight
fins, which are cooled by the air being forced over them by the fans. The coolant in the
pipes is cooled and recidated to the GPU processor, completing the coolant cycle and
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providing a continuous meamf heat dissipation. A schematic of the functioning of a

heat pipe is shown iRigure2.11.
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Figure 2.11: Schematic ofa a) heat pipe[46] (© 2008IEEE) and b) a loop heat pipe
[45] (© 2014 Elsevier)

With increagng regularity,liquid-cooled heat sinkare being implementeidh GPUsfor

higher performance applicationas the ability for air to absorb heiat comparatively

limited [4]. In liquid cooling, a heat sink, which is in contact witke thigh temperature

piece, is immersed in a dielectric fluid. The higher heat capacity, density and ceitgucti

of these liquids, coupled with higher mass flow rates, allfawghe absorption ofar

more heat per unit time than §0], [44]. Liquid cooling systems for GPUs, as séen

Figure 2.12, have a sealed system incorporated into the PCs casing, and usually cool
other systems as well, such as the CPU. The liquid is pushed throughout the system using
a pump, bringing the cold liquid to the hot hardware components, whereupon it is
circulated @er a heat sink for heat extractiph7]i[49]. The heat sink design varies

greatly, and can either be made up of straight or pin fins. The hot liquid then reaches a
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radiator, which spreads the liquid through a series of winding channels equipped with
straight plate fins and a fan to extract tleatfrom the liquid47]i [49]. In such asystem

it is impossible to cool the water below ambient temperature, however there are systems
that incorporate small scale refrigeration systems in order to cool the liquid fitther

The liquid is then returned to the pump for recirculation, sometimes witheavo&s

being used as an intermediatage

— = . Water outlet
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Figure 2.12: PC liquid cooling system, adapted from the work of Naphon et a[49]
(© 2008 Elsevier)

2.2 Additive Manufacturing

Additive manufacturing is an emerging branch of fabrication techniques whereby
components can be produced by the addition of material in a layer based process, as
opposed to forming parts with the use of molds or dies, or the subtraction of material by

machining. Inthe case of metals, components are produced by laying successive layers of
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metallic feedstock materials, either by depositing metallic powders with a binder and
subsequently consolidating them, as seen in powder bed systems and powder feed
systems, or byreating the final part directly from fusirggcontinuous stream of metal

wire, as in wire feed systensl], [52]. These processes are relatively new, and therefore
only certain materials have been investigated for use as feedstock materials, mainly
titanium, alumimim, and steel alloys. More recently, CGDS has emerged for use as an
additive manufacturing technique through the use of masking techriitje§14]i [18],

[51], as well as through the use of removable support structures for the production of

complex shaped 1], [12].

2.2.1 Powder Bed Systems

Powder bed systems, as showrrigure2.13, function by raking a metallic powder over

the work area, and subsequently using an energy source, such as a laser or electron beam,
to sinter the powder bed into the desired sH&@g This process is repeated layer upon

layer until a solid threglimensional object is created. The advantages of ssgistam

are the high resolution achievable, and the ability to produce internal passages, while a

disadvantage is that these units are not generally suited to building large v[@ines
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Figure 2.13: Powder bed additive manufacturing[52] (© 2014 Springer Nature)
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2.2.2 Powder Feed Systems

Another powder based additive manufacturing technique is the povetdesystem, seen

in Figure2.14. In this techniquea stream of metallic powder is fed through a nozzle onto

the build surface, forming a pattern by moving the feed head in relation to the build
surface. As with the powddred system, a laser melts each successive tdymetallic

powder, forming a thredimensional shapg?2]. This pocess can create larger build
volumes than powder bed process and can also be used to repair damage to existing

component$52].
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Figure 2.14: Powder feed additive manufacturing[52] (© 2014 Springer Nature)

2.2.3 Wire Feed Systems

The final type of metallic additive manufacturing system is the wae $gstem, show in
Figure 2.15. In this system, a continuous metallic feedstock wire is fed into an energy
source, either electron beam, laser, or plasma arc, and the molten material is then layered

onto the work surfacg52]. This process is suited to applications that require high
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deposition rates and high build volumes, however the results of this process usually have

defects that require peptocess mehining[52].
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Figure 2.15: Wire feed additive manufacturing [52] (© 2014 Springer Nature)

2.2.4 CGDS as Additive Manufacturing Technique

In recent years, the CGDS process has hsed for additive manufacturing applications.
Thermal spray processes are generally used for the production of coatings and are
generally not well suited to additive manufacturing. This is due to the relatively high
levels of tensile residual stress mes in the coatings, especially important when
producing higher thickness deposits, which can edasure through spallin§cracking

from tensile resuidual stresses stemming from thermal mismf8h) These tensile
stresses are a result of thermal mismatajerdered by the high temperatures used in
most thermal spray procesgé4], [55]. However, the lower processgitemperatures and
higher impact velocity of incoming feedstock particles in CGDS generally result in
compressive residual stresses within the produced coatings, allowing for CGDS to
produce much thicker coatings than other thermal spray prockdsé¢s6]i[58]. This

makes it a potential candidate for use as an additive mantfactechnique.
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The advantages of using CGDS are that it requires no high temperature processing, as
with previously discussed additive manufacturing techniques, which leads to far lower
levels of oxidation[10]. CGDS also has a distinct advantage in deposition rate when
compaed to other additive manufacturing techniques, which can lead to higher
production rate$51]. Conversely, one disadvantageusing CGDS is the low level of
resolution achievable, although this problem has been mitigated through the use of micro

nozzles and mask$0].

In the work of Kim et al., CGDS was used for the production of copper electrodes on
silicon wafers for solar cell applications, regudtin elongated pyramidal shapgs3].

Blose et al. showed the feasibility #pid prototyping ofa Ti6AI4V axisymmetric bulk
partby CGDS[11]. Studies have also been done into spraying onto removable templates
with CGDS for additive manufacturing of shell elemerds, well as sprayingnto
removable support structures for the creation of more complex [d&}s Another
application, as previously mentioned, is the production of pin fin array heat sinks by
using a masking techniqy&4]i [17]. Furthermore, it has been shown that producing pin
fin arrays using CGDS is more economically viable than using selective laser melting
techniqueq38]. An in depth explanation of the CGDS process and its applications is

found further in this chapter.

Other thermal spray processesngelly produce much thinner coatings and contain
defects which make them unsuitable for additive manufacturing applications [59].
However, while thick coatings have been made with high velocity oxygen fuel spray,

there are generally high residual stresaed there can be oxide inclusion at higher
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operating temperatures, again reducing its viability as an additive manufacturing process

[59], [60].

a) b) c)

Figure 2.16: Items produced by CGDS additive manufaturing: a) copper electrode
on a silicon wafer[13] (© 2013 Springer Nature) b) axisymmetric Ti6AI4V part [11]
(© 2006 Elsevier) c) cold sprayed part after removal from support structure and
post-process machining12] (© 2013 Taylor & Francis).

2.3 Cold Gas Dynamic Spray

CGDS is a thermal spray process which has more traditionally been used as a coating
deposition technique, but has more relyealso been used as an additive manufacturing
techniqug11]i[16]. CGDS is a solid state process: the feedstock material does not reach
its melting point during deposition. It relies on the kinetic energy of the impacting
feedstock particles to create cogsri6l]. In order to accelerate the feedstock material,

the particles are injected into a gas stream which has been accelerated though a
convergingdiverging (de Laval) nozzl¢62]. Particles that achieve sufficiently high

velocities upon impact with the substrate will plastically deform and bond with the
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substrate. An illustration of the typical CGDS system components is preseiffiigaine

2.17.

- Standoff Distance

Orifice Nozzle |"‘_| Substrate
Heater - Shape - Shape

Carrier Gas 27 7 NN 7 .
(Bottle Pack) | ‘@ R
- Gas Mature = .v T .

Coating
Carrier Gas Controller Powder Feeder Feeder Gas
- Temperature - Wheel type - Flow rate
- Pressure -RPM

Figure 2.17: lllustration of the CGDS process (image courtesy of Patrick Trahan).

2.3.1 Background

The basis for CGDS was first proposed in 1900 by Thurston, where a blast of high
pressure gas could be used to propel metallic particles onto a metal plate, causing them to
become permanently embedded and thereby creating a c@@®hdgHowever, it took

many years for this press to be refined into the conventional form known today. In

1958, Rocheville filed a patent for a process that was to use a DelLaval type nozzle with

high pressure air to propel fine metallic particles at higher velocity in order to form a
coating. Thisset up was not capable of creating thick coatings on g¢#tt |1t wasnod
unt il the 198006s, when Papyrin and coll eag
Mechanics of the Russian Academy of Science in Novosibirsk were able to deposit a

variety of metals and comptss onto various substrate materij@d]. This process has
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evolved into a wetknown commercial spray process and has been the focus of extensive

research over the last decade.

2.3.2 CGDS Fundamentals

2.3.2.1 Bonding Mechanisms

In order to bond, a cold sprayed particle must either create metallic or mechanical links
with a substrate or other previously deposited particles. For this to occur, the particles
must be accelerated beyond a minimumshodd velocity known as the critical velocity.
Particles travelling with speeds in excess of this velocity can deform swiftly and locally
and are able to bond to the substrate. In certain cases, a phenomenon known as adiabatic

shear instability can takegule[65].

Adiabatic shear instabilitpccurswhen a material is subjected to extremely high strain
rates. The plastic strain energy results in highly localized heat generation at impact,
which has insufficientime to dissipate into the material due to the extremely s$imoet
scales associad tocold sprayparticle impacts. Thisaugsa rise in temperature and
material softening[66], [67], which overcomes the inherent work hardening of the
materialandcaugsthe material to experience a reductiorilaw stresg65], [66]. Under
these conditionghe substrate and particle material flovadly to form what is known as
metal jetting shown inFigure 2.18. This figure illustrateshow the particle material
flows outwardasa crater is formed in the substrate. Under thegk shearconditions,
surface oxide layersan beremoved and a clean metaktal interface can be created
[68]. This intimate contact, coupled with theghicontact pressures experienced in cold

spray, promotethe likelihood ofmetallurgical bonding66].
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100 ns
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Figure 2.18:. Example of jetting seen in cold spray, shown in a) the results of
simulation and b) a copper particle on copper substte [65] (© 2003 Elsevier).

The sevee deformation experienced in jetting can also result in mechanical interlocking
of the particle and substrate. This type of mechanical bonding can only occur when both
the particle and the substrate experience severe defornf@fiprAn example showing

particles and substrate mechanically interlocked can be s&geyuire2.19.
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Figure 2.19: High magnification image of a copper coating on an aluminum
substrate showing an area where the substrate has been deformed in between
particles [67] (© 2009 Springer Nature)

In order to improve the conditions for mechanical bonding on the substrate, grit blasting
can be done as a way to clean the surface and prepare it for deposition. Tlatesigbstr
thus predeformed, aiding in the formation of points where mechanical anchoring could
potentially occuf69], [70]. This is however a material dependent result, as it has been
shown that grit blasting for certain material combinations cdacinhinder bond strength

[71]. This is because grit blasting changes the mode of adhesion to mechanical anchoring,
in essence hindering the potential for metallurgical bonding. Thus, for material
combinations where the main mode of bondmgietallurgical, grit blasting can reduce

adhesion strengt70].
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However, #er the initial layer of depositignthe particles are no longer experiencing
impact with the substrate, but with other previously deposited particles. Therefore, in
order for bonding to occumechanical interldeng andb6r metallurgical bonding must

now take place between particl@2]. This phenoranon is shown by the etched samples

in Figure 2.20, where it is seen that the particle boundaries have disappeared in certain

locations, indicating that metallurgidabnding has occurred.

