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Abstract

Some of the current trends in cold spray include the production of metal-metal composite
coatings. Among the various strategies to prepare the composite feedstock, e.g. agglomerate-
sintering, mechanically milling and coated/cladded feedstock, mixing metal powders (either by
premixing or using dual feeder) is a straightforward method and is convenient to vary the mixture
composition. However, it has been found to be difficult to predict the cold spray characteristics of
mixed powders (e.g. deposition efficiency (DE), porosity and compositional yield) from those of
the single component powders, which means that any new mixtures need to undergo extensive
preliminary cold spray trials in order to optimize the process parameters. Thus, fundamentally,
analyzing the cold spray characteristics of two metal powders will lead to accurate modeling of
the process and minimize the cold spray trials required to optimize the process. This thesis aims
to develop a better understanding of the effects of mixing powders on the cold spray characteristics
of 316L/Fe mixed powders.

Single component 316L and Fe powders were deposited by cold spray, as well as the mixed
316L/Fe powders with a dual feeder setup. The as-sprayed coatings were also polished and single
316L and Fe particles were deposited on the as-polished coatings to form splats. To understand
the splat deposition behavior of different impact scenarios (i.e. 316L on 316L, 316L on Fe, Fe on
316L, Fe on Fe), metrics of splat deformation, substrate deformation, splat adhesion
strength/energy, and splat rebound were characterized. With a better understanding of the splat
deposition behavior, efforts were made to explain the cold spray characteristics of bimodal size
316L/Fe powder mixtures. Since the finding suggests that the feedstock particle size could also
be influential of the mixed powders deposition characteristics, different size combinations of

316L/Fe mixtures were deposited and studied.



Results show that the splat deposition behavior onto as-polished coatings is indicative of
the feedstock deposition behavior during composite coating formation. In particular, the 316L on
Fe impact scenario generates strong rebound/poor deposition; whereas the reverse scenario Fe on
316L leads to excellent deposition. The distinct deposition behaviors of different impact
sequences between 316L and Fe were explained through the relative particle/substrate hardness,
surface oxide thickness, and particle morphology. Besides, results also show the cold spray
characteristics of bimodal size 316L/Fe mixtures exhibit unexpected variations with increasing
feedstock Fe fractions, which reveals the contributions of various mechanisms during mixed
powders deposition: mixed 316L/Fe impact interfaces, particle size difference, and tamping.
Finally, the DEs of different sizes of 316L/Fe mixtures show different variations with increasing
feedstock 316L fractions, which is due to particle-particle interactions (i.e. tamping and retention)

only occur in small size feedstocks during cold spray.



R&umeé

Dans le domaine de la projection a froid, certaines tendances actuelles incluent la
production de rev&ements de composites méal-mé&al. Parmi les diverses strategies de préparation
des poudres, comme par exemple I’agglomération et le frittage, le moulinage ou encore I’enrobage
de poudres, le mé&ange de poudres méalliques (soit par mé&angeage au pré&lable ou au moyen
d’une double-alimentation) est un moyen simple et efficace pour faire varier la composition d’un
mdange. Cependant, il est difficile de prélire les caracté&istiques des rev&ements obtenus par des
mélanges de poudres lors de la projection a froid (par exemple, 1’efficacitéde la déposition (ED),
la porositéet les fractions relatives de poudres dans le rev&ement) comparées aux caracté&istiques
des rev&ements obtenus par des poudres avec une seule composante. Ceci indique que chaque
nouveau méange de poudres doit &re soumis aune éude pré&iminaire approfondie afin
d’optimiser les paramétres du processus de projection a froid. Ainsi, fondamentalement, analyser
les caracté&istiques de déposition de deux poudres mé&alliques ménera aune mod@&isation preésise
du processus et minimisera le nombre d’essais requis pour optimiser les paramétres. Cette thése
vise a développer une meilleure compréhension des effets du mé&ange de poudres sur les

caracté&istiques de projection afroid du méange de poudres 316L/Fe.

De I’acier 316L et du Fe purs ont &éprojetés afroid, ainsi que le méange de poudres
316L/Fe au moyen d’une double-alimentation. Les rev&ements bruts ont aussi &épolis et des
particules individuelles d’acier 316L et de Fe ont été déposées sur les revétements polis pour
former des «splats > Afin de comprendre le comportement de déposition des splats dans diffé&ents
scénarios d’impact (i.e. 316L sur 316L, 316L sur Fe, Fe sur 316L et Fe sur Fe), les métriques de

la déformation des splats, la déformation du substrat, I’énergie ainsi que la force d’adhésion des



splats et le rebond des splats ont &é caract&ises. Avec une meilleure compréhension du
comportement des splats, il a été possible d’expliquer les caractéristiques de projection a froid de
m@&anges de poudres de 316L/Fe avec des distributions de taille bimodales. Puisque la dé&ouverte
suggere que la taille des poudres de départ pourrait aussi influencer les caract&istiques de

déoosition du mé&ange, diffé&entes combinaisons de tailles de poudres de 316L/Fe ont ée&éudiess.

Les résultats montrent que le comportement des splats sur des rev&ements polis est
indicatif du comportement des poudres initiales lors de la formation du rev&ement composite. En
particulier, le scénario d’impact du 316L sur Fe génére de forts rebonds/une faible déposition,
tandis que le scénario inverse (Fe sur 316L) méne aune excellente déposition. Les difféents
comportements observés dans les différents scénarios d’impact entre le 316L et le Fe ont été
expliquépar la duretérelative des particules et du substrat, par 1’épaisseur de la couche d’oxide et
par la morphologie des particules. En parallée, les réultats mettent aussi en avant que les
caractéistiques de projection afroid de mé&anges de 316L/Fe bimodaux préentent des variations
inattendues lors de 1’augmentation de la proportion de Fe dans le mélange initial, ce qui révéle la
contribution de divers meéanismes pendant la phase de rev&ement : mélange d’interfaces d’impact
de 316L/Fe, diff@ence de tailles de particules et bourrage («tamping >). Enfin, les ED de
m@&anges de diffé&entes tailles de 316L/Fe montrent diffé&entes variations avec une augmentation
de la fraction de 316L, ce qui est dO&des interactions entre particules (i.e. bourrage et réention),

et ne surviennent qu’avec des petites distributions pendant la projection afroid.



Acknowledgements

I would like to sincerely thank my supervisor, Prof. Stephen Yue, who is a person with
true wisdom. He brought me into the field of cold spray, provided me a great extent of freedom in
research, and offered invaluable advice leading to the completion of this project. This thesis would
not have been possible without his support and unique insights. | have learnt several great qualities
from him, which lead me to be a better researcher and a better person.

I would like to offer sincere gratitude to Dr. Phuong Vo from the National Research
Council of Canada, Boucherville, for his tremendous help in cold spray experiments, discussions
and comments on my results. | would like to thank all the colleagues in my group and other groups
of the department for the technical help of my research. | acknowledge Prof. Jolanta-Ewa Sapieha
and Dr. Thomas Schmitt from Dept. of Engineering Physics, Polytechnique Montrél, for the
access and training of the micro-combi microscratch tester. | thank Mr. Andre Liberati for the
French translation of the thesis abstract.

I acknowledge the Natural Sciences and Engineering Research Council (NSERC) and
McGill Engineering Doctoral Award (MEDA) program for the financial assistance.

I would like to express special gratitude to my parents, Mr. Zhibin Chu and Mrs. Lezhen
Chen, for their open-mindedness and endless love, which allow me to concentrate on research
without any distractions. | would like to thank my girlfriend, Ms. Chaoyi Teng, for her warm

company.



Contribution of Authors

This thesis is organized using a manuscript-based format, as per the thesis preparation
guidelines published by McGill University (http://www.mcgill.ca/gps/thesis/guidelines). The

following journal articles are included as Chapters 3, 4, 5 and 6 in this thesis, respectively.

1. Xin Chu*, Hanging Che, Phuong Vo, Rohan Chakrabarty, Binhan Sun, Jun Song, Stephen
Yue, “Understanding the cold spray deposition efficiencies of 316L/Fe mixed powders by
performing splat tests onto as-polished coatings”, Surf. Coat. Technol. 324 (2017), 353-
360.

2. Xin Chu*, Rohan Chakrabarty, Hanging Che, Lihong Shang, Phuong Vo, Jun Song,
Stephen Yue, “Investigation of the feedstock deposition behavior in a cold sprayed
316L/Fe composite coating”, Surf. Coat. Technol. 337 (2018), 53-62.