Figure 2.20: Image of an etchedTi-6Al-4V coating, where thecircles show local
bonding between deposited particlef72] (© 2007 Elsevier)

2.3.2.2 Critical Velocity

The critical velocity is the minimum velocity at which cold spray particles need to travel
in order to bod to a substrate, as opposed to simply rebounding or causing erosion. The
critical velocity is a value that is dependemt roaterial type, particle size, particle and

substrate temperatures, melting temperature, and surface [88$h[73], [74]. As such,
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it is difficult to determine the exact critical velocity for any one subsatécle
comhbnation. On the other hand, at extremely high velocities impacting particles cause
erosion and do not adhere; this is known as the erosion ve|@8ity[75]. Thus, it is
important that the particle velocity be between the limits of the criticdl emasion
velocities for depositionFigure 2.21 shows this deposition window for 23n particles

of various materials when impacting a substrate with identical material properties to the

particle.
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Figure 2.21: Deposition window of 25¢ m particles of various materials impacting
on substrates with identical material properties, with the grey area indicating
attainable process conditions at the time of the study’5] (© 2010 John Wiley &
Sms).

Also important to note, is that the critical velocity between particle and substrate is not

the same as that between an incoming particle and those that are previously deposited
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[72]. Thus, the critical velocity is altered following the deposition of the initial particle

layer.

2.3.2.3 Deposition Efficiency

Deposition efficiency (DE) is a measure of the percentage of impacting particles that
actually stick to the substrate or other previously deposited particles. The DE of any
particlesubstrate combination can be enhanced in many ways. Substrate pretseating i
one such technique, where the substrate materials are thermally softened, improving
plastic deformatiolfi76]. Various surface preparation techniques can also be employed to
aid the deposition of initial coating layers, such as grit blasting or polig6®ig Powder
preheating can be used to improve the DE through elsmr of the coating, by
thermally softening the particles and therefore aiding them to plastically défaim

[78]. Nonetheless, the most important contributing factor to DE is particle velocity. All
preheating or surface treatments only have the effect of lowering the required critical
velocity for bonding. There is a clear trend demonstratinag the higher the particle
velocity, the higher the DE, as can be seeifrigure 2.22. This trend continues until

erosion occur§r4], [79]i [81].
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Figure 2.22: Increasing DE with increasing particle velocity[62] (© 1998 Springer
Nature).

2.3.3 Effect of CGDS Parameters and Relevant Gas Dynamics

Principals

Many fundamental gas dynamic concepts are crucial to the performance of the CGDS
process. Through the application of these principles, cold spray feedstock particles can be
accelerated to very high speedsdsefimpact with the substrate. In order to reach such
high velocities, the carrier gas is accelerated thaugbnvergingliverging nozzle (B

Laval), which in turn is used to accelerate the powder particles by means of momentum
transfer. The nozzle desigs thus critical to ensure that the required supersonic carrier

gas velocities are achieved.

The first important parameter which affects gas velocity in CGDS is the gas [vatlre

This can be explained by examining the definition of the Mach nuf6Bgr
©  OMQY"Y (2-17)
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whereVgasis the gas velocityM is the Mach numbek is the gas specific heat rati®,is

the gas constanandTyas is the gas temperaturBor a given design Mach number, it is
evident that by changing the carrier gasura the velocity of the carrier gas can be
drastically altered. In the case of CGDS, the most common carrier gases used are air
(k=1.4, R=287 J/kd&K), nitrogen k=1.4, R=297 J/k&K), or helium k=1.67, R=2080
J/kgK). Given that helium exhibits a far gerior individual gas constant than nitrogen

or air, its use allows for greater gas velocities to be achieved for a given gas temperature,
resulting in a higher DE74], [82]. However, while the use of helium in CGDS can have
great benefits in terms of DE, its cost is significantly higher than that of air or nitrogen,
which does not make it an economicalijable solution for most applications. Helium
recycling apparatus have been used in order to reduce the cost of helium use, though this
still constitutes a sizable capital investment in equipmé&herefore it is typically
reserved for materials that arery difficult to deposit (i.e. that have very high critical
velocities). Nitrogen is thus used in most applications as it can achieve slightly higher

velocities than air, and ensure no oxidation of the sprayed materials can take place.

The next parameter hich affects gas velocity is carrier gas temperature. The gas

tempeature can be derived from the edienensional isentropic relatiq62]

0% Q p, (2-18)

v oPT)

whereT is the local gas temperature afglis the gas stagnation temperature. From this
relation, raising the gas stagnation temperature also increases the local gas temperature,
which in turn will increase the gas velocity, as per equdtiil7 ). This will increase

the particle velocity74], [83], and the particle temperatuj@3], as is shown irFigure
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2.23. A higher gas temperature also increases the substrate temperature as the high

temperature gas flow heats the underlying mat¢ri@], [82]. All of these effects are

beneficial b DE.
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Figure 2.23: Particle velocity (w) and temperature (Tp) as a function of gas
stagnation temperature[83] (© 2001 Springer Nature)

Next, momentum transfer from the carrier gas to the particle must be examined. The

acceleration of the particles is a result of the force imparted to them by the carrier gas:

O a ® (2-19)
whereF is thenet force acting on the particley, is the mass of the particle, aaglis the
particle acceleration. The force on the particle is the drag force resulting from the high
velocity carrier gas flowTo note is that the gravitational forces are neglectatieggsare

orders of magnitude smaller than drag foldee drag forcekp, is given ag§84]

P

o 36 - (2-20)
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whereCp is the drag coefficient, is the gas density/ is the gas velocity relative to that
of the particle, and\, is the cross sectional area of the particle perpendicular to the flow

direction. This can be rewritten to include the relative particle velf@#y [85]:

o Ps g L (2-21)

where theV, is the particle velocity. Thus rewriting equatip8-19) it is possible to see
theeffect of each parameter:
p. ,

a @ -0
C

) w O (2-22)

In terms of the shape and size of the particle itself, this shows that the higher the particle
mass, the lower the acceleration becomed,tharefore the lower the partclelocity at
impact, typicallyresulting in lower DE[86]. However, it has been noted that larger
particles have a lower critical velocityhich has been attributed to temperature effects as
shown by Schmidt et aJ73]. Another factor is the drag ciieient and cross sectional

area of the particle, showing that the higher these values are, the higher the particle
acceleration, leading to higher impact velocity. However, the cross sectional area and the

mass of the particle are not independent, asbeaseen by rewriting equati@r-22 ) in

terms of particle diametéor a spherical partic|ed,

T -
_n 'Q(I) E('j ” d) (b (223)
o C

where }, is the density of the particle. Here it is seen that the particle acceleration

decreases with particle diameter, leading to the conclusion that larger particles result in

lower impact velocities. The drag coefficient depends on the shape of the puiiticle,
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spherical particles exhibiting lower drag coefficients than irregularly shaped particles

[86].

Another factorthat can have an effeon particle acceleratiois gas densityFrom the

onedimensional isentropic relation, the gas density is writtd62{s

, . _ (2-24)

where} ¢ is the stagnation density, which can be found from the perfect gg84aw

o 7YY (2-25)
wherePs is the stagnation pressure. As a result of this, by raising the stagnation pressure,
the stagnation density is also raisednsequently raising the particle acceleration
through additional drag forcegain raising the impact velocif§3], as can be seen in
Figure 2.24. This also shows that stagnation pressure has no effect on particle
temperature.On the other hand, raisingtagnation temperature for a fixed pressure
decreases stagnation density, but raises gas velocity, both of which influence drag force.
However, since particle acceleratiorriea linearly with gas density, butiries withthe
square of gas velocitythus the gas velocity increase has a more important effect on

particle impact velocity than gas density.
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Figure 2.24: Patrticle velocity (w) and temperature (Tp) as a function of gas
stagnation pressurg83] (© 2001Springer Nature).

The final parameter which has an effect on the particle velocity is the Mach number of
the flow, which is dictated by nozzle geometry. The area ratio between the nozzle throat,
A", and any axial location along the length of the nozx|eletermines the Md number
at saidocation, as determined by the edienensional isentropic relatid62]:

0 p C Qp.,.

- ' (2-26)
o 0 Q p P C v

This shows that the largére area ratialong the length of the nozzline larger the local

Mach number will become, increasing gas velocity and particle velastyshown in

Figure2.25.
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Figure 2.25: Increasing Mach number with increasing distance along the nozzle
length as the area ratio increases [62§( 1998Springer Nature).

The length of the nozzlalsodeterminestte amount of time # particlesremain in the
accelerated gas stream: longer nozzles provide for a longer opportunity for the particles
to be accelerated. However, the nozzle length and area ratio cannot be infinitely increased
for use in cold spray due to the onset of commhock waveparticle interactions at

Mach numbers higher than[87] and practical manufacturing limitations. Thus, nozzle
designs for commercial cold spray systems are generally limited to the models supplied

by the manufacturer.

Other parameters that can influence deposition are the nozzle traverse velocity and the
nozzk standoff distance. Traverse velocity itself has not been shown to have an effect on
DE, but using low traverse velocities with high carrier gas temperatures has been shown
to heat the substrate, changing deposition conditid@l [82], [88] Nozzle standib
distance also has an effect on DE, where it has been shown that DE is reduced if the
standoff distance is too short or too long, due to bow shock effects and particle

decelerationrespectively89].
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2.3.4 Cold Spray Process Costs

In the work of Stier, the costs of the CGDS process and its consumables are highlighted
[90]. The primary cost is that of deploying the cold spray equipment itself, which
incorporates the cost of the equipment, installation, maintenance, repair, and
depreciation. Next is the cost labour, which isdependent on the level of automation of

the system. As for consumables, the most important costs are the cost of the feedstock
powder, the cost of electricity (predominantly for heating of the carrier gas), and the cost
of the carrier gas consumption. Bleecosts are heavily dependent on process parameters,
as these affect the rate of consumption, as well the spray time necessary to produce the

required final product.

2.3.5 Annealing of Cold Spray Coatings

Annealing has been investigated on cold sprayed demssdsmeans to eliminate certain
undesired artifacts of the spray process. The predominant defect that annealing seeks to
remedy iswork hardening from the extensive plastic deformation in the spray process
which results in very low ductility in the agrayed coating56], [91]. Annealing has

also been shown to relievesidual stresseand improve particle cohesi¢@l], [92]. In

a study done by WeNa et al.[93] it was found that annealinof a copper coating
improved the interfacial bonding between particles, as well as returned the electrical

resistivity and micro hardness to values comparable to those of bulk copper.

2.3.6 Powder Recycling

In the CGDS process, if the spraying of a coating &®E of less than 100%, there are

by definition particles that do not adhere to the substrate or previously deposited
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particles. In certain cases, this can account for a substantial loss of feedstock material. In
order to mitigate this, a possible sotutiwould be to reclaim this wheposited powder,

and reuse it in future sprays. However, there is no published work on the subject of
spraying reclaimed powder. Furthermore, there is only sparse work done on the analysis
of undeposited particleprovidedby Fernandez et a[94]. In this work, the feedstock
powder used was chromium carbidaickel carbide cermet. The weposited particles

were reclaimed using an adhesoarbon tape placed near to the zone being sprayed. The
results showed that wteposited particke eitherfractured or severely deformed upon

impact with the substrate.
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3 RESEARCH OBJECTIVES

3.1 General Objectives

The main objectives of this worlre to determie ccst effective parameters for the
production of near net shape pin fin arrays, and to improve on these cost effective
parameters by implementing powder recycling. CGDS has been proven to be a viable
technique for the production of this fin configuratifii®]i [20], but as a considerable
portion of the feedstock powder is lost in the process, it is important to explore the
possibility of reclaiming and reusing it. Powder recycling in CGDS has not been explored
in the literature, and thefere the effects experienced by the powder and their influence
on deposition, must be explored. Consequently, the goals of this work were to: a)
determine the most cost effective CGDS parameters, b) Spray pin fin array heat sinks and
reclaim theun-deposied powderwusing an irhouse reclamation apparates$ analyzehe
reclaimed powder and ascertain its sprayability, d) determine the cost savings of using
powder recycling, e) verify the thermal performance of the resulting heat sinks, f)
improve the catings and fins with annealing, and g) use a CFD model to verify

assumptions made in thermal performance testing.

3.2 Determination of Cost Effective Parameters and Fin

Analysis

The first specific objective was to create a cost analysis model to determine the leas
costly parameters for pin fin production. In this work the requisite fin heighsetdsl.7
mm to ensure a tight fit in the heat testing chanmaeld as such it was important to

determine a specific gun traverse velocity for every set of CGDS parareebsr tested

49



that would producéins which could then be milled down to 1.7 min this way, the cost

of eachset of parameters could be compared on an even basis. By using a few different
traverse velocities for all sets of parameters, it was subségpessible to determine the
appropriate traverse velocity by linear interpolation. Following this, fins were sprayed up
to the requisite height using every set of parameters and analyzed. Analysis of the cross
sections by scanning electron microscope ($ENId optical microscope were used to
characterize density, as well as to quantify the shape of the resulting fins. Digital

microscopy was used to render 3D representations of the fins.

With the deposition results of these sanegght sprays, it was postbto create a cost

model to compare the sets of fins from an economic standpoint. This took into account
the powder costs, gas costs, electricity costs, masking costs and the prospective cost of
labour The lowest cost spray parameters determined werk fosghe majority of the

remainder of the work.

3.3 Production of Pin Fin Array Heat Sinks

Once the most cost effective parameters were selected, the next specific objective was to
produce full sized pin fin arrays. Given the dimensions specified by thetdstatig

design a pin fin array spray rig was designed and manufactured. The spray rig needed to
be able to mask the required area of the substrate to be sprayed, as well as keep
everything centered and square with respect to the borders dlatieplate Another
important consideration was to maintain the desired standoff distance between the

substrate and the wire mestask.
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Once the spray rigvas completed, final heat sinks were sprayed using the previously
determined lowest cost parameters. In otddrave lower flow bypass in tieat test rig,

and to eliminatelocal variations in fin height, the fins were sprayed taller and
subsequently milled down to the requisite 1.7 mm height of the heat test rig test channel.
The undeposited powder from thesall sized sprays was reclaimesing an irhouse

reclamation apparatder subsequent sprays and further analysis.

3.4 Powder Reclamation and Characterization

Once full sized heat sinks were produced, the next specific objective was to reclaim the
un-deposite powder and compare it to the-r@seived powder. For reclamationjra

house powder reclamation apparatus was used within the speagberfor in-situ
powder collection. Once the powder was reclaimed, it was sieved for impurities
(delaminated mask coatis, tape, etc.) and analyzed using SEM. This analysis consisted
mostly of a morphological characterization of the reclaimed powder compared to its
original spherical shape. Particle velocity measurements were also taken using the
reclaimed powder and asceived powder to compare whether the powder morphology

had an effect on in flight dynamics.

3.5 Sprayability of Reclaimed Powder

The next specific objective was to use the reclaimed powder to produce coatings in order
to establish its sprayability and its @ft on coating quality. Three powder blends were
compared: 100% a®ceived powder, 50wt% asceived with 50wt% reclaimed powder,

and 100% reclaimed powder. Full coatings were produced with each powder blend and

DE was determined, as well as a comparisbpowder flowability. From these coatings,
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porosity and hardness were also measured. The coatings cross sections were then etched

to show the particle boundaries.

3.6 Cost Reduction from Powder Recycling

The cost analysis model was then updated to includsaviag associated with powder
recycling. This was done by removing the cost of thaleosited powder leaving only
the cost of the powder which stuck to the mask assembly and that which resulted in pin

fins.

3.7 Thermal Performance Characterization

The pinfin arrays spray@ with asreceived powder were tested in the heat test rig to
determine their thermal performance characteristics. Also tested were bare heat sink
baseplate as a grounds for comparison. Water flow vedsvaried while the temperature

of the heating element and the water inlet and outlet temperature were recorded.

3.8 Coating and Fin Annealing

The next step was to attempt to improve the conductivity of the fins and coatings. Thus,
the coatings produced with each powder blend and the full pirefin arrays underwent
annealing. After annealinghe coatings were again tested for porosity and hardness, as
well as reetched to observe any changes to the particle boundaries. The heat sinks were

retested in the heat test rig to determine thectffef annealing on the fin performance.

3.9 Heat Transfer Modeling

Having determined the thermal performance of the pin fin arrays, a CFD model was

developed to better understand the flow of heat and water throughout the heat transfer test
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rig. The goal othe model was to verify the validity of certain assumiorade in the
characterization of the pin fin performance, as well as to visualize the temperature

distribution in the heater block, pin fin array, and the flow of water.
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4 EXPERIMENTAL PROCEDURES

4.1 Feedstock Material

The feedstock powder used for this work was spherical$2ucopper powder from
Praxair Surface Technologies (Indianapolis, IN, USA). Laser diffraction analysis
(Microtrac S3500, Nikkiso, Japan) was done to determine the mean parzek si
yielding an average particle diametdrld.43 um based on volume (MV) a5 pm
based on the number of particles (MNhe small variance between MN and MV shows

that the particles have a fairly tight size distribution.

This copper powder was chaossincethe size is in the optimal range for CGD&].
Spherical particles were chosen for ease of comparison betweeceasged powder, and
powde reclaimed posimpact. In the frame of powder recycling, this allows for simple
direct morphological comparison between the perfectly spherical initial case, and the
severely damaged reclaimed particles. An SEM image of theeasved powder is

shown inFigure4.1.

Figure 4.1: SEM image of Praxair Cu-159 copper powder.
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4.2 Substrates

4.2.1 Copper Plate Substrates

The substratesised werel / 830175 (mn) thick copper plategMetal Supermarkets
Ottawa) These substrates served as baseplate for the pin fin array heat sinks
produced by CGDSor the production of the final pin fin array heat sinks, the substrates
were precisionmilled to a size of 61.5 mm by 149 mm. These dimensions were
determined with respect to the heat transfer test rig. A picture of thebfsaplatas

shownin Figure4.2.

Figure 4.2: Final pin fin array copper baseplate

4.2.2 Substrate Surface Preparation

The substrate surface was prepared by grit blasting to eoutife surfaceas it was

found that this enhances the bond strength of copper coatings on copper syb&fates

55



The grit blasting unit propelgr i t by passing compr 2mnyed
inner diametersteel nozzle. The gun is hand held and the grit is gravity fed from a
hopper mounted on top. All blasting was done at approximately a 45° angle with a
standoff distance of approxinedy 2 inches, and a steel holder was used to back the

plates during blasting in order to prevent warping from the gas stream.

The averageiaconsumption of the unit i8§ CFM (170L/min) at a maximum pressure of
90 psi (621 kPa) (Princess Auto SKU: 8149)0rhe grit used was Ebonygrittopper

slag blasting larasive(Princess Auto SKU8200594. This grit is composed of #EG 20
(1.5-3.0 mm) ferrosilicate. After grit blasting the substratese cleaned using acetone in

an ultrasonic bathnd dried

4.3 CGDS Equipment

4.3.1 Heater and Controls

The CGDS system used for the production of all coatings and pin fin arrays in this work
was the SST Series EP cold spray sys{@anterline(Windsor) Ltd., Windsor, ON,
Canada). This systenses a 1%kW heater and haa maximum stagnation temperature

and pressure d850°C and 3.4 MParespectively.The temperature can be set using a

ai

touch screen on the cabinet, while the pressure is controlled by a valve on its side.

Pressure and temperature readings of the systencalferated regularly using a

calibration kit. A picture of the heater and control cabinet is seEigure4.3.
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Figure 4.3: CGDS gas heater (left) and control cabinet (right).

4.3.2 Nozzle Assembly

The CGDS nozzle assembly is composed of the nozzle holder, which connects the
powder feed line, the converghuijverging portion of the nozzle, and an exdgien of the
nozzle which is typically referred to as the nozzle. The model used in this work is the
UltiLife nozzle assembly which is commercially available througGenterline Ltd

(Windsor, ON, Canadap picture of the assembly is seerFigure4.4.

Powder Feed Inlet

Converging-Diverging
Part

Nozzle

Figure 4.4. CGDS nozzle assembly.
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Thenozzle holder connects the gas heater to the nozzle and incorporates the converging
diverging part of thenozzle necessartyp accelerate thmain propellangas to supersonic
speedsThe holder used in this work ha2 mm throat diameteit also hasa channel

into which the powder inlet is inserted. The convergingerging part of the holder is

shown inFigure4.5.

S

Figure 4.5: CGDS convergingdiverging part.

The nozzle powder inlet has the dual role of maintaining the nozzle in place, centered in
contact with the throat exit of the convergidiyerging piece, and of feeding powder
through lateral injection into th@ozzle. A spring is compressed between the powder inlet

and an insert which fits into the convergidigerging part. These components are shown

in Figure4.6.
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20 mm

Figure 4.6: From left to right: The nozzle powder inlet, the insert into the
converging-diverging part, and the spring.

The CGDS nozzle used for this work is the Centerline Ltd. UltiLife nozzle, and is shown

in Figure4.7. It consists ofLl20 mm long diverging section, with an exit diameter of 6.3
mm. The nozzle also has a built in feedstock powder inlet, positioned for leti@@ion

near the nozzle carrier gas inlet and connecting directly to the powder inlet piece. This
nozzle is made of a clegsistant materiatungstercarbide in a cobalt matrixgnd was
selected because the copper feedstock powder caused clogging in steel nozzles during

initial testing.

Figure 4.7: CGDS UltiLife Nozzle.
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4.3.3 CGDS Robotic Traverse System

The CGDS gun is mounted on am@mated XY robotic traverse system, seenFigure

4.8. It uses electrical stepped motors to rotate linear screws, resulting in the planar motion
of the gun. The Mecity and displacement of the gun are controlled digitally with
software included with the system. The maximum traverse speed of the system is rated at

200 mm/s.

Figure 4.8: CGDS traverse system.

4.3.4 Powder Feeding Equipment

The powder was supplied to the CGDS system using a commercially available powder
feeder (Model: AT1200HP, Thermach Inc., Appleton, Wisconsin, United States of
America). The feedstock powder is placed into a pressurized canister witlih avhi
rotating perforated wheel controls the powder feed rate. A hammer, mounted on top of
this wheel, hits the surface of the wheel periodically to aid in the consnflmw of the

powder and to ensure that the holes in the wheel are filled. Both thednaanchwheel
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assembly, and the pressurized canister are showigume4.9. As the wheel rotates, the
holes line up with the carrier gas stream, and the powderrisctén the CGDS system.
The canister is pressurized with nitrogena pressure of approximately 30 psi during

operation to prevent back flow of the carrier gas into the canister

Figure 4.9: Powder feederassembly showing the hammer and perforated wheel
(left), and the pressurized canister (right).

In order to control the powder feed rate, the rotational velocity of the wheel and the size
of the holes in the wheel can be adjusted. The faster the whekdrgadthe holes, the
higher the powder feed rate. In this work, two different wheel hole sizes were used; the
240 medium hole wheel, and the 120 large hole wheel. The medium hole wheel was used
initially with the asreceived powder, while the large helbeel was adopted later for the
reclaimed powder. This adjustment was necessary since the reclaimed powder exhibited a
reduced flowability when compared to theraseived powder. Both feeder wheels are

shown inFigure4.10.
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Figure 4.10: 240 medium hole feeder wheel (left), and 120 large hole feeder wheel
(right).
4.3.5 Spray Chamber

The chamber within which the CGDS was penied is shown irFigure 4.11. It is
equipped with a dust collection system which uses a vacuum to pull théeposited
powder through a water filter so that it iafaly trapped. The remaining air is passed

through a HEPA filter before being recirculated to the room.
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Figure 4.11: CGDS spray chamber.