3. Xin Chu, Hanging Che*, Chaoyi Teng, Phuong Vo, Stephen Yue, “A multiple particle
arrangement model to understand cold spray characteristics of bimodal size 316L/Fe
powder mixtures”, Surf. Coat. Technol., 2019. (Accepted)

4. Xin Chu, Hanging Che*, Chaoyi Teng, Phuong Vo, Stephen Yue, “Understanding
particle-particle interactions from deposition efficiencies in cold spray of mixed Fe/316L
powders with different particle size combinations”, J. Therm. Spray Technol., 2019.

(Accepted)

Contribution of Authors: Xin Chu created and developed the experiments, performed most

of the experiments, analyzed the results and wrote all the manuscripts. Prof. Stephen Yue defined

Vi



the project and actively supervised the research. Dr. Hanging Che helped in the design of cold
spray experiments and discussions of the results of all the manuscripts. Rohan Chakrabarty
performed the finite element modeling of single particle impacts in the submitted version of
Article 1 and the final version of Article 2 under the supervision of Prof. Jun Song. Dr. Binhan
Sun helped in the discussion of the results and provided comments for Article 1. Dr. Lihong Shang
assisted in EDS analyses for Article 2. Chaoyi Teng helped in the design of the experiments and
discussions of the results for Article 3-4. Dr. Phuong Vo from National Research Council of
Canada, Boucherville, provided assistance in cold spray experiments and comments of all the

manuscripts.

One additional journal article prepared during the Ph.D. study is to be submitted. It is
relevant to this research but is not included as the main chapters. The abstract is provided in
Appendix B, and the title is shown below:

* Xin Chu*, Huseyin Aydin, Phuong Vo, Stephen Yue, “Effects of powder characteristics
and mixing powders on the cold sprayability and corrosion properties of tantalum

coatings”, to be submitted.

Vii



Table of Contents

AADSTFACT........ceie ettt n bbbt [
RESUMIG ... bt b bbb et bt et e bt et et e b e b b e ene e iii
ACKNOWIBAGEMENTS ...ttt bbb nb e %
CoNtribULION OF AUTNOTS. ..o Vi
TaDIE OF CONTENTS ...t bbb viii
LEST OF FIQUIES. ...t bbb bbbttt b e bbbt xii
LISE OF TADIES ..t b et et XVi
(@ gF=T o (=1 A a1 1 0o L1 T« o] o SR SSS 1
IO ST ot o (o1 T SRR 1
1.2 RESEAICN ODJECHIVES ....c.vieieiceiccie ettt ettt et ae e re e neenne e 2
1.3 TRESIS TAYOUL ...ttt et et e s teebesneesreeneenee e 3
1.4 RETEIEICES ...t bbb bbbt b et 4
Chapter 2 LItrature REVIEBW .........coiiiiiiie ettt ba et saeeneenee e 5
2.1 Cold Spray tEChNOIOGY .......cveiiieiiiie et 5
2.1. 1 PIOCESS OVEIVIBW ....cvviuviiiiesie sttt ettt bbbkttt bbbttt e bbbt 5
2.1.2 GENEIIC CNATACTEIISTICS. ... .iviitiiieiieiie ettt 7

2.2 Fundamentals Of COIO SPIay .......cocoiiiiiiiiiiee e 8
2.2.1 BONAING MECNANISMS......c.vitiiiiitiiiieiieie ettt bbb ne bbb 8
2.2.2 Cold SPrayability.........ccoiiiiiiiiiicee s 12
2.2.2. 1 CrItICAl VEIOCILY ... .eiiie et aneas 13
2.2.2.2 DePOSItION EFFICIENCY ....viiiieiiiccie et 15
A B o (0] | YRS TPPR 19
2.2.2.4 MeChaniCal PrOPEITIES.........ciiiiiii ittt nres 20



2.3 Cold spray of MIXed POWAELS.........ccueiuiiieiierii e see e re e sreenas 23

2.3.1 Mixed pOWAErS dePOSITION. .....c.eciviiieieeie et ese ettt esre e 24
2.3.2 Effects of MIXING POWAEIS.......cceoii ittt 27
2.3.3 Studies of 316L/Fe MIXEd POWUETS .......cviiieirieie et 30
2.4 RETEIBICES ...ttt b bbbt bbbttt b et ere s 33

Chapter 3 Understanding the Cold Spray Deposition Efficiencies of 316L/Fe Mixed

Powders by Performing Splat Tests onto As-Polished Coatings..........cccocevvvieiinieninnnennens 42
B L ADSEIACT ..ttt b bbbt 43
3.2 INEFOAUCTION ...ttt bbb bbb 44
3.3 Materials and METNOMS ..........eiviiiiiee s 46

BLBLL POWOELS ...ttt bbbt bt b et r e 46
KT I O] [0 S o - V2SR 47
3.3.2.1 COMPOSILE COALINGS ...c.vveviiiieitieie e sttt st ee e sae e reenteenaesneennas 48

KR A o - L 1) PSSR 49

BLA RESUIES ... bbbt n s 50
3.4.1 CoatiNg UEPOSITION ......eiuiiiitiiteite ettt bbbt 50
3.4.1.1 DeposSition EFFICIENCY ......cviiiiiiiiere e 50
3.4.1.2 Coating MICTOSIIUCTUIE. .....ccuiiiiiieieite sttt 51
Bl 2 SPIAL TESES ...ttt bbbt 53
3.5 DIHSCUSSTON ...ttt stttk bbbttt bbbt bbb e e et e b et e b e st bt beere s 58
3.5.1 Correlation between bond ratio and deposition effiCiency ..........cccccevevviiieicieiinnee 58
3.5.2 Deposition behavior on the composite COAtiNGS .........ccovveiveeiieiiie e 62
3.0 CONCIUSION......eieeee bbbttt se bbbt ene s 64
BT RETEIBICES ...t bbbttt ne et 65

Chapter 4 Investigation of the Feedstock Deposition Behavior in a Cold Sprayed 316L/Fe
(7] 1 a1 oT0 1 L (= G0 -1 4| o F PSPPI 67



N 01 £ - (o1 RO TTRTRRRRRRRR 68

4.2 INEFOTUCTION ...ttt bbbt b et 69
4.3 Materials and METhOUS ..ot e 70
I oL 14T (PSSR 70
4.3.2 FE SIMUIALIONS ...ttt 74
A4 RESUIES ...ttt 76
4.4.1 Characterization 0f COAtINGS ........coviiiiiieieeie et e 76
4.4.2 Characterization Of SPIALS ..........cooiiiiiiii e 79
4.4.2.1 Splat MOIPNOIOGY ... .cveiiiiieieieie e 79
4.4.2.2 Splat deposition and deformation DENAVION ............cccooiiiiiiiiiiniic e 80
4.4.2.3 Splat adhesion Strength/ENergy .........cccceoeieeieiie e 82

4.5 DISCUSSION ...ttt stttk sttt b et b bbbt b bbbt b bbb e et nn et 86
4.6 CONCIUSTONS ...ttt ettt bbbt bbb et b nn et 90
4.7 RETEIBNCES ...ttt bbbt bbb ettt et 91

Chapter 5 A Multiple Particle Arrangement Model to Understand Cold Spray

Characteristics of Bimodal Size 316L/Fe Powder MiXtUIEeS ..........cccccvireinieneieeinineeene 95
5.1 ADSTIACT ..t b bbbt bbbt ere s 96
5.2 INEFOUUCTION ...t b bbbttt e bbb b b ene s 97
5.3 Materials and MELNOAS ..........ooiiiiiiii e 98
5.4 RESUITS ...ttt bbb 101

5.4.1 C0oatiNg MICIOSIIUCTUIE ......ueiiiiiieiieiete ittt sttt b 101
5.4.2 Cold sprayability and other MetriCS.........cccovivieiie i 104
5.5 DIHSCUSSTON ...ttt bbb bbbt bttt b e bbb 108
5.6 CONCIUSION.......oiiiiiet bbbt e bbb 114
5.7 RETEIBINCES ... bbbt 115



Chapter 6 Understanding Particle-Particle Interactions from Deposition Efficiencies in

Cold Spray of Mixed Fe/316L Powders with Different Particle Size Combinations.......... 118
6.1 ADSEIACT ... bbb 119
6.2 INEFOUUCTION ... bbbttt r bbb 120
6.3 Materials and MELNOAS ...........ooiiiiie e 123
8.4 RESUIES ...t 125

6.4.1 MiXed PAITICIE SIZES .......e i 125
6.4.2 MiXed FE/3LOL POWEIS. ..ottt 127
6.5 DISCUSSTON ...tttk etttk b bbbt e et b etttk b et n e b 131
6.6 CONCIUSIONS ...ttt bbbttt n et b b ne e 138
8.7 RETEIENCES ...ttt bbb 139

Chapter 7 Conclusions and FULUFre WOIK ... 141
7.1 CONCIUSIONS ...ttt bbbttt n et b b e e 141
7.2 FULUIE WOTK ...ttt bttt 143

Chapter 8 Contributions to Original Knowledge ...........cccovviiiiiiiciicceccceee e 144

Appendix A Supplementary File to Chapter 6.........c.cooiiiiiieieie e 145

Appendix B Abstract of Unpublished AFtiCIe ... 148

Xi



List of Figures

Fig. 2.1 Schematic diagram of the high-pressure cold spray process. (reproduced from Ref. [2.6]
L I LT LT ESTS [0 4 SRS 6
Fig. 2.2 (a) The cross-section of a typical cold sprayed splat [2.27]; (b) pull-off fracture surface of
a deposited splat [2.35]; (c) auger electron spectroscopy mapping of oxygen (light areas) of (b)
[2.35]; (d) schematic of the oxide layer break-up mechanism [2.36]. (reproduced from Refs. [2.27,
2.35, 2.36] WIth PEIMISSIONS)....cuviiiieieitiesieeie e sttt e et et e e e e e s raeteeneesreesreenee e 9
Fig. 2.3 (a) Jetting phenomenon in-situ observed by high-speed camera [2.37]; (b) simulated
temporal evolution of interfacial strain upon impact: sudden increase at a velocity of 580 m/s due
to adiabatic instability mechanism [2.8]; (c) schematic of jetting formation due to shock pressure
release mechanism [2.41]. (reproduced from Refs. [2.8, 2.37, 2.41] with permissions).............. 11
Fig. 2.4 SEM images of (a) metal jets on coating surface [2.45] and (b) Cu embedded in Al
substrate [2.38] (insets are vortices formation at coating-substrate interface of Cu on Al [2.46]).
(reproduced from Refs. [2.38, 2.45, 2.46] With PErMISSIONS) ........cccoririrerinieieieie e 12
Fig. 2.5 Effect of particle impact velocity on deposition efficiency. (reproduced from Ref. [2.49]
L A LT LTS o g1 OSSPSR 13
Fig. 2.6 Calculated critical velocity results for 25 pum particles of different materials. The dark part
represents the uncertainty due to the available materials data. (reproduced from Ref. [2.48] with
QLT AT (0] 1) I SRS SRRSO 15
Fig. 2.7 Schematic diagram of the coating formation process in cold spray. (reproduced from Ref.
[2.51] WIth PEITNISSIONS) ...ttt bbbttt ettt be e 17
Fig. 2.8 (a) SEM image showing the splats and craters after individual particle impact tests; (b)
correlation of bond ratio results to “adhesion energy-rebound energy (A-R)”. (reproduced from
Ref. [2.57] With PEFMISSIONS)......cviiiiiiieie ettt be e sreesae e e 18
Fig. 2.9 (a) Schematic diagram of particle shape change during cold spray and the flattening ratio
metric [2.51]; (b) typical porosity features in cold sprayed Ti coatings [2.70]. (reproduced from
Refs. [2.51, 2.70] With PEIMISSIONS) ...c.vveiiiieiieiie ettt e e e e e aeesre e 20

xii



Fig. 2.10 EBSD maps of a cold sprayed Ni coating: (a) 1Q map (dashed circle: peripheral areas of

a particle); (b) corresponding nanohardness values. (reproduced from Ref. [2.75] with permissions)

Fig. 2.11 Schematic diagram of the splat adhesion test. (reproduced from Ref. [2.27] with
0T (0] USROS 22
Fig. 2.12 Different strategies of composite coating deposition by cold spray. (Reproduced from
Ref. [2.10] WIth PEIMISSIONS)....c..euiitiiiitiiiieiieiet ettt bbbt 24
Fig. 2.13 Schematic diagrams of mixed powders deposition: (a) without particle-particle

interactions; (b) with particle-particle interactions. (Constructed based on Refs. [2.89, 2.90, 2.98])

Fig. 2.14 (a) DE of Al-Al>03 mixtures as a function of feedstock Al.Os wt.% [2.87]; (b) cross-
section of an Al-Al>Os composite coating [2.80]; (c) DE of Sn by adding Cu or Zu as a function
of gas pressure [2.88]; (d) coating composition of Al-Al,O3 mixtures as a function of feedstock
Al>;0O3 wt.% (the straight line has a slope of 1) [2.87]. (reproduced from Refs. [2.80, 2.87, 2.88]
WIEH PEIMISSIONS) ...ttt bbbt bbbttt ettt b bt 29
Fig. 2.15 The fabricated 316L/Fe composite metallic stent after each post-processing step of (a)
grinding, (b) electric discharge machining (EDM) to remove substrates, (c) femto laser cutting.
(reproduced from Ref. [2.107] With PErMISSIONS) .......ccveiuiiiiiieiecie e 31
Fig. 2.16 DE results of single component 316L, Fe, and mixed 316L/Fe powders. Boxed columns:
predicted DEs using Rule of Mixtures ( DEMix = DE316L X f316L + DEFe X fFe ).
(reproduced from Ref. [2.109] With PErMISSIONS) ......ccviieiiiiiiie e 32
Fig. 3.1 Morphologies and size distributions of the feedstock powders. ..........ccccocevvviiiiicinens 47
Fig. 3.2 Schematic of the cold spray process with dual powder feeder setup [3.20]. (Figure adapted
WIEN PEIMISSIONS) ...ttt bbbt bbbttt et et b bbbt 49
Fig. 3.3 Experimental DE of each feedstock powder (red dotted line: DE predicted by ROM).. 51
Fig. 3.4 Optical images of coating cross-sections: (a) 10Fe, (b) 90Fe, (c) magnified 10Fe (Red
arrows: lateral defects at the mixed 316L/Fe INterfaces). ......ccccvvevieiiieiie i 53

Fig. 3.5 SEM surface morphology after single particle impacts: (a) 316L on 316L, (b) 316L on Fe,

() Fe on 316L, and (d) FE ON F. ..o 55
Fig. 3.6 SEM morphology of the deposits: (a) 316L on Fe, (b) Fe on 316L........cccccevvrviiriennne 55
Fig. 3.7 SEM surface morphology after single particle impacts onto composite coatings. ......... 57

Xiii



Fig. 3.8 Comparisons between the experimental and calculated DE results. ............ccoccvvveivennnns 61

Fig. 3.9 Comparisons between the experimental and calculated Fe composition in the composite

(010 LT T0 TP R TSR 62
Fig. 3.10 Comparisons between the experimental and calculated BR of mixed powders............ 64
Fig. 4.1 SEM images of the feedStoCK POWUETS. .........coveiiiieiiiie et 71
Fig. 4.2 Optical images of a splat before (top left) and after shearing (bottom left), and the
respective 10ad-diSPIaCEMENT CUINVE. ......coiiiiiiii e 74
Fig. 4.3 SEM/EDS analyses on 316L (DE-55%) and Fe (DE-50%): (a) BSE image of 316L, (b)
EDS spectrum of 316L, (c) BSE image of Fe, and (d) EDS spectrum of Fe.........c.ccccoovvveinennnns 77
Fig. 4.4 BSE image of 10Fe (DE-38%). Red arrows: inter-lamellar cracks at the mixed 316L/Fe
1T TSSO 78
Fig. 4.5 SEM coating morphology after splat tests: (a) 316L on 316L, (b) 316L on Fe, (c) Fe on
KNG I 1o Vo I (o ) I = o T - TSP 80

Fig. 4.6 (a) Bond ratio, (b) splat flattening ratio, (c) coating crater depth/size, and (d) recoil
coefficient (from FE simulations) for each impact SCENAriO.............ccocvviiiiiniieieiesesc e 82
Fig. 4.7 Typical tangential force vs displacement curve with the respective SEM image of the
failure region for each impact scenario (Red circles: contours of the original splats). ................ 84