4.3.6 Gas Delivery System

The feeder gas and main propellant gasprovided by preassembled 11 bottle nitrogen
bottle packs purchased from Linde (Mississauga, Ontario, Canada). The botte pack

were delivered with a pressure of approximately 18 MPa.

4.4 Pin Fin Sample Sprays

In the initial testing and parameter selectiontfue production of finned samples, small
versions of the final substrate and mask assembly were created. The smaller substrates
were approximately 50 m3r7%nmn capPer prate, Inthesed e f r
smaller test samples, the grit blasted comobstrate had holes drilled directly through it,
wherein bolts could be fastened to hth& wire mesh in place. Washers were used to

ensure that the desired 2 mm substrate to mesh standoff distance was maintained. Tightly
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fastening the bolts was enouth ensure that the wire mesh would not bow arnithe
force of t heggasssGdas. Apigtigetobtmsdexperimental design is shown in

Figure4.12.

Figure 4.12: Small sample pin fin spray setup.

4.4.1 Traverse Velocity Determination

Pin fins were produced using various CGDS parameters. With these different parameters,
it was important to determine traverse velocitlest would result in the same fin heights
for each set of spray parameters in order to ensure accuracy of comparison in terms of
cost analysis. In order to determine the correct traverse velocity to achieve the same
height of fins, traverse velocity wasroelated to be inversely proportional to the fin

height, as seen in the following equation:

(OLAATNH (4-1)
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whereH is the height of the finyt is the gun traverse velocity, aedH is the constant
correlating traverse velocity to fin heighor a specific combination of process

parametersThis correlation is later verified in the resubection5.1.2

4.4.2 Mesh Reuse

Tests were done to determine whether the -wiesh mask could be used for multiple
sprays. To determine this, a single piece of wire mesh was used for multiple sample pin
fin sprays, while using a new substrate each time.OmBen the mesh and the substrate

was calculated for each test.

4.5 Pin Fin Array Spray Rig

A spray rig was devised in order to hold in place the heatbsiskplatesubstrates. It was
composed of a steel holder block and a wire mesh sandwiched between two sheet metal
masks. The rig also had to maintain the required standoff distance of 2 mm between the
wire mesh and the substrates. This was accomplished by manufacturing spacers to the
required thickness, while taking into account the thickness ob#éseplate The ful

assembly is shown iRigure4.13.
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Figure 4.13: Pin fin array spray rig.
For clarity, an exploded view of the as##y is shown irFigure4.14.

20 mm
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Figure 4.14: Spray rig: 1) Bolt; 2) Mask; 3) Wire mesh; 4) Spacer; 5) Substrate; 6)
Holder block.

4.5.1 Steel Holder Block

To ensure the proper alignment of theeseplatevith the sheet metal masks, a steel holder
block was precision milledand shownin Figure 4.15. A slot was machined into the
block to ensure the centering of thaseplaten the widthwise direction, and the block

itself matches the exact length of thaseplatefor easy alignment inhe lengthwise
direction. The block has a series of 6 holes machined into it to fasten the mask and mesh

into place.

67



Figure 4.15: Steel holder block for the pin fin array spray rig.

4.5.2 Sheet Metal Masls

The sket metal masks were machined at the University of Ottawa Mechanical
Engineering Department machine shop by Electrical Discharge Machining (EDM). This
process was used to ensure that the exact dimensions required for the footprint of the
finned area coultde obtained. This was critically important since this footprint is made to
match the shape of the underlying hot element to ensure that the most heat possible is
transferred through the finned area. The masks were inserted on both sides of the wire
mesh sahat they could be pressed together and aid in the rigidity of the rrigsine

4.16 shows a picture of the sheet metal mask.
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Figure 4.16: Sheet metal mask cut with wire EDM to match heat sink footprint
geometry.

4.5.3 Stainless Steel Wire Mesh

The mesh used for pin fiproductionwas a corrosiomesistant 304 stainless steel woven

wire cloth mesh witi2 wires/inchin each direction and a 0.584 mm wire diameléis

mesh was chosen because it yielded good results in previous CGDS pin fin [di4ifilies

[20]. The mesh was cut using a pneumatic shear af antfje from the direction of the
weavein order to produce the desired staggered fin configuration. The holes through
which the bolts were to hold the mesh in place were made using a manual punch press.

The final mesh layout is shown kigure4.17.
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Figure 4.17: Wire mesh-mask used for the production of staggered pin fin arrays

4.6 Pin Fin Array Milling

In order to minimize flow bypass in the heat test rig, anelitbinated local variations in

fin height, the fins were sprayed above their desired helghts minimum ofL 0 0 & m
and subsequently milled down to the requisite 1.7 mm height of the heat test rig test
channel shown further in this sectionThe fins werema c hi ned down [

increments to avoid damaging or removing fins from the substrate.

4.7 Powder Reclamation Apparatus

In order to reclaim the udeposited powder from the spraying, a reclamation system was

built in houseand it is shown irFigure4.18. It consisted of a sheet metal box, which was
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large enough not to affect the area being sprayed. An opening in the top panel of the box
allowed the nozzle to enter andlfill the desiredspraypattern. A detachable side panel
allowed for ease of access to the substrate. Finally, a ducting pipe equipped with a 0.5
micron filter was connected to the spray filtermgcuumsystem in order to avoid any
backflow towards the g, and to ensure that the maximum amount ctleosited
powder remained in the bok this way, the hope was that the billowing effect of the
high speed carrier gas would be mitigated, reducing the loss of powder through the

opening in the top panel.

Figure 4.18: Powder reclamation apparatus inside the CGDS spray chamber.
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4.8 Cost Analysis

Table4.1 provides a list of the costs of all consumables associated with each expense, as
they are available at the University of Ottawa. The hourly ratelabbur was

approximated based on typical local rates for manufacturing workshops.

Table 4.1: Cost of consumables used in the production of pin fin arrays

Expense Cost

Labaur 70CAD/h
Mask 0.28CADunit
Electricity 0.11CAD/KkW:-h
Nitrogen Gas 3.02CAD/kg
Cu-159 Copper Powder 143CADkg

The costs for a single set of spray parameters for the production of fins derives most
importantly from the time of spray. The required traverse velocity to reach the desired
height, given a powder feed rate, was determined iteratively through experioreatat

linear interpolation for every set of spray parameters. Thus, given a traverse velocity and

spray area dimensions, the time of sptgysy, can be given by

© (42)
)

whereDnozzleiS the total linear spray distance traveled by the gun (m)Vands t he gunao
traverse velocity (m/s). Using the time of spray as the dependent variable for each spray,
it is possible to determine the cost of every single expense depending on the spray

parameters. In the case of the copper powder cost, the calcigation

06 o z ) "O¥6 (4-3)
wherePC is the total sprayed powder material cd¥ER is the powder feed rate (g/s),

andCcy is the cost of copper per unit mass (cosfltne powder feed rate wastgo the
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highest value possible without causing the equipment to @loig. cost can be further
divided by including the concept of deposition efficientige powder cost can be broken

up into three categories: (1) the powder that deposits ontoaephte substrate to form

the pin fins, (2) the powder that sticks and builds up onto the mask, and (3) the powder

that does not deposit.

The cost of the powder deposited on the substPilgpstrate IS

006 0 ¢ 00 (44)
whereDEsupstrateiS the deposition efficiency on the substrate, determined experimentally.

The cost of the powder that is deposited onto the mask (and ultimatelPGsiyy is

~

006 0 6 00 (45)
whereDEmaskis the deposition efficiency on the mask, also determined experimentally.

The cost of the powder that does not dep& i deposited IS given by:

0O 00 VO Lo (4-6)
To calculate the gas cost, the gas flow rate used must be kibisrcan beneasured or
calculatedrom gas dynamics principlg¢84], taking the gas properties at the converging

diverging nozzlghroat. The mass flow rate of gasy,, is given by:

(R —
) — VQ'Wo*
a Y'Y

(4-7)

whereP” andT " are the pressure and temperature at the nozzle thfoas, the throat
diameterk is the specific heatatio of nitrogen, andR is the individual gas constant of

nitrogen. The pressure at the throat can be determined by
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0 (4-8)

whereP, is the stagnation pressure of the gas. The temperature at the throat can similarly

be determined by

o~ ]
o~ ' (4-9)
Q p
SN
whereT, is the stagnation temperature of the gas.
From this, the cost of ga&_C, is:
06 o zg 20 (4-10)

whereCnz2 is the cost per unit mass of nitrogen gas.

To estimate the cost of electricity, the electrical consumption of the system was equated
to the heat input necessary to heat the gas to the desired temp@tsguskctricity costs
necessary to run the powder feeder and robotic traverse system weesl @mithey are
much smaller than that which is necessary to heat the carrieflgasvas done using a

simplified version of the first law of thermodynam[d€)],

0 G zon z Yy Y (4-11)
whered is the heat inputCpnz is the specific heat of nitrogen, afigz: and Tnzy are

the input and output gas temperatumespectively. To get the total heat consumption,

Qno2, for the duration of a spray, the heat was converted to kildweaits,

0 G Bpm 2020 (4-12)

to then find the total electricity co$tC,
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06 0 26 (4-13)
where Celectricity IS the cost of electricity per kilowakiour. The cost of the mask was a
constant value for all spray parameters, as the characteristics of the masking did not vary.

Finally thelabourcost,LC, is given by:
00 O zQ (4-14)
whereCiavour IS the hourly cost ofabour However, the labour cost also depends on the

level of automatin of the system and sap time between spray rurend therefore must

be evaluated on a cabg-case basis.

4.9 Heat Transfer Test Rig

The heat transfer test rig was designed to run a flow of water through the pin fin array

heat sinks to be tested. A diagram of the full setup is showigume4.19.

v
Water Out

k. Flowmeter Inlet Pressure and
o
b
|
\

Temperature

Water In

T ‘,
£

-
SN <

Figure 4.19: Representation of the heat transfer test rig flow.
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From this experimental setup, several input paramei@nde controlled, sch as the
water flow rate and the heat input.idtalso equipped with multiple sensors to collect
output data, such as the beablock and water temperaturesid the pressure drop across
the finned area. An illustration of the inputs and outputs ofhted transfer test rig is

shown inFigure4.20.

- Twater, in
Myater
Twater,out

Tcz,top TC

1,top

TCZ,buttom Tcl,bcuttom

Figure 4.20: lllustration of the heat test rig input and output values.

The cover platds made of transparent acrylic, for ease of identifying if therair
bubbles present in the system, and inset withindhethe water inlet and outlet ports.
The cover platés seaéd directly onto the heat sinaseplataisinga BunaN nitrile O-
ring. The assembly of the heat transfer test rig is illustratédgare4.21 in an exploded

view.
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Water out

Pressure readouts

Water in

inserts

Figure 4.21: Heat transfer test rig: 1) Cover plate equipped with gasket for sealing,
pressure taps, and water in/out; 2) Substrat®aseplatewith pin fin array; 3)
Bottom plate with insert for the baseplateand heater block; 4) Heate block

equipped with inserts for heating cartridges and thermocouples; 5) and 6)
supporting pieces.

4.9.1 Heat Test Rig Inputs

4.9.1.1 Constant Power Pump

The flow of water was supplied to the system with a constant power centrifugal pump
(EHEIM universal 300, EHEIM, Germany). &pump was fed by @@servoircontaining
water from a tap. The placement of tleservoirwas arranged so that the water level was

higher than the pump, aiding the pump by providing a poditagipressure.

4.9.1.2 Heater Cartridges and Transformer
A copper hear block is placed directly under the finned area and is heated by four heater

cartridges (HDC00011, Omega, QC, Canad&ese heater cartridges have a power of
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150W at 120V inputTheir heat output was controlled by a variable transformer power
source (2kV Variable Transformer VariaBOOOVA 0250V, MASTECH, CA, USA). A
siliconebased thermal paste with incorporated conductive part{&les 2.1 W/mK)

(ICE Fusion, Cooler Maste€o., Taipei, Taiwan) was added at the interface between the
heater block and the pin fin arréwaseplateas thinly as possibleas well as within the

orifices of the heater cartridges, in order to minimize thermal contact resistance.