Fig. 4.8 High magnification SEM morphology of the crater failure surface: (a) 316L on 316L, (b)

316L on Fe, (c) Fe on 316L, and (d) F& ON Fe....cc.oiiiiiiiceee e 85
Fig. 4.9 Splat adhesion strength and adhesion energy for each impact scenario................c.c....... 86
Fig. 5.1 SEM images and volume weighted PSDs of the feedstock powders. ............ccccoveeveenens 99
Fig. 5.2 Optical cross-sectional microstructure of the single component 316L and Fe coatings.
..................................................................................................................................................... 102
Fig. 5.3 Optical cross-sectional microstructure of the composite 316L/Fe coatings (light-316L;
011 2T TR TSP RROSROPON 103
Fig. 5.4 The cold sprayability metrics. (a) DE, (b) porosity, (c) bond strength. ........................ 105

Fig. 5.5 (a) Particle in-flight velocity [5.26], (b) coating flattening ratio, and (c) coating
Aol 1] =T | S PSSR 108
Fig. 5.6 A 2D schematic diagram of the random multiple particle arrangement of bimodal size

316L/Fe mixtures and the associated deposition mechanisms upon impact.............ccccceeeeveenen. 113

Xiv



Fig. 6.1 Schematic diagram of particle-particle interactions (i.e. collisions between moving

particles) during mixed powders deposition (summarized from [6.12, 6.16]). ......ccccevvervrennene. 122
Fig. 6.2 SEM images of the feedStoCk POWAENS. ..........cooiiiiiiiiii e 123
Fig. 6.3 The DEs of large/small mixtures. (a) Fe small/Fe large and (b) 316L small/316L large.
Dashed lines indicate the Rule of Mixtures prediCtions. ..........ccccvevviieneeiesie e 127
Fig. 6.4 The BSE images of 50SS Fe/316L composite coating cross-sections. (a) Fe small/316L
large, (b) Fe large/316L large, and (c) Fe small/316L small. .........cccoovveiiieiiiieee e, 128
Fig. 6.5 The DE and partial DE results of different particle size combinations of Fe/316L mixtures.
(a) Fe small/316L large, (b) Fe large/316L large, and (c) Fe small/316L small......................... 131

Fig. 6.6 Simplified schematics of particle-particle interactions in different particle size
combinations of low SS mixed Fe/316L powders. (a) Fe small/316L large, (b) Fe large/316L large,
and (C) Fe small/316L SMAll. ........ccooiiiiieieee e 135
Fig. 6.7 Divisions of particle interactions using Eq. (6.3) and critical size of SS/Fe mixtures and
powder characteristics plots from literature (+: interactions; -: no interactions)........................ 137
Fig. A1 SEM images of different F& POWENS. .........cooiiiiiiiiiceec s 145
Fig. A2 (a) DEs of 20SS and 10SS mixtures at different powder feed rates; (b) DEs of Fe and

10SS at varied spray conditions. 60 mm/s: reduced gun travel speed; 2 MPa, 500 <C: reduced gas

T PEIALUNE/PIESSUIE. ....veveevectee et ettt et e e et et e s te et e e e s be e beese e e beebeessesaeeteesseabeentesssesaaesneennesreeneens 147

XV



List of Tables

Table 2.1 Common process parameters, their working ranges, and effects on particle velocity (Vp)

in cold spray. (reproduced from Ref. [2.7] with Permissions).........ccccccovevieevesieiieie e 6
Table 3.1 Feed rate settings for coating depOSItION. ............ccueieiiieririiireeee s 49
Table 3.2 Fe content in the feedstock and COAtINGS.........c.curvviieiiieieieeeeee s 52

Table 3.3 Bond ratio (BR) and average deposit size of impacts onto single component coatings.

Table 3.4 Bond ratio (BR) and average deposit size of single particle impacts onto composite

(0101 {10 LT TR PO PP PO PP PR PRORON 58
Table 4.1 Characteristics of the feedStoCK POWAET. ..........ccovviiiiiiiiiie e 72
Table 4.2 Process details for coating deposition and splat tests............cccvveveiieiiene i, 72
Table 4.3 Material properties and parameters for Johnson-Cook model [4.33, 4.34]. ................ 76
Table 5.1 Characteristics of the feedStoCK POWAETS. .........ooviiiiiieii s 99
Table 5.2 The weight fractions of the 316L and Fe in composite Coatings. .........cccocevererernnne 104
Table 5.3 The feedstock Fe weight fraction and the respective number fraction. ................... 111
Table 6.1 Characteristics of the feedStoCK POWETS. ..........c.ciieiiiieiice e 124
Table 6.2 The measured in-flight velocities of single component powders............cccccocevvrinnne 126
Table 6.3 The average 316L weight fractions in Fe/316L composite coatings. ...........cc.cceeeene 128
Table 6.4 The Fe flattening ratios in single component and 50SS Fe/316L composite coatings.
..................................................................................................................................................... 129
Table Al Characteristics of different F& pPOWEIS. ........ccocviiiiiiiieies e 145
Table A2 Process details of the cold Spray Campaign. .........ccccvevererenenininieee e 146

XVi



Chapter 1

Introduction

1.1 Background

Cold spray is an emerging coating deposition technique in which micron-sized (e.g. 10-45
um) particles are accelerated to supersonic velocities via high pressure gas stream through a de-
Laval converging-diverging nozzle and are impacted on the substrate in the solid state [1.1]. Due
to the low process temperature and protective gas atmosphere which minimize the undesired
oxidation and/or chemical degradation of the feedstock, cold spray has become an excellent
alternative to the conventional thermal spray methods for producing thermal-sensitive and low
oxide content coatings [1.1].

Some of the current trends in cold spray include the production of metal-metal composite
coatings [1.1-1.3]. Compared with other strategies to prepare the composite feedstock, e.g.
agglomerate-sintering, mechanical milling, and coated/cladded feedstock, mixing metal powders
(by either pre-mixing and dual feeding) is a straightforward approach and is convenient to vary
the feedstock mixing composition [1.1, 1.2]. Apart from the ease in producing novel composites,
mixing metal powders has been found to lead to beneficial effects in cold spray, e.g. reduced
porosity and improved deposition efficiency (DE) [1.4-1.6].

However, fundamentally, there is still a great lack in understanding the cold spray
deposition process of mixed metal powders. For instance, it is still a challenge to predict the cold

spray characteristics (e.g. DE, porosity, compositional yield) of mixed metal powders from those



of the single component powders. This means that any new powder mixtures must undergo
extensive preliminary cold spray trials in order to optimize the process parameters. Therefore,
analyzing the cold spray characteristics of two metal powders is of significant research interest as
it will lead to accurate modeling of the process and minimize the cold spray trials required to

optimize the process.

1.2 Research objectives

In this study, mixed 316L stainless steel and commercial purity Fe powders were
investigated as part of an overall effort to fabricate bio-degradable composite stents with
controlled galvanic corrosion rates [1.7]. The objective of this research is to develop a better
understanding of the effects of mixing powders on the cold spray characteristics of mixed 316L/Fe
powders. The study specifically focuses on the following aspects:

e The correlation between the splat deposition behavior onto as-polished coatings and
feedstock deposition behavior during composite coating formation.

e The governing factors of the splat deposition behavior of a single 316L and Fe particle
onto as-polished 316L and Fe coatings.

e Cold spray characteristics of bimodal size 316L/Fe powder mixtures and the associated
deposition mechanisms.

e The effects of the feedstock particle size on the deposition characteristics of 316L/Fe

powder mixtures.