4.9.1.3 Flowmeter
Flow rate was mesred at the outlet port by a vertical readout flowmeB@5{K39
McMasterCarr, IL, USA). The water flowrate was set using a manually adjustable valve

placed at the water outlet downstream from the flowmeter.

4.9.2 Heat Test Rig Outputs

4.9.2.1 Thermocouples

Two pairsof type T thermocouples3871K66 McMasterCarr, IL, USA) placed at the

front and back of the heater block read the changes in block temperature as the flow
passes over the finned area (I TCuibotom TCztop TCzbottom in Figure 4.20). Two

more type T thermocoupleme placed within the inlet and outlet water flow ports in

order to read the respective water temperatures (séégure4.19).

4.9.2.2 Digital Pressure Transducers
Nine pressure taps, inserted directly into the cover plate (seé&ngume 4.21), are
available to read the pressures through the finned area using a digital pressure transducer

(DPT) (0O02PDModel 230, Setra, MA, USA). Theis also a pair of pressure taps placed
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before and after the finned area in order to readptiessure loss through the whole

system.

4.9.3 Thermal Performance Calculations

The thermal performance of the pin fin arrays is evaluated by their thermal conductance,
a measure of power (heat transfer per unit time) per unit difference in temperature
betweenthe fins and the water. The heat transferred by the heater block was measured
using two methods; one which estimates the heat transmitted to the water (based on the
thermocouples placed in the water flow) and the otttd@ch estimates the conduction

heat tansfer through the heater block (based on the thermocouples placed within the
heater block). The sides of the copper heater block were insulated, thus without losses the
two heat transfer rates should be equivalent. The power (heat transmitted peneinit ti

into the waterp , was calculated by:

0 a 26z Y xY (4-15)
whered water is the mass flow rate of water through the sys@mer is the specific heat
of water, andlwater,in @nd Twater,outare the inlet and outlet water temperaturespectively.
For comparison, the heat transmitted through the hpeclunit time0 , was calculated

using FoulR2l:i er 6s Law

I % (4-16)

wherekcy is the conductivity of the copper blodksr is the vertical distance between the
thermocouples Aviock IS the cross sectional area of the copper block in the plane
perpendicular to the direction of heat flow, ant and”Y represent the average

temperature readings between the twaitom and top thermocouples within the heater
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block. This method of calculating the heat transmitted through the block is only
admissible because the temperatures read at points 1 and 2, as refieré&ngpeact 4.20,
were found to be close to the same temperature. As such, it lme®wldsumed that the

temperatur@cross the cross section of the heater block was constant.

The pin fin arrays were sprayéa be staggered in relation to the flow direction in order

to promote mixing of the fluid, as is shownkigure4.22.

Figure 4.22: Staggered fin arrangement used for the pin fin arrays showing the
direction of the flow around the fin and in red the cross sectional line where the
characteristic flow area is taken.

The reference geometry used for the fin performance calculatiaisoshown inFigure
4.232 and Figure 4.23. All dimensions were taken in the plane perpendicular to the

incoming flow.
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Figure 4.23: Fin cross section showing reference geometry used for the fin
performance calculations where B is the width of the base of the fin, S is the width of
the section between fins, H is the height of the fins,is the angle of the fin, and Aow

is the flow area between fins.

To compare directly between the finned plates and thefinnad plate, the Reynolds
number for each configuration was found for comparison on adimoensional basis.
Using the hydraulic diameteDy, to characterizéhe flow channel, the Reynolds number

is found by

"w O (4-17)

YQ

where} is the density of the wate¥max is the maximum flow velocity, anc is the
viscosity of water. The hydraulic diameter is calculdtedh the fin geometry as

10 co (4-18)

0 ~ _0 .~ -
Y 15 OO0A+

whereAsow is the flow area between fins, aRgw is the length of the perimeter of this

area. These values are taken with the dimensions at the narrowest junction between fins,
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which correspond® the area with the highest flow velocity. The flow area can be found

by

o) Y 00 A+0 (4-19)

and the velocity of the flow is found by

a (4-20)

whereNsins wis the total number of fins along the width of the heat sink.

Next, in order to characterize the performance of the fins, it is useful to reduce the pin fin
array to its equivalent thermal circuit, as shownFigure 4.24. Here the thermal
resistances are reduced to the resistance of the finnedRateand the unfinned area,

Runfin-

Figure 4.24: Thermal resistance circuit of the heat sink fins.

From this, the equivalent thermal resistance of the heat sink can be written:
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P P P (4-21)

(4-22)

whereh is the convection coefficient, is the surface efficiency of the pin fin array, and
At is the total heat transfer area, divided into the area of the fin suAaceand the

unfinned areaunin, @S seen in

16 "00A+O, o w o (4-23)
T 0 ©b 08

whereinBs now denotes the length of the base on the side of the fin, as opposed to the
transverse crossectionpreviously usedNs is the total number of fins, arl andL are

the width and length of the area of theseplateovered by fins. Important to note is that

the area of the tip of the fin is neglected as it is in direct contact with the acrylic cover
plate, and therefore there is no heat transferred to the water across this surface.
Furthermore, it has been notedttallowing the convective fluid to flow over the tip of

the fin can hinder heat transfer performance by allowing a path for the fluid to bypass the

bulk of the fins convective surface area [rd@fhe surface efficiency is calculated by

0 p - (4-24)
whered; is the efficiency of the individual fins. The fin efficiency is calculated using a
relation found in Incropera et 4R2] for triangular pin fins with a circular base, adapted

in the work of Cormier et a[17] to suit the pyramidal shape of the fins produced by

CGDS.This approximation for fin efficiency was chosen as it is the closest match to the
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fin geometry seen in this work. For comparison, theefficiency for rectangular pin fins
was also used, and demonstrated very little deviation from the values obtained by the
pyramidal pin fin efficiency calculation. Furthermore, this deviation had almost no effect

on the finafin conductance calculationg=in efficieny is therefore calculated with

¢Oca O (4-25)
a 'COca O
and
, 0 (4-26)
R o

wherel; andl, are the first and second order modified Bessel functions of the first kind.
The convection coefficient of the fin array is calculadsd

Q 0 (4-27)
Yy -

wheread is theapproximation ofemperature difference between the base of the fins and
the water. This approximation for temperature differecee take two forms depending

on the surface heat flux conditions; either the surface provides a constant heat flux to the
flow, or it has a costant surface temperature, as illustrate&igure4.25. It should be

noted that the conductivity between the base of the fin and the fin itself could be affected
by the presence of residual imbedded grit particles from the grit blasting process,

however this was neglected due to the low frequency of such occurrences.
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< Entrance region [ Fully developed regi:ﬁ -

q. = constant y

T, = constant

a) b)

Figure 4.25: Temperature variation of an internal flow over a surface with a)
constant heat flux and b) constant temperaturg22] (© 2011 Wiley Books)

In the case of a constant heat flux, once in the fully developed relg@approximation

for temperature difference takes the form of

YY Y Y (4-28)
where Ts is the surface temperature afdgh is the mean water temperature. This
approximation becomes more accurate the shorter the entry region compared to the fully
developed region. For the case of constant surface temperaturéentperature
difference can be approximated as tlog-mean temeprature differenge which is

calculated using

Y ¥vY (4-29)
- Y'Y
! %

whereafl, and &> represent the difference in temperature between the surface of the

YY Y'Y

baseplateand the water at the flow &tl and outletrespectively. As the thermocouple
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readings were taken within the heater block, and not at the surface ldgbglatethe
resulting surface temperature had to be interpolated using the concept of thermal
resistance. Knowing the heat fluxdathe temperature of the bloCKyock the surface

temperatureTs, is found using

"Y Y Y O Y (4-30)
whereRcy is the resistance due to the copper block laaskplateandRyc is the thermal
contact resistance between the block and the bottom of the pin finbaseplate The
thermal contact resistance in this work was taken to be 1.0°X18%kV as this was
found to be an average value for a copper interface with thersi@[p8]. A sensitivity
study showed that slight variation in the value for thermal contact resistance had little

effect on the resulting fin conductance.

In order to compare which fin configuration transfeesthmore efficiently with respect
to the associated pressure drop, the thermal performavexe compared while also
considering the required pumping powé6], [25], [26]. This gives an indication of
which fin configuration has a higher thermal conductaiocea givenpumping power
(pressure drop)he required pumping powses, is found as

w Y0 (4-31)

Q
where @ is the volumetric flowrate of wateedsin is the pressure drop across the
finned area, and| is the pump efficiency. As all fin configurations in this work are

subjected to the same pump, and therefore the same pump efficiency, all values of

effective pump power are left as a function of pumgieificy.
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4.10CFD Modelling Details

4.10.1Computational Domain

A computermodel was developed to verify thalidity of the surface heat transfer
assumption made i8ection4.9.3 for the calculation of results from the heat transfer test

rig. This was done using the commercially available Computational Fluid Dynamic
(CFD) package in ANSYS Fluent 16. The thddmensimal symmetric model was
adapted and simplified for ease of meshing and to reduce processing cost, but the major
geometrical characteristics of the assembly remainedame as the experimental setup

The dimensions of the simplified model are showrFigure 4.26, matching the same

bulk dimensions as thexperimentaheat test rig.

149 30.75
11.80 24.75
Water Inlet , A Water Outlet
" e
e = | Finned Area o
oo L - 65 'i i — =
— |' : o
@ —
! ' o
« | Acrylic Cover e // P
. g // s
o | Copper Base Plate - // g
LS
: \ Copper Heater Block //// s
| . //
/ oA 24
Heat Input | SECTION A-A

Figure 4.26: Dimensions of the computational domair{mm).

As boundary conditions, the water inlet was chosen to be a specified velocity inlet and a
specified temperature, to match the experimental values. This condition can only be used

for incompressible flows, whicls the case fothis study The outlet used the outflow
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boundary condition with a weighting of 1 as there is only the single outlet, with ambient
initial values for back pressure and temperature. Theflugatvas input at the bottom of

the copper heatdilock. The block does not incorporate the shape of the heater cartridge
orifices, for ease of meshing and computation, and therefore the dimensions of the block
were chosen such that the heat inlet surface bisects the location where the heater
cartridges wuld be in reality.The heat flux inputg ¢ used was calculated from the

experimental data using

a zén Y R Y g (4-32)

which yields the total heat flux that was input to the water. The outer walls for all bodies
were chosen to be perfectly insulated since the full amount of heat from the water is
being used as the input at the base of the heater block, and thus anys$estwere
already taken into account in the experimental seftp.interfaces betweepartsused

the no slip condition for the case of fluid flow over the surface, and constant heat flux for
the case of heat transfer across the interfilce.symmetryaxis utilizes the no shear slip

wall condition for fluid flow, and no heat flux boundary condition for heat transfer. A
summary of the boundary conditions used in this model are shohabie4.2, wherein

n denotes the direction normal to the boundary, and the sulsstiapid 2 denote the first

and second side diieinterface boundary.
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Table 4.2: Boundary Conditions Used in the Model

Location P V T
Water inlet Ambient Specified velocity Specified temperature
pressure

Water outlet
Heater block botton
Outer walls

Body interfaces

Symmetry

Ambient  Outflow weighting =1 Ambient temperature
pressure

NA NA Q— A (specified)
NA 0 Ty
— Tt
T €
T 0 0 T_"Y Ty
T € n T ¢ T ¢
T 0 To 1Y
L rSRLL e

4.10.2Domain Meshing

The computational domain of the heat transfer test rig was meshed using the ANSYS WB

Meshing Tool. The modes comprisedf 4 different bodies that needed to be meshed:

the copper heater block, the copper pin fin array, the water flowing through the heat test

rig, and the acrylic cover plate. In order to properly mesh the complex features of the

finned plate, and to obtainetier accuracy in areas of high flow complexity, mesh

refinement was done throughout the finned area and the surrounding water. The mesh

study showed that by refining the mesh, the same flow results were obtained, but the finer

mesh was used to obtain agheér level of detail. An unstructured thréienensional

tetrahedral meshF{gure 4.27) was used for ease of conforming to the complex

geometries encotered in the model.
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Figure 4.27: Tetrahedral mesh used in the computational domain showing areas of
mesh refinement (left) and a zoom of the entry to the finned area (right).

A grid convergence analysiwas done, refining the mesh multiple times until the
computed radts at the water exit plane ceased to change from one mesh density to the
next The final mesh consists of 3701734 cellsth edge lengths that ranged between
2.3784¢°m and 4.75688m, comprisinga minimal orthogonal quality of 1.48762and a
maximum aspect ratio of 1.25667&hesevalues are quite far outside the ideal ranges
specified by ANSYS documentation (over 0.01 for orthogonal quality and under 20 for
aspect ratio). Howevert has been noted that even with high aspect ratios convergence
can be achieved, and less than 0.1% of cells had orthogonal quality below 0.07,
signifying that there were in fact very few cases of low quality cells. The presence of
these defects was attrifed to the high complexity of the model being meshed, and were

not expected to affect the solution due to the relatively low prevalence of these issues.
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The solution was iterated until convergence was achieved by showing that the residuals

of the calculatn had decreased by at least three orders of magnitude.

4.10.35overning Equations

4.10.3.1Fluid Flow
The fluid flow in the CFD modelusesthe NavierStokes equations for continuity,

momentum, and energy conservatexpressed as:

L nove v (4-33)
T o
o noveb 10 0k e SN0 "R D (4-34)
T o o
and
! (4-35)
T_b” O nO®d” 00 n)"Q n'y 08 f b m

respectively, wherg is the densityt is time,®is the directional velocityR is the static

pressurep is the viscosity] is the unit tensor, the teririRrepresents the gravitational
body force, ®is the external body forcd® is the diffusion flux of ternj, and the term

f  QObrepresents the viscous dissipation. In the energy equation

Q0 0 (4-36)

wherekett is the effective conductivity which is made up of the fluid thermal conductivity,

ki, and the turbulent thermal conductiviky, determined by the turbulence model. Then
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4-37
o 0 ( )

0
C

wherehs is the sensible enthalpy and is determined by

0 oa N (4-38)

for an incompressible flow wheM is the mass fraction of speciesnd

Q 57 QY (4-39)
whereT is the temperaturezp is the specific heat of specigsandTrer is 298.15K. In
these equations the terrBs and S, represent added ass and volumetric heat sources,
respectivelyand are eliminated. Furthermoes there is only a single spes(water), all
terms referring to multiple species and mass fractions are simplified. External forces

applied to the fluicare alsceliminated.

For the modelling of the fluid flow, the simple viscdaminar model was used. The
reason for this is that in calculations derived from the experimental data, the Reynolds
numbers in the flow regimes to be tested were below the turbulent transitiosgennin
previous testing of pin fin arrays (Re < 5080]. Since turbulence models, such as the k

& model, are only suitable for fully turbulent flof86], it was therefore determined that

no turbulence model should be used.

In the current study, a Gre€sauss node based gradiemtthod was used to simulate the
water flow and heat transfefhe gradient method is needed émnstructing values of a
scalar at the cell facegnd for computing secondary diffusion terms and velocity

derivatives The GreenGauss node based gradienttinoel constructs the solution for a
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given cell from the weighted average of the cell values surrounding the ndtes
gradient method was selected as it is more accurate for unstructured tetrahedral meshes
than the other available cell based meth@#. In addition, the pressure, momentum,

and energy were modelled using second order accuracy spatial discretization and the
default SIMPLE scheme was used to solve the pressloeity coupling. The SIMPLE
scheme is a widely used algorithm for solving the Na8t@kes equations, which
couples the pressure and velocity to enforce mass conservation and obtain the pressure
field. SIMPLE is generally used for uncomplicated stesidye prblems, such as a

laminar flow, and was therefore deemed sufficient for the presenf&se

4.10.3.2Heat Transfer through Solids
Heat transfer through soligartswas calculated using thelfowing energy transport

equation:

'I'T_C)” Q nowQ no'G4 Y

(4-40)

wherek is the conductivity. The volumetric heat sources are again eliminated as there are
no such occurrences. Furthermore, the second term on taheftside of the previous
equation can be eliminated, as it relates to convective energy transfer dueidoabtat
translational motion of the solids, and there is no such motion in the model. In this case,

sensible enthalpy is

. s (4-41)
Q onQvwy

whereTies is again 298.15K.
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4.10.3.3Physical Properties

The various bodies of the model were made of copper, water, and acrylic, and the
physical properties used for these are showmahle4.3. The properties of water and
copper were taken from the ANSYS Fluent database, while the properties of acrylic were

taken as average values foundheliterature[97].

Table 4.3: Material Properties used in CFD Model

Body Density Specific Heat  Thermal Conductivity Viscosity
Material [kg/m?] [J/kg K] [W/mK] [kg/mA]
Copper 8978 381 387.6 NA
Water 998.2 4182 0.6 0.00103
Acrylic 1180 1500 0.189 NA

4.11Characterization Procedures and Analysis Equipment

4.11.1Deposition Efficiency

The DE of the spray process for the production of coatings and pin fin samples were
calculated using two different methods, depending on the powder being used. For the pin
fin arrays, which were all made with-esceived powder, powder feed rate measurements
were taken and DE was determined the conventionallwagommon lab practicegor

the coatings made with reclaimed powder, limitation on the quantity of powder available
made it impossible to do powder feed rate measurements, and therefore a different

methodwas adopted.

4.11.1.1Deposition Efficiency of Pin Fin Arrays

For the case of all pin fin samples, the DE was calculated using

v (4-42)

00 —
a
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whereasubstrateiS the mass added to the substrate by the sprayngingedis the total
mass of powder sprayed while the nozzle is over the substrate. The mass sprayed can be

calculated by

G o) D OY (4-43)
wherePFRis the powder feed rate. The powder feed rate is found by averaging multiple
measurements of the difference in mass of a receptacle before and after it has been
connected to the powder feeder for a minute. To vémndy there was a consistent powder
feed rate, measurements were taken both before and after the spray. The time of spray is

calculated by equatiofy-2 ).

4.11.1.2DepositionEfficiency for Coating Comparison

For the case of the coatings to be made witheasived powder and reclaimed powder,

DE was determined by placing a known amount of powder into the powder feeder and
running the system continuously over the substratéd oot powder remainedThis
ensured that an exact known amount of powder was projected onto the substrate, and
thereforeDE could be determined by taking the ratio of mass added to the substrate and

the known mass of powder run through the sysfigma. calalation is as follows:

00 >;d ﬁ (4-44)
whereammsubstratelS the mass added to the substrate by the spraynanekdeds the total
mass of powder inserted into the powder feedgne reason for using this method was
mainly due to limitations in the availability of the reclaimed powder. The mdetho

described in the previous sértion requires a powder feete measuremenwhich

would have wasted some of the already limited supply of reclaimed powder. Therefore, it
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was determined that the method of spraying the whole contents of the powder feeder
would be the most effective use of the powder, as no powder is wasted in the
measurement of DHn order to mitigate the loss of powder in the feeding lines for these
measurements, asceived powder was fed through the system prior to the spraying of
the reclaimed powder so as to saturate the lines and allow for the most pessitled

powder to actually impact the substrate.

4.11.2Powder Reclamation Efficiency

While the main goal of the work was not to devise an apparatus efficient in powder

reclamation, it was in the best interest of this work to reclaim as much impacted powder
aspossible per spray, and as such powder reclamation efficiency was calculated to see
whether reclamation was affected by any changes to the reclamation box layout. The

reclamation efficiencyRE, is simply

vyo 2 (4-45)
a

wheremecaimedis the mass of powder that was reclaimed from the boxpam@positedS
the total massf powder that did not deposit the substrate or mask. The mass that was

not deposited on theubstrate and mask can be found by

G 0 z0 OY wi Wi (4-46)
wheretnox is the amount of time that powder is fed within the box, measured from when
thepowder feeder i s t ur namamais theomassladdedtoi t 6 s

the mask
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4.11.3Powder Morphology Analysis

The powder was analyzed both before and after spraying in order to identify the
morphological differences between theraseived powder and the reclaimed powder.
This was done using scanning electron microscope (SEREVO-MA10, Zeiss, UK)

which is show in Figure4.28. This equipment has a maximum acceleration voltage of
30 kV and a theoretical maximum resolution of 2 nm point to point. It also has secondary

and bakscatter electron detectors.

Figure 4.28: Scanning electron microscope.

4.11.45ingle Particle Impact Analysis

A study of individual particle impacts waerformedto provide qualitative information
on the differences between the deposition behavior-oé@sved particles and reclaimed
particles.The powderfeed wascut during the spray so that only the residual particles
would impact the substratand the noza#traverse speed waept the same as for other

spray trials to ensure similar deposition conditidagr these trials, the substrates were

97



polished to minimize surface roughness and allow clear and unobstructed observation of
the impacted particles. Thestdting single particle impacts were analyzed using the

SEM.

4.11.5%Powder Velocity Measurements

The inflight velocities of the aseceived and reclaimed powder particles wasasurd

using the ColdSprayMeter (CSM) eVOLUTION (Tecnar Automation.,L&Bruno,
Canada) shown inFigure 4.29. This systemcalculates the particle velocities using a
continuous 2. 4 awda @ualsliBhobmaskinflight padiaderelocities

are calculated by measuring the time difference between the blocking of the two
photomasks, signifying that a particle has flown pastr the purposes ahis study,
velocity measurements were taken at a distance of approximately 10 mm domnstrea
from the CGDS nozzle, as this corresponds to the standoff distance between the nozzle
and substrate for the coating deposition teBgsting was run until a data set of 1000

particles was achieved, and the results are represented in box and whisker plot

e
»

-

Cold Spray ,,
@ Nozzle

Figure 4.29: ColdSprayMeter showing setup in spray chamber (left) and the laser
and nozzle (right).
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4.11.6Coating and Fin Characterization

4.11.6.1Sample Preparation and Polishing

All fins and coatings were cut forass sectional analysis using a precision rotary saw
(Struers SecotorhO, Struers Ltd., Canada) equipped with a silicon carbide blade for
cutting nonferrous materials. Cutting parameters were chosen per manufacturer
specifications. After cutting, the satap were mounted using a cold mounting procedure.
The mounting resin was a thermosetting mixture of epoxy resin and epoxy hardener
(Anamet, Canada). Finally, the samples were polished us8tguars Tegrapd|Struers

SecotomlQ, Struers Ltd., Canada).

4.11.6.2Fin and Coating Visualization

Coatings and fins were analyzed usargSEMandan optical microscop (VHX-2000E,
Keyence, Canada). €hoptical microscope seen inFigure 4.30, has a computer
controlled XY stage, and a maximum magnification of 1000X. A faitoftware allows

for autofocus and image stitching, creating fully focused 2D images over large areas. It
can also produce 3D imaging by using a focused depth composition function, making it

possible to obtain full 3D representations of the finned area.
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Figure 4.30: VHX -2000Edigital optical microscope.

4.11.6.3Etching

In order to view the particle boundaries, coatings were etched with a solution of 25vol%
FeCk-75vo0l% ethanol for a duration of 5 seconds. Ee€h commonly used etchant for

copper based materigB3].