1.3 Thesis layout

This thesis follows the manuscript-based structure and consists of 8 chapters. Chapter 1
introduces the background and objectives of the research. An extensive literature review and the
state of the knowledge on cold spray are presented in Chapter 2; this includes (a) process
overview and generic characteristics of cold spray technology; (b) fundamentals of cold spray:
bonding mechanisms and cold sprayability; (c) introduction of mixed powders cold spray: benefits
and challenges; (d) reasons for studying mixed 316L/Fe powders. Chapter 3 concerns the
correlation of the splat deposition behavior onto as-polished coatings and feedstock deposition
behavior during composite coating formation. Chapter 4 presents a detailed investigation of the
governing factors of the splat deposition behavior of a single 316L and Fe particle onto as-polished
316L and Fe coatings. Chapters 3 and 4 develop a better understanding of mixed 316L/Fe
interfaces in cold sprayed 316L/Fe composite coatings. Chapter 5 focuses on understanding the
deposition mechanisms associated with the cold spray of bimodal size 316L/Fe powder mixtures.
The results in this chapter introduce a new perspective of understanding the mixed metal powders
deposition process. Chapter 6 focuses on the effects of the feedstock particle size on the
deposition characteristics of mixed 316L/Fe powders in cold spray. The effects and characteristics
of particle-particle interactions in cold spray of mixed 316L/Fe powders are proposed in this
chapter. Chapter 7 provides the major conclusions of the research and an outlook for future work

is proposed. Chapter 8 presents the contributions of this thesis to the original knowledge.
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Chapter 2

Literature Review

2.1 Cold spray technology

Cold spray, or cold gas dynamic spray, was firstly discovered in mid-1980s by Dr. Anatolii
Papyrin and his research group at the Institute of Theoretical and Applied Mechanics (Novosibirsk,
Russia) [2.1]. While studying models related to supersonic two-phase flow (gas + solid particles)
in a wind tunnel, scientists accidentally observed some aluminum particles were deposited [2.2].
Since then, this process has attracted increasing attention and efforts have been made to develop it
into a practical industrial technology [2.2]. Cold spray has been used to produce coatings of a wide

range of pure metals, metal alloys, and composite materials onto various substrates [2.3].

2.1.1 Process overview

A schematic diagram of the common high-pressure cold spray system is shown in Fig. 2.1.
During cold spray, a high-pressure propellant gas is injected into the system: one stream is heated
and then goes into the cold spray gun; the other stream goes towards the powder feeder and carries
the feedstock into the high-pressure region of the cold spray gun [2.4]. Mixing of the high-pressure
gas and the feedstock is realized in the gun, and after which the two-phase flow goes through the
converging-diverging nozzle to obtain the supersonic velocity, and finally leaves the nozzle and
impacts on the substrate to deposit a coating [2.4]. A de Laval type converging/diverging nozzle
is almost always used in cold spray to generate the high-speed gas flow [2.5]. A supersonic velocity

is produced in the nozzle throat and the nozzle diverging part [2.5]. Overall, cold spray looks like



a simple process, but still it has a few process parameters. The common process parameters, their

working ranges, and effects on particle acceleration in cold spray are summarized in Table 2.1.

Powder Feeder Substrate
de Laval Nozzle RSN
Gas Inlet T
Gas Heater

Fig. 2.1 Schematic diagram of the high-pressure cold spray process. (reproduced from Ref. [2.6]

with permissions)

Table 2.1 Common process parameters, their working ranges, and effects on particle velocity

(Vp) in cold spray. (reproduced from Ref. [2.7] with permissions)

Parameters Working range Vp
Particle size <100 um +/-
Powder morphology  Spherical (SP), irregular (IR) SP<IR
Gas type Air, N2, He Air <Nz2< He
Gas pressure <5 MPa +
Gas temperature <1000 <€ +
Stand-off distance 5-100 mm +/-
Gun travel speed 5-330 mm/s N/A
Powder feed rate < 150 g/min N/A




2.1.2 Generic characteristics

In cold spray, the process temperature is well below the melting temperature of the spray
materials; the particles remain in the solid state and the formation of coatings is due mainly to the
kinetic energy of the impacting particles [2.8]. Compared with thermal spray, where the particles
are in molten or semi-molten state, the solid-state particle deposition in cold spray exhibit various
advantages [2.9] centered around the absence of high temperatures, which generates the least
thermal input to the substrate, and permits flexible coating deposition between dissimilar materials
(e.g. Al on Cu) without inducing thermal stresses or forming undesirable phases [2.10]. Cold spray
is suitable to produce coatings of oxygen-sensitive (e.g. Al, Ti) or temperature-sensitive materials
(e.g. amorphous, nanostructured powders) [2.1]. A high deposition efficiency (DE) (e.g. > 95%
for Ti [2.11] and Cu [2.6]) and a high deposition rate (up to 14 kg/h for various metals [2.12]) have
been reported, and dense and thick (up to several centimeters) coatings with wrought-like
microstructure can be obtained [2.13]. Due to the low porosity and negligible oxides, coatings of
high thermal and electrical conductivity (e.g. Cu [2.14]), as well as corrosion resistance (e.g. Ta
[2.15], Al [2.16]) can be produced. Also, as feedstock powders have been heavily deformed, cold
sprayed coatings generally exhibit high strength and hardness compared to the bulk material and
the compressive residual stress generated during deposition can enhance coating fatigue properties
[2.6]. Moreover, due to the relatively small (1-25 mm?) and well-defined spray plume, cold spray

can realize with reasonable precision and therefore minimizes the masking required [2.10, 2.17].

Despite all its advantages, cold spray has some disadvantages. For instance, cold spray
requires at least one of the feedstock components to have certain capability to plastically deform,
therefore, ceramics and very hard metals cannot be deposited alone; whereas almost all materials

can be sprayed using thermal spray techniques [2.1, 2.4, 2.5]. Moreover, for some materials e.g.



Ti[2.18] and Ti6Al4V [2.19], in order to produce fully dense and high-quality coatings, expensive
helium processing gas must be used to further accelerate the particle, which will incur substantial
running cost [2.5]. In addition, although the mechanical properties can be improved via post heat

treatment, cold sprayed coatings in their as-sprayed conditions have near-zero ductility [2.4].

2.2 Fundamentals of cold spray
2.2.1 Bonding mechanisms

In cold spray, the true bonding mechanisms of metal on metal deposition are still not clearly
understood [2.10, 2.17, 2.20]. A variety of mechanisms have been proposed by different
researchers through numerical simulations and/or experimental characterizations, and this include
adiabatic shear instability (ASI) [2.8, 2.21], localized melting [2.22], diffusion [2.23], mechanical
interlocking [2.24], interfacial amorphization [2.25], and oxide layer break-up [2.26]. Some of
these mechanisms are not mutually exclusive, and it is considered that they can be mainly classified

into two categories: metallurgical (or metallic) bonding and mechanical interlocking.

Metallurgical bonding can lead to strong adhesion strength [2.27, 2.28]. Since the surfaces
of most metals are covered by native oxide films [2.29], the fundamentals of metallurgical bonding
in cold spray are to fragment the surface oxides and bring two clean/fresh metallic surfaces into
contact at the atomic level [2.30, 2.31]. The cross-section of a typical cold sprayed splat is shown
in Fig. 2.2 (a). Non-uniform bonding is observed at the particle/substrate interface, where the
center regions reveal obvious “gaps” (boxed) and the peripheral regions (arrowed) are in an
intimate contact. The pull-off fracture surface (Fig. 2.2 (b)) and its auger electron spectroscopy
mapping (Fig. 2.2 (c)) show the center regions are smooth and are covered by rich oxygen (dark

areas); whereas the peripheral regions with few traces of oxygen (light areas) reveal dimple

8



structures (insets in Fig. 2.2 (b)), which are evidence of metallurgical bonding [2.27, 2.32-2.34].
Based on these observations, a schematic mechanism of metallurgical bonding formation in cold
spray is proposed in Fig. 2.2 (d). It is considered that the impacts of highly kinetic particle would
disrupt the interfacial oxide layer and induce intensive lateral deformation at interfaces to extrude
fragmented oxides outwards, thus providing an intimate conformal contact under high pressure to

permit bonding to occur [2.26].