4.11.6.4Micro-hardness

The coating micréhardness was measured usinygickers micrehardness tester (Struers
Duraminl, Struers In., Cleveland, OH, USA), presented Figure 4.31, with a $0g

load and a dwell time of B0The distance between indentations was kept above 3 times
the length of therevious indentationto avoid stress field effect3he reportedralues

are the average of 10 miehardness tests per sample.
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Figure 4.31: Vickers micro hardness tester.

4.11.6.5Porosity

Porosity measurements were achieved through analysis of the stitched optical images
over fin or coating cross sections. Apen sourcémage processing software (ImageJ)
was used to transform images into binary form, rendering the copper fins or coatings
white and the porosities black. A bditt process was then used to measure the
percentage of porosity for a highlighted area in the fin or coating, by returning the
percentage area of either shadla.example of the binary image produced is shown in

Figure4.32.
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Figure 4.32: Binary image of a pin fin cross section produced by ImageJ for porosity
measurement.

4.11./Post SprayAnnealing Procedure

The copper pin fin arrays and test coatings were annealed after spraying, in order to
restore the samples to the néaitk thermal properties afopper, as seen in the work of
Sudharshan et g99]. Annealing was done in a Lindberg 4880 Watt furnace (Lindberg
model 51442, Lindberg, WI, USA), as seerrigure4.33, at 306C for 4 hours in air and

the samples were then allowed to slowly cool within the furnace. The samples were then
cleaned using acetic acid 5vol% to remove any excess copper oxides which may have

been formed100].
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Figure 4.33: Lindberg furnace used for annealing of the copper coatings and fins.

4.11.8Surface Roughness Measurements

The substrates surface roughness measurements were taken using a portable surface
roughness gauge, or profilometer, (SR@O0, Phase Il Plus, NJ, USA), showrFigure

4.34. This profilometer comes with a diamond stylus sensor that provides precision
accuracy down to 0.001um. The range of measurable roughnesswads frdim0 5 t o 16

and the tracing length of the stylus has 1.3 to tihbin length.
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Figure 4.34: Portable surface roughness gauge
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5 RESULTS AND DISCUSSION

5.1 Pin Fin Array Production and Characterization

5.1.1 CGDS Parameter Selection

A matrix of tests was carried out to determine the most cost effective parameters for the
copper pin fin arrays production on copper substrates. The initial assumption was that
higher DE would translate into lower manufacturing costs. Since higher teorpsrand
pressures have been shown to result in higher DE, the initial matrix of parameters was
framed to reach the limits of the CGDS system: 500°C and 3.45MPa. However, early in
testing, it was found that spraying copper at 500°C caused the CGDS rozibg).t
Therefore, the matrix of parameters that was used ranged froM020C and 2.06

3.45MPa, as 400°C did not result in nozzle clogging.

The propellant gas selected for this work was nitrogen, a standarcbkivgas used in

CGDS. High nozzle standodlistances have been shown to lower [B|, and therefore

a default 10 mm standoff distance was s#ho for this application. Traverse velocity,

while causing littledirect effect on DE[76], [88], was adjusted to produce fins of the

same height for each set of spray parameters, to ensure accurate comparison in the cost
model.It was expected that the shape offfunldup would dominate DE effects, and that

the effect of substrate preheating from lower traverse velocities would be nediagible

the range of temperatures us@ther CGDS parameters, such as gun step size, powder
feed rate, and feeding gas flow ratdiich have not been shown to have an effect on DE
were taken as typical values used atUiméversity of Ottawa Cold Spray Lalbhe list of

the spray parameters used is showhable5.1.
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Table 5.1; CGDS Parameters

Parameter Value
GasTemperature 200400°C
GasPressure 2.06:3.45 MPa
GunTraverse Speed TBD

Step Size 1 mm

Passes 1-2

Powder Feed Rate 30 g/min
Feeder Gas Flow Rate 0.85 n¥/h
Powder Feedaand PropellanGas Nitrogen
Standoff Distance 10 mm

5.1.2 Fin Height - Traverse Velocity Correlation

The initial spray trials to produce pin fins were done on small samples, using a constant
traverse velocity of 50 mm/s. These trials aimed to determine the deposition efficiency

on both the substrate and the mask (mesh) when spraying pin fin arrayd| as the

rate of fin height buildup. The resulting substrate and mesh DE are shdéwgune5.1.

It is seen that the DE on both the substrate and the mesh follow similar trends, increasing
with temperature and pressure, while demonstrating a slight reduction in DE when

switching to a higher temperature but lower pressure.
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Figure 5.1: Substrate and mesh DE for the production of pin fins arrays with 50
mm/s traverse velocity.

The resulting fin height per pass from these spray trials are shdvigure5.2. Here it is
shown that the fin heights follow the same trend as the DE, generally increasing with

pressure and temperature.
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Figure 5.2: Fin height per passfrom the production of pin fins arrays with 50 mm/s
traverse velocity.

Next, for the production of pin fin arrays with the same height for each set of parameters,
it was determined that only a single pass should be used in order to eliminate the
possibilty of any oxide buildup between g&es. Thus, using the previagsults of fin
height per pass with 50 mm/s traverse velocity, it was possible to use the relation in
equation( 4-1) to estimate the constanbrrelating traverse velocity to fin heiglat.,
for each parameter set. With this constant, the traverse velocity necessary for the

production of any fin height cabe estimated. The constants for each set of parameters
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can be found iTable5.2. To verify the correlation, fins were sprayed to a desired height

of 1.5 mm. The &averse velocities used can also be sedrabieb.2.

Table 5.2: Constant Correlating Traverse Velocity to Fin Height and Traverse
Velocity Required for 1.5 mm Fins

Temperature Pressure Constant, 6/-H Predicted required
[°C] [MPa] [mm?/s] Traverse Velocity
[mm/s]
200 2.07 12.625 8.4
200 2.76 23.075 154
200 3.45 28.375 18.9
300 2.07 25.775 17.2
300 2.76 36.225 24.2
300 3.45 42.625 28.4
400 2.07 33.875 22.6
400 2.76 47.0 31.3
400 3.45 53.775 35.9

The heights that were achieved with these traverse velocities are ghdwgure 5.3,

with a line indicating the desired 1.5 mm fin height. The fin heights were very close to

the desired 1.5 mm, thereby demonstrating the validity of the fin height to traverse
velocity correléion. The maximum deviation recorded was 30 for the 400C-2.07

MPa test. These relatively small deviations from the desired heights can be attributed to
variations in powder feed rate during the spray, as this is a factor that is known to slightly
fluctuate. If the deviation becomes too large between spray runs, it would be a simple
matter of reapplying the fin height to traverse velocity correlation iteratively until the

correct height is achieved.

109



2000

1800 —

1600

1400 —

1200 —

1000 —

800

Fin Height [um]

600

400

200

0 T T 1 T T T T I T

P2 P2 PP P2 PP PP PP PP PR
2SN 1B A g SN 18 4 s e 116“‘ 20V
100 100 300 00 (30 RS

Spray Parameters

S

Figure 5.3: Fin height achieved by varying traverse velocity to get 1.5 mm height
fins for various CGDS parameters.

The DE measurements found from thése mmfin test were used for the cost analysis
and are shown ifigure5.4. This shows that there issiight difference in the DE for the

1.5mm fins compared to that of the fins produced with the 50mm/s traverse velocity.
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Figure 5.4: DE measurements from spraying 1.5 mm fins.

Examining the values closely, it is revealed that there is a drop in DE for the lower
parameters and a jump for the higher parameiés. is expected to be due in part to
thermal effects from the change in traverse velocity, but also due to the change in final
fin height. As the fin grows through the spray process, the impacting particles no longer
experience a flat substrate, but instead hit the slanted face of the gfowilhdpas been
shown that lowering the particle impact angle lowers[DIE], and this is the case when
impacting the fins. For the lowest parametéiigre 5.5a), the fins were so small in the
50mml/s sprays that this effect was not seen, however for larger fins the resulting impact

angle is too small for the lower parameters to overcddmethe other hand, the higher
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parameters allow for particlée stick even at low impact angles, ahdhas been noted

that taller fins made with higher parameters start to build out wklgure 5.5b). This

would provide a better platform for adhesion than the steep sides seen with lower
parametersAs mentioned, the lower traverse velocities used in this spray may also be a

contributingfactor to the rise in DE, as this causes more substrate preheating.

Figure 5.5: Comparison of 1.5 mm fin build shape for a) low parameters and b) high
parameters.

5.1.3 Cost Analysis for Parameter Selection

Hawving verified that the fin height to traverse velocity correlation was suitably accurate
for the production of pin fins of uniform height, the next step was to use the cost analysis
model to determine the lowest cost spray parameters. The cost analysisngassing

the DE recorded from the trials outlined in Table 5.2, as well as the traverse velocities
required for the production of.@mm pin fins. This 2 mm fin height was adopted at

this stage in the project development, as it was determined to fieatheeight of the as
sprayed fins, before milling down to 1.7 mm as required by the dimensions of the heat

transfer test rig. These specifications had previously been unavailable. The traverse
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velocities used were determined by equafi@dnl ) using an adjusted constant from the
actual fin heights achieved Figure5.3, and ae shown inTable5.3. From this, it was

possible to conduct the cost analysis for the selection of the lowest cost parameters.

Table 5.3: Constant Correlating Traverse Velocityto Fin Height and Traverse
Velocity Required for 2.0 mm Fins

Temperature Pressure Constant, 6/-H Predicted Required
[°C] [MPa] [mm?/s] Traverse Velocity
[mm/s]
200 2.07 11.9364 6.0
200 2.76 23.0538 11.5
200 3.45 27.6507 13.8
300 2.07 25.7828 129
300 2.76 38.0182 190
300 3.45 42.316 212
400 2.07 37.2674 18.6
400 2.76 49.6105 24.8
400 3.45 56.6143 28.3

Knowing the traverse velocities necessary to produgenn height fins for each set of
spray parameters, it was possible to determine the cost of fin production for a giokn set
conditions This cost analysis took into account the cost of powder, lgsur, spray

masls, and electricity, all of which wereependent on the spray time (traverse velocity)
and DE of each set of spray parameters, as previously described in experimental
proceduresSection4.8. In Figure5.6, the resuli of the cost analysis are shown, with all
resultant costsdving been normalized on a unit scale with respect to the highestetost

of parameterby dividing the total cost of each parameter set by the total cost of the most
expensive trial, 20@-2.07MPa. This shows that there is a general downward trend in the
cost of spray with increasing gas stagnation temperature and pres3utbe various

spray parameters considered, it was revealed that the lowest pressure/temperature
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combination was most expensive, while the highest ternperpressure was the
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Figure 5.6: Normalized cost associated with producing pin fin array unit at various
gas temperatures and pressures

The factor that had the most drastic impact onsfirayingcostof the pin fin array units

was powder cost, which is directly correlated RE. The DE increases with gas
temperature, as this increases the carrier gas velocity and therefore the maximum velocity
achievable by the particles. Increasing gas pressure alseases DE since higher
pressure yields higher gas density, increasing the drag force on the particles in the stream,
which allows for greater momentum transfer between the gas and the particles prior to

impact. The lower the DE, the more powder was neagsta achieve the desirefth
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height. Consequently, spraying wittducedoarameters took much longer, compounding
the gas antabourcostsalong with the powder casthe cost of the mask and electricity
were mostly negligible. Thug, gas temperature dD0°C andoressure 08.45 MPawas
identified as the most cesffective set of spray parameters for the productiod.@imm
high copper pin fins. As suchhesespray conditions were selected as the preferred

parameters fathe production of fins and atings forthe remainder of this study.

Another important factor to note is that, for the purpose of the cost analysis, the highest
powder feed rate possible must be usedo doingthe time necessary to spray the pin

fin arrays for each set of pararaet is reduced to its minimum, therefore limiting the
costs of the time dependent parameters such as gas, electricigpamd Thus, for this

study, the powder feed rate was set at the highest value for which the equipment could
consistently feed powdeper common lab practicesjthout clogging the feeder lines or

injection port.