Intimate contact Extrsion

\ =&

LS Remained oxide

Fig. 2.2 (a) The cross-section of a typical cold sprayed splat [2.27]; (b) pull-off fracture surface

of a deposited splat [2.35]; (c) auger electron spectroscopy mapping of oxygen (light areas) of

(b) [2.35]; (d) schematic of the oxide layer break-up mechanism [2.36]. (reproduced from Refs.
[2.27, 2.35, 2.36] with permissions)

Jetting, as shown in Fig. 2.3 (a), has been recently in-situ observed by Hassani-Gangaraj et
al. [2.37] using a high-speed camera. Jetting is a type of intensive localized deformation behavior

at interfaces which can effectively help to remove the broken oxide layer and provide clean



metallic contact [2.38]. Many researchers [2.27, 2.31, 2.38, 2.39] considered jetting (or remaining
metal jets of a deposited splat) as evidence of metallurgical bonding formation in cold spray;
however, it has also been reported that metallurgical bonding could occur without obvious jetting
[2.30, 2.40]. Recently, there have been interesting debates over the generation of jetting in cold
spray [2.30, 2.41, 2.42]. Assadi et al. [2.8], precursors of cold spray bonding mechanisms,
considered that jetting is a result of adiabatic shear instability (ASI). They proposed that during
particle impact, due to the localization of plastic strain and thermal softening effects, the
temperature at interfaces would increase. When the temperature approaches melting temperature,
the particles would lose their shear strength and the interfaces behave like viscous fluids and
undergo excessive plastic deformation to form metal jets, as shown by the sudden rise of interfacial
strain at a velocity of 580 m/s in Fig. 2.3 (b). Meanwhile, the excessive interfacial deformation of
metal jets could also further induce the temperature rise of interfaces to reach partial melting [2.43].
Hassani-Gangaraj et al. [2.41] argued that adiabatic shear bands, as evidence of ASI formation,
are not commonly observed at cold sprayed interfaces. They also removed the thermal softening
capability of a material from numerical modeling and still observed jetting to occur at the same
particle impact velocity. Therefore, instead, they proposed a shock pressure release mechanism as
shown in Fig. 2.3 (c) and considered that the jetting in cold spray is formed due to the strong
pressure waves interacting with the expanding edge of the particle and then fragmented under a
spall-like process, similar to other natural hydrodynamic processes e.g. liquid droplet impact. They
also considered that the localized melting at interfaces could induce erosion to the surface and

impede particle deposition [2.44].
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1. Jet Forms.

(C) Il. Shock Detaches.

Shock Wave Shock Wave

Compression
Tension

Fig. 2.3 (a) Jetting phenomenon in-situ observed by high-speed camera [2.37]; (b) simulated
temporal evolution of interfacial strain upon impact: sudden increase at a velocity of 580 m/s due
to adiabatic instability mechanism [2.8]; (c) schematic of jetting formation due to shock pressure

release mechanism [2.41]. (reproduced from Refs. [2.8, 2.37, 2.41] with permissions)

The most common understanding of mechanical interlocking mechanisms in cold spray is
the self-interlocking effects between two rough surfaces (particle/particle and particle/substrate),
which can be generated by e.g. sandblasting the substrate, formation of interfacial jets (Fig. 2.4 (a))
[2.45] and using irregular morphology feedstocks. Mechanical interlocking can also form as the
soft substrate material extrudes in between and envelopes the embedded hard particle, e.g. Cu on
Al (boxed in Fig. 2.4 (b)) [2.38]. Moreover, Champagne et al. [2.46] observed another
phenomenon in Cu on Al impacts called “interface mixing” when the heavily embedded particles

cause the forced mixing of interface materials through the formation of interfacial waves, vortices,

11



and roll-ups (insets in Fig. 2.4 (b)) [2.46]. The interface mixing phenomenon is reported to be more

obvious when the substrate is softer and particles have higher density [2.46].

= y 74P

AccV SpotMagn Det WO -
200KV 40 5000« BSE 100

CNRC-AMI 10.0kV 16.1mm x1.00k SE(L)

Fig. 2.4 SEM images of (a) metal jets on coating surface [2.45] and (b) Cu embedded in Al
substrate [2.38] (insets are vortices formation at coating-substrate interface of Cu on Al [2.46]).
(reproduced from Refs. [2.38, 2.45, 2.46] with permissions)

2.2.2 Cold sprayability

To evaluate the ease with which a powder can be deposited by cold spray, the term “cold
sprayability” is introduced. This incorporates the critical velocity (Vcrit), deposition efficiency
(DE), porosity, and mechanical properties (e.g. hardness and bond strength) [2.45, 2.47]. To
maximize the cold sprayability, in general, a feedstock powder with the FCC crystal structure, low
hardness, 10-45 um in size, and spherical shape is preferred in cold spray, as compared with other
powders with the BCC/HCP, high hardness, particle size either too large or too small and irregular
shape [2.17, 2.48]. Also, increasing the intensity of cold spray process parameters (e.g. gas

pressure and temperature) almost always benefits the cold spray outcomes of a feedstock.
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2.2.2.1 Critical velocity

Critical velocity (\Vcrit) is defined as the minimum particle impact velocity required for
any deposition to occur [2.48]. As shown in Fig. 2.5, in the region below the critical velocity, no
deposition can be achieved, and the particle impacts only result in the slight substrate erosion. If

the particle velocity is higher than the critical velocity, deposition can be achieved.

-
o
o

crit

deposition

o

erosion

deposition efficiency

particle velocity

Fig. 2.5 Effect of particle impact velocity on deposition efficiency. (reproduced from Ref. [2.49]

with permissions)

In cold spray literature, there have been many efforts to model the critical velocities of
different metals [2.8, 2.41, 2.48]. Hassani-Gangaraj et al. [2.41] considered the critical velocity of
a material is proportional to its bulk speed of sound. Assadi et al. [2.8] proposed a simple equation

based on numerical simulations to calculate the critical velocity incorporating material properties:
V.ie = 667 — 0.014p + 0.08(T,, — Tz) + 10770, — 0.4(T; — Ty) (2.1)

Where p is the particle density, T,, is the melting temperature, T is the reference

temperature (293 K), oy, is the ultimate tensile strength, and T; is the impact temperature. It can be
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seen that the critical velocity would increase with increasing material strength and melting

temperature, and decrease with increasing density and particle temperature.

Schmidt et al. [2.48] proposed a modified equation to calculate the critical velocity using
energy balance theories which exhibited a better approximation with the experimentally measured

values, as shown in Eq. (2.2).

Ti-Tr
Fraors (A= —7 )
Verie = P) +Fycp- (Tm - Ti) (2-2)

Where o7 is the ultimate tensile strength, T; is the impact temperature, Ty is the reference
temperature (293 K), T,,, is the melting temperature, p is the particle density, cp is specific heat of
the particle, and F;, F, are the empirical factors. Based on Schmidt’s equation, the critical
velocities for 25 um particles of different metals are calculated, as shown in Fig. 2.6. It can be seen
that metals with relatively low melting points (e.g. tin, zinc, lead) usually have relatively low
critical velocities; whereas metals that are naturally passivated by a dense oxide layer (e.g.

aluminum, titanium) usually require high critical velocities [2.50].
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Fig. 2.6 Calculated critical velocity results for 25 um particles of different materials. The dark
part represents the uncertainty due to the available materials data. (reproduced from Ref. [2.48]

with permissions)

2.2.2.2 Deposition efficiency

Deposition efficiency (DE) is often calculated as the mass change of a substrate over the
total mass of spraying particles fed over the substrate [2.17]. As shown in Fig. 2.5, once the particle
velocity exceeds the critical velocity, the DE would increase (sometimes to nearly 100%) with
only a slight increase in the particle velocity, after which DE reaches a peak and might start to
decrease due to erosion [2.17]. Since DE is a function of the particle velocity, increasing the cold

spray intensity (i.e. gas temperature/pressure) almost always increases the DE.

The process of coating formation in cold spray is shown in Fig. 2.7. Generally, the coating
deposition can be considered as a two-stage process: (i) particle adhesion on the substrate
(formation of the first layer); (ii) particle-particle cohesion in the coating (coating build-up) [2.51].
At the first stage, incident particles shot peen and leave craters to the substrate surface, which
activates the substrate surface by removing surface contaminations and help to bond the first

15



particle layer [2.6]. This stage is critical and largely depends on the material properties of the
particle and substrate (e.g. hardness, oxide layer thickness), and the substrate conditions (e.g.
preheating and roughness) [2.17]. Then at the second stage, the subsequent particles will adhere to
the previously deposited layers, deform and realign, and particles start to form metallurgical
bonding between each other [2.51]. After the coating is built up, the continuous peening effect
leads to further densification and work-hardening of the coating [2.51]. Since the DE is the
complex interplay of the two distinct processes, quantitative predictions of the DE of a powder at
certain spray conditions are often difficult. But in the case that the particle and substrate materials
have the similar deformability, Meng et al. [2.52] observed that a rate parameter R, determined
from finite element simulations of single particle deposition as the equivalent plastic strain

averaged over a particle (PEEQ?) over time, can correlate well with coating DE [2.53].
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Fig. 2.7 Schematic diagram of the coating formation process in cold spray. (reproduced from
Ref. [2.51] with permissions)

Individual particle impact tests (or splat tests) are often used in cold spray to understand
the deposition/deformation behavior of a single particle [2.53-2.56]. As an indication of coating
DE, the bond ratio (BR) metric is introduced to quantify the deposition behavior of a single particle.
This is defined as the ratio of the number of bonded particles (splats) to the total impacting particles
(splats + craters) per unit impact area, as shown in Fig. 2.8 (a) [2.57]. Fukumoto et al. [2.58]
proposed a modified approach to calculate the BR as the ratio of the number of particles having
metal jets to the total particles deposited over the substrate within the measured area. The obtained
BR results were reported to exhibit a satisfactory consistency with coating DE [2.58]. Wu et al.
[2.57] considered that the deposition of a single particle in cold spray is a competition between the

adhesion energy (A) and rebound energy (R). It was observed that the difference between the
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calculated adhesion energy and rebound energy (A-R) can well correlate with the BR results at
different particle velocities, as shown in Fig. 2.8 (b). This approach provides a theoretical basis to
explain and predict the deposition behavior of different metal powders onto various substrates
[2.57]. However, some limitations of this model are that it fails to explain the plateau stage of DE

and the erosion phenomenon, as shown in Fig. 2.5.

The equations to calculate the rebound energy (R) of an impacting particle can be denoted

as below [2.59, 2.60]:
R= %ermpvg (2.3)
— 2 1
e, = 11.47(2) (%)~ (2.4)
E Oy

Where e, is the recoil efficient, m,, v,,, p,, are mass, velocity, and density of a particle,
respectively; gy is the effective yield stress calculated from finite element modeling during impact;

E™ is the conventional elastic modulus of particle and substrate.
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Fig. 2.8 (a) SEM image showing the splats and craters after individual particle impact tests; (b)
correlation of bond ratio results to “adhesion energy-rebound energy (A-R)”. (reproduced from
Ref. [2.57] with permissions)
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2.2.2.3 Porosity

Inadequate particle conformal deformation during deposition results in the presence of
porosity in the coatings [2.51]. To evaluate the degree of particle bulk deformation during
deposition, the flattening ratio (FR) is commonly used [2.61, 2.62]. One of the methods to calculate
the flattening ratio is indicated in Fig. 2.9 (a) as the width to height ratio of a deformed particle
[2.39, 2.63]. The porosity of cold sprayed coatings is commonly measured through image analyses
[2.6] and is further characterized through methods such as Mercury Intrusion Porosimetry (MIP)
[2.64] and Micro-CT [2.65]. Generally, a larger particle flattening would effectively close/fill the
particle-particle gaps and leads to a denser coating [2.62, 2.63]. Coatings with lower porosity levels
can often exhibit higher hardness, better corrosion resistance, and better thermal and electrical

properties [2.3].

The porosity of a cold sprayed coating can vary from less than one to several tens of
percents, depending on the types of the spray materials and the spray conditions [2.66]. For
instance, cold sprayed Cu coatings are highly dense with less than 1% porosity due to its low yield
strength and FCC structure which facilitates particle plastic deformation; whereas HCP Ti can
exhibit the coating porosity as high as 20% when deposited with nitrogen gas [2.6, 2.67, 2.68].
The effect of cold spray conditions is generally that increasing the particle velocity increases the
particle plastic deformation and decreases the porosity. However, Jenkins et al. [2.69] also
observed an abnormal decrease in Al coating porosity when the DE and particle velocity are low,
this observation reveals the contributions of the in-situ densification effect of impacted and
rebounded particles to the previously deposited layers. Moreover, using helium instead of nitrogen

as the propellant gas can elevate the particle acceleration and generate higher degree of particle
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deformation and it is reported that Ti coating porosity can be reduced to 0.5% [2.18]. However, as
shown in Fig. 2.9 (b), the porosity of cold sprayed Ti coatings is still observed to be typically non-
uniform, with the top layers being porous and the bottom layers being dense due to the more

intensive peening effect [2.70].

( a ) Original
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Fig. 2.9 (a) Schematic diagram of particle shape change during cold spray and the flattening ratio
metric [2.51]; (b) typical porosity features in cold sprayed Ti coatings [2.70]. (reproduced from
Refs. [2.51, 2.70] with permissions)

2.2.2.4 Mechanical properties

During cold spray, particles undergo intense deformation and are severely work hardened,
therefore, the as-sprayed coatings normally possess higher hardness than their corresponding bulks
[2.71, 2.72]. The coating hardness can also be affected by porosity or coating defects, and normally
the higher the porosity (or coating defects), the lower the hardness [2.73, 2.74]. The hardness
values within the cold sprayed coatings are not uniform. As reported by Zou et al. [2.75] in Fig.
2.10, higher hardness is presented at the particle-particle interface regions (particle periphery)
which experiences intense deformation during deposition; whereas the center regions of a particle

usually exhibit lower hardness due to the lower degree of deformation. Improving the hardness
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uniformity in the cold sprayed coatings can be achieved by e.g. increasing the impact velocities to
initiate more plastic deformation (especially the center regions) [2.5] and annealing to remove
dislocations at the heavily deformed particle edges through recovery and recrystallization [2.76].
It is also noted that the hardness depth profile of cold sprayed coatings is relatively uniform except

for the top porous layers possibly due to low thermal input to the substrate [2.77].
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Fig. 2.10 EBSD maps of a cold sprayed Ni coating: (a) 1Q map (dashed circle: peripheral areas
of a particle); (b) corresponding nanohardness values. (reproduced from Ref. [2.75] with

permissions)

The bond strength of cold sprayed coatings is evaluated by: (i) adhesive strength
(separation from the base material) and (ii) cohesive strength (within each particle layer) [2.78].
The coating adhesive strength is often determined through pull-off tests according to ASTM C633,
but is limited by the strength of epoxy adhesives (e.g. 70-80 MPa [2.79]). Higher coating adhesive
strength can be alternately measured through e.g. laser shock tests [2.79] and shear tests [2.80].
Generally, cold sprayed metallic coatings on metallic substrates (e.g. Ti on mild steel > 85 MPa

[2.22]) can exhibit acceptable adherence comparable to that of thermal sprayed coatings but still
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much lower than the bulk strength [2.51]. The coating adhesive strength is also reported to be
influenced by the coating thickness, with thicker coatings normally possessing lower adhesive
strength due to higher residual stresses [2.45]. The coating cohesive strength can also be
determined using above methods if particle/substrate interfaces exhibit higher adherence compared
to particle-particle bonds, and this usually occurs when depositing on soft and low melting
temperature substrates (e.g. Al) due to more metallurgical bonds and embedding effect [2.81].
Other indirect techniques such as scratch tests [2.82] and multi-scale indentation [2.73] can also
generate results indicative of the coating cohesive strength. Chromik et al. [2.27, 2.83] developed
a modified ball bond shear test to measure the adhesion strength/energy of a single deposited splat,
as shown in Fig. 2.11. However, it is not clear how to correlate the splat adhesion value to the

coating bond strength determined from e.g. traditional pull-off tests.
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Fig. 2.11 Schematic diagram of the splat adhesion test. (reproduced from Ref. [2.27] with

permissions)
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2.3 Cold spray of mixed powders

Some of the current trends in cold spray involve the production of metal-metal composite
coatings [2.10, 2.84, 2.85]. There are various strategies to deposit composite coatings by cold spray,
as seen in Fig. 2.12, this includes using (i) powder mixtures; (ii) composite powders; (iii) cladded
powders [2.10]. The latter two methods often produce coatings with well-defined and
homogeneous structures [2.10]. However, using composite powders require feedstock pre-
processing such as agglomerate-sintering or mechanical milling in order to bring
bonding/mechanical constraints between particles, which might deteriorate the powder
characteristics (e.g. work hardening, powder fragmentation) and/or surface chemistries (e.g.
oxidation, contamination) [2.84]. With coated/cladded powders there are often issues due to the
limited available supplies of various powder compositions [2.10]. Comparatively speaking, mixing
powders (premixing or dual powder feeding) is a simple method and it is convenient in varying
the feedstock mixing composition [2.10, 2.67, 2.84]. Moreover, it also allows interactions between
the component powders during deposition, which is often reported to generate benefits in cold
spray, e.g. improved deposition efficiency or reduced porosity [2.86-2.88]. However, there is a
lack of understanding towards the deposition process of cold spraying mixed powders. For instance,
it is still a challenge to predict the cold sprayability of the mixed powders from that of the single
component powders and the composite coating compositional yield (i.e. the deposited composition
vs the initial composition). This means that any new mixtures need to undergo extensive
preliminary cold spray trials in order to optimize the process parameters. Thus, fundamentally,
analyzing the cold spray characteristics of two metal powders is necessary as it will lead to accurate

modeling of the process and minimize the cold spray trials required to optimize the process.
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Fig. 2.12 Different strategies of composite coating deposition by cold spray. (Reproduced from