Knowing the equipment limitations and the results of the cost analysfsahkst of the
parameters used foine production of full sized pin fin arrays and coatingshibwder
reclamation argrovided inTable 5.4. Particle reclamation was carried out fr@pray

runsto produce these full sized pin fin arrays
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Table 5.4: Lowest Cost CGDS Rrameters

Parameter Valuei 2.0 mmFins
Temperature 400°C

Pressure 3.45 MPa

Traverse Speed 28.3mm/s

Step Size 1 mm

Passes 1

Powder Feed Rate 30 g/min

Feeder Gas Flow Rate 0.85m%h

Powder Feedaand propellanGas Nitrogen

Standoff Distance 10 mm

5.1.4 Substrate Bending

An issue that was encountered early in the experimental procedures was substrate
bending. It was found thdiending was caused by baghit blasting the surfacef the

copper platesand by the cold spray process itself. This is dueestdual stresses from

the impacting particleswhich causs the substrates to bow outwards. This issue was
deemed to be of great importance for the purpose of the heat trants§easeven slight
substrate bending could have an important effect on the heat transfer fatttyhe

GPU unit to be cooled. To counter the effect of substrate bending, grit blasting was done
on both sides of the substratean attempt to minimize bding: Side A represents the
surface where the pin fins were to be deposited, and Side B represents the backside of the
substrateThe goal of was to reduce bending to as close to zero as possible, minimizing

any effect bending may have.

Four different samps (S1, S2, S3, S4) were tested for deflection, all using copper
baseplats ubstrates with a 1/80 thickness (1/16
too severely). The samples were grit blasted and sprayed in different configurations to

compare theesultant bendingS1 was grit blasted orthe full surface of Side Anly,
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while & wasgrit blasted orthe full surface oboth sides in an attempt to counter the
bending of the substrat83 and S4 were grit blasted using a mask in order to restrict grit
blasting to the finned area footprint, thereby reducing the total area of grit blasting. S3
was grit blasted on side A and S4 on both sides A and B. The pin fin spraying process
was alsoexpected to induce residual stresses that might cause bending of the substrate.
As such, all samples were then subjected to a CGDS spray trial in order to produce pin
fins. This was done a400°C - 3.45MPafor all sample, as these are the highest
parametes used in this workimportant to note is that for S2 and S4 the pin fin arrays
were sprayed with the intent of using the bending inherently caused by the CDGS process
to help further correct the bending from the grit blastiFraple5.5 shows the bending of

the substrates through the variqueparationsteps, expressing theaximum height of

deflectionof the plateat its center compared to the edges.

Table 5.5 Substrate Bending from Surface Preparation and Spray Process

Maximum deflection (um)
CGDS Parameters| As-Received Grit blastSide A Grit blastSide B After CGDS
S1i Full surface grit o5 4 305 NA 356
blast
S271 Full surface grit -0 254 76.2 50.8
blast
S3 Rest(lcted o5 4 228 6 NA 457.2
surface grit blast
S4 Restr_lcted 76.2 381 50.8 152.4
surface grit blast

As shown inTable5.5, the substrates were for the most part already slightly bent in their
asreceived state. After grit blasting on a single side, the substrates became significantly
bent compared to the-asceved conditions After spraying on S1 and S3, the bend was
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further aggravated by the residual stresses from C{BDS A marked improvement in

the deflection of the plateas achievedavhen grit blastingvascarried outon both sides

of the substrateas opposed to just on one sids seen in samples S2 and Sihce S2

and S4 were grit blasted on bothesdit was possible to select the side on which to
produce the pin fin array to counter the bending. As such an improvement in the bending
was recorded in S2, while there may have been an over correction in the case of S4.
Regardless of this, grit blasting only the finned area in S3 and S4 did not have any
benefit in terms of bending when compared to the fully grit blasted samples, S1 and S2.
Therefore, for the remainder of this work all substrates used to produce full pin fin arrays
for testing in the bat test rig were grit blasted on both sides, with the pin fins being
sprayed orthe side which would attenuate any geristing bendingThe final substrate
surface roughness was 4.97+0.82 psnmeasured using the portable surface roughness

gauge.

5.1.5 Spraying of Pin Fin Arrays

In this work, two different fin configurations were tested for heat transfer performance, in
addition to a bare plate used as a reference baseline. The fin density was kept ednstant,
12 fins perinch in each directignhowever the asprayed height of fins (before milling
down to the requisite height) was changed. As such, the resulting area of the fin cross
sectional profile for each of the two sets of fins was different, and therefore the size of the
flow channel arand the fins (net flow area) was also different, as illustrateféignre

5.7. Thus, fullsized samples were produced with finsaa20 mm and 1.8 mmheight

then bothsets were milled down to the desired 1.7 mm height, as previously mentioned

The 20 mm pin fin arrays were produced using the lowest cost spray parameters
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previously determined, 400°C ar345 MPa whereas the 1.8 mm pin fin arrays were
sprayed at @0°C and 3.45 MPaThese different parameters were chosen for the second
set of fins, as lower parameters were found to yield a less vertical base angle, which
results in lower flow obstruction. Thus, a lower set of parameters was chosen in order to

investigatethe effect of flow obstruction on the conductance of the fin array.

Milled Height

_ A F 3
F2.0
F1.8

Figure 5.7: Variation in fin cross sectional profile depending on spray height before
milling .

Sprayed Height 1

Sprayed Height 2

Both sets of fins were tested for heat transfer performance before and after annealing.
Table 5.6 shows the various configurations used in heat testing, where théefies F
designates the finned samples and NF thefmmed plates. The number indicates the
height of the asprayed fins, 2.0 mm and 1.8 mm, followed by the designation NA (not

annealed) or A (annealed for 4 hours in air at 300°C).
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Table 5.6: Sample to be tested in heat test rig

Sample Name Sprayed Height (mm) Milled Height (mm)
F2.0NA 2.0 1.7
F1.8NA 1.8 1.7
NF-NA N/A N/A
F2.0A 2.0 1.7
F1.8A 1.8 1.7
NF-A N/A N/A

Figure 5.8 shavs threedimensional images of the@®@mm and 1.8 mm fins before and
after milling down to 1.7 mmThese images show clearly the difference in fin shape
before milling. The 2 mm fins have a steep angle at the base before tapering to the
peak, while the 1.8 mm fins have a shallower base angle. After milling, this results in the
expected cross sectional profile seerFigure 5.7, where the ® mm fins give a larger

cross sectional area than the 1.8 mm fins.
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Figure 5.8: Digital microscope 3D images ofa) As-sprayed2.0 mmpin fins; b) 2.0
mm fins milled to 1.7mm; c) assprayed 1.8mm pin fin; d) 1.8mm fins milled to 1.7
mm.

The different fin geometries were then characterized. The 2.0 rspraged fins

featured @dase anglef d =+3°, base widtiB=1496+27um, and fin spacing (at the base)
S=71+31um.Conversely,theas pr ayed 1.8 mm fins exhi bit ec
base width B=1506+34m, and fin spacing $61+20um. One should note that the fin

spacing is narrower than the 584um wire width from which it is produced. This can be
attributed to the spreading effect of the gas stream between the bottom of the mesh and

the substrate, but also to the natural funnel pradlimethe fins as they grow which

would cause deviated particles to impact beneath the wire.
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Next, samples of the final fin arrangements were cut and mounted for cross sectional
analysis.Examination of the fin cross sections, as showrFigure 5.9 reveals two
distinct structures: a fully dense core with a porous periphery. While the core porosity
level is too low to be measured reliablye porosityof the sides oftte fins is found to be
approximately 5%. This effect is attributed to the fact that on the edges of the fins,
particles experience a l@vimpact angle which has been shown to result in increased

porosity[101].

Figure 5.9: Milled pin fin cross section a) pin fins produced with 300°G3.45 MPa,;
b) pin fins produced with 400°G3.45 MPa.
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An illustration of the changing impact angds a function ofin growth is provided in

Figure5.10a, showing that the taller the fin, the lower the angle of impact becomes.

) Evolving impact angle Interaction between
with fin growth impacting particles with
previously deposited
o] .
particles
™ I
R 1 2

Figure 5.10: Evolving particle impact angle with fin growth with respect to a) the
fins, b-1) particle to particle impact where the angle of impact causes the patrticle to
ricochet off of a previously deposited particle, and ¥2) particle to particle impact
where the angle of inpact is high enough to cause the incoming particle to stack on
top of a previously deposited particle.

When closely examining the more porous areas of the fins, one can see what appears to
be a columnar growth pattern as seerFigure 5.11. This effect only takes place at
extremely low impact angles. When the particles impact at this angle, many of them do
not stick and rather ricochet to the side, but those thatdtlera are the ones that
impackd at the small outcroppings formed by previous particles, as illustratedyure

5.10b. This would explain the apparent stacking aftigles on the periphery of the fins.

The porosity this causes may result in a loss of thermal efficiency of the fin, as the
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thermal conductivity of these voids is much lower than that of the surrounding copper.
However, given the high thermal conductvitf copper andnicroscopic sizescale of
these defects, it is expected that the macroscopic thermal performance of the fin should

not be significantly affected.

Figure 5.11: Columnar growth on the fin periphery.

5.1.6 Mesh Reuse

A drawback of using a masking technique to produce pin fin arrays is that some of the

feedstock powder deposits on the winesh mask, as shownkigure5.12.
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20 mm

Figure 5.12: Example of copper buildup on wire mesh mask.

This buildup constitutes a substantial loss of feedstock powder and may also render the
wire-mesh mask unusable for subsequenayprAt this stage, it was unknown whether

the deposition on the mask would affect the growth of the fins. Therefore, tests were done
at 400°CG3.45 MPa to establish whether the mesh was reusable. In these tests, the hope
was that the DE on the substrateuwdbnot change, while the DE on the mesh would
begin to plateau. This would mitigate the loss of powder on themash mask, and
indicate whether the mask could be reused, resulting in a cost saving for both the

feedstock powder and the masking matefiak DE results are shown kigure5.13.
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Figure 5.13: The DE on the substrate and mesh when reusing the meshgpray pin
fin arrays.

It was seen that the DE on the mesh remains constant through each reuse, while the DE
on each new substrate became progressively lower. This is hypothesized to be due to
interference from the increasing height of the buildup on fihe-mvesh mask. This could
negatively affect the carrier gas flow and incoming particles. From this result it is evident

that the mesh cannot be reused for subsequent sprays.
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5.2 Powder Recycling

5.2.1 Powder Morphologyi As-Received and Reclaimed

Powder reclamatiowas carried out using the powder reclamation apparatus during spray
runs of the full pin fin arrays. Various adjustments were made to the reclamation
apparatus throughout testing in an attempt to improve the reclamation efficiency, such as
the use of impved filters, and increasing the vacuum suction at the outlet of the
reclamation apparatus to attract loose powder towards the filters. This allowed for 38% of

all un-deposited powder to be reclaimed for analysis and reuse.

From Figure 5.14a, one can see that thesreceivedpowder is composed mostly of
spherical particlegwith the exception of a few slightly deformed particleshd that
smaller particles cluster arnd the larger ones as satellites. The image of the reclaimed
powder(Figure5.14b) reveals that most of the particles have retained little trace of their
original spherical shape. The particles become deformed during various steps of the
spraying process, such as duringeding or injection into the nozzle, but most

importantly, they are deformed by impactthe substrate andask assembly.
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Figure 5.14: a) As-received Cu159 copper powder;b) Reclaimed Cu159 copper
powder.

The reclaimed powder particles show evidence of fracture and plastic deformation. Some
particles are still mostly spherical, which indicates that they have experienced minimal
deformation during the initial spray process. Other particlebighdy deformed one can
observecompletely flattened particles which likely experienced high impact velocity,
while others have jagged edges indicating that they fractured under the forces exerted

upon them.
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