Ref. [2.10] with permissions)

2.3.1 Mixed powders deposition

In cold spray literature, there are comparatively limited studies concerning the deposition
process of mixed powders. The schematics of binary mixed powders deposition process are shown
in Fig. 2.13. Compared with the deposition of single component powders, mixed powders
deposition exhibits more complexities, e.g. it incorporates unknown impact scenarios of A on B
and B on A. Sova et al. [2.89] proposed a simple mathematical model to interpret the DE of mixed
powders. As shown in Fig. 2.13 (a), the fundamental aspect of this theory is to consider the
depositing particles as mono-sized spheres and summarize the occurrence probability of all
possible particle impact scenarios during deposition multiplied by its respective adhering
probability to obtain the mixed powders DE. This model has been validated in cold spray of ternary
Cu-316L-tribaloy powder mixtures. However, limitations of this model are that it only applies to

mono-sized mixtures and does not incorporate effects of the potential particle-particle interactions.

Particle-particle interactions refer to the collisions between two moving particles. This

could generally occur during three stages in cold spray: (i) powder feeding; (ii) powder in-flight;
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(iii) upon impact or above the substrate. In this study, the third type of interaction is discussed
since no evidence can be found in the literature reporting obvious effects of the first two types of
interactions on the final cold spray outcome. As schematically shown in Fig. 2.13 (b), this type of
particle-particle interactions occurs when the particle number density is high, and a summary from
literature reveals two main scenarios. It is noted that such interactions are difficult to be directly
experimentally visualized in cold spray; hence their existence is mainly speculative by the

observations from DE characteristics and coating composition [2.90-2.93].

The first scenario (I in Fig. 2.13 (b)) refers to the interaction between the rebounding
particles and subsequent incoming particles. King et al. [2.90] considered that, in order to
retain/entrap a rebounding particle, its momentum must be overcome by the subsequent incoming

particles, as given in Eq. (2.5).
ZmAvA + ZvaB = m,v, (25)

Where, m,, mg, m,. are the mass of particle A, B, and the rebounding particle, respectively;
V4, Vg, U, are the velocity of particle A, B, and the rebounding particle, respectively. Since most
of the kinetic energy of a rebounding particle is lost due to the plastic deformation and adhesive
interactions with the substrate, its retention/entrapment is possible [2.91]. However, if there are
high quantities of large/dense/heavy particles rebounding at the same time, this interaction might
vice versa decelerate/deflect the later incoming impacting particles to impede their deposition

[2.94-2.96].

The second scenario (Il in Fig. 2.13 (b)) refers to the interaction between the subsequent
incoming particles and depositing particles. This interaction is reported to be beneficial for

deposition in the case that a hard particle impacts on a soft particle, i.e. tamping effect [2.87, 2.97].
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Fernandez et al. [2.98] observed increases in the interfacial strain and temperature of the soft
depositing particle when impacted by a hard particle through finite element simulations, which
consequently benefit its deposition. However, in the literature, there are conflicting opinions
towards the existence of this interaction in cold spray [2.92, 2.93, 2.98]. It is speculated that such
a divergence might be due to the difference in the particle number density (e.g. as schematically
shown in Figs. 2.13 (a) and (b)) resulted from the different process details and feedstock particle
sizes used in different studies. Note that besides particle-particle interactions, there are also other
“non-interaction” explanations of the beneficial effect of tamping on particle deposition: (i) hard
particles embed in and “nail” the loosely bonded soft particles which could be otherwise eroded
away by the impacts of another soft particle [2.88]; (ii) the impacts of hard particles fragment the

oxide layers on the surfaces to facilitate the deposition of subsequent soft particles [2.99].

Fig. 2.13 Schematic diagrams of mixed powders deposition: (a) without particle-particle
interactions; (b) with particle-particle interactions. (Constructed based on Refs. [2.89, 2.90,
2.98])
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2.3.2 Effects of mixing powders

In the literature, the studies concerning the cold spray of mixed powders include mixing
metals with non-metals (e.g. ceramics, intermetallics, and compounds) and another metals [2.84,
2.95]. Generally, these powder mixtures were prepared for two reasons: (i) to improve the
feedstock cold sprayability; (ii) to fabricate novel metal matrix composites (MMC) or
intermetallics. Regarding the first reason, Al.Os is a commonly used ceramic that has been added
to various metals for co-deposition, e.g. Al [2.87, 2.100], Cu [2.97], 316L [2.101] and Ni-20Cr
[2.102]. Spraying a mixture of metal-ceramic instead of metal alone not only benefits the cold
spray process since the hard ceramic can help to keep the nozzle clean and eliminate the clogging
issue, but also the ceramic particles can activate the metal surfaces by removing oxide layers,
contamination and impurities, consequently benefiting the subsequent metal deposition. Additions
of irregular ceramic particle could also generate micro-asperities on the surfaces and favor the
bonding/deposition of subsequent particles. The DE results of mixing angular Al,O3 with spherical
Al powders are shown in Fig. 2.14 (a). It can be seen that the pure Al (0 wt.% Al>Oz) cannot reach
any deposition under the current conditions; whereas the addition of alumina lowers the critical
velocity of Al and stimulates the DE of the mixture (solid lines) as well as the Al (dashed lines)
[2.87]. The maximum mixture DE was observed at an Al>Os content of about 30 wt.%, after which
the DE started to decrease [2.87]. The use of metal-ceramic mixture can also lead to reduced
coating porosity and improved coating bond strength due to the tamping of hard/brittle ceramic
particles which induces further deformation of the deposited metal layers. Jodoin et al. [2.100]
observed that when spherical morphology alumina instead of irregular morphology ones is added
to the Al, there is no DE improvement but a further increase in adhesion strength of the composite

coatings. It is also noted that despite the reduction in overall porosity of the composite coatings,
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the interfaces between the metal and ceramic are not intimate and exhibit the presence of defects
(e.g. porosity in Al-Al>Os3 interfaces in Fig. 2.14 (b) [2.80]), which deteriorates the functionalities
of the coatings, e.g. long-term corrosion barrier effects [2.87, 2.103]. Besides adding ceramics, it
has been reported that mixing metal powders can also generate beneficial effects on the feedstock
cold sprayability, and this is often accomplished by adding a relatively hard/dense/large metal
powder to induce the tamping effect [2.74, 2.88]. Compared with ceramics, metals can exhibit
more coherent interfaces with another metal and better characteristics e.g. electrical conductivity.
Hanging et al. [2.88] reported that the additions of small amount (e.g. 10 wt.%) of Cu or Zn powder
to Sn could lead to the improved DE (arrow 1 in Fig. 2.14 (c)) and slight increase/no deterioration
of the coating electrical conductivity; whereas too much additions (30-50 wt.%) of Cu or Zn
otherwise reduce the DE (arrow 2 in Fig. 2.14 (c)). From the above examples, it can be concluded
that the beneficial effects of mixing powders in cold spray are often limited to small amount

additions (e.g. 10-30 wt.%) of second component (SC) powders.

Another reason to spray mixed powders is to fabricate MMC composites (e.g. metal-
ceramic) utilizing the metal’s plastic deformability. In this regard, there are often desires to include
higher SC content in the coatings to enhance the functional performances [2.104]. However, since
the SC powders (e.g. ceramics) often have the limited deformability and are thus difficult to deposit,
there will be a significant loss of SC content in the deposited coatings compared with the initial
feedstock, as shown in Fig. 2.14 (d) [2.87]. This requires a much higher SC content to be
incorporated in the initial feedstock than the actual coating compositions expected, but this could
also generate several issues. Firstly, for each specific mixture, there often exists a maximum SC
content that can be entrapped e.g. 20-25 wt.% Al.Oz in Al in Fig. 2.14 (d) [2.87]. Further increases

at high SC additions in fact mostly contribute to more impacts between the SC powders, which
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does not effectively increase the deposited SC content (Fig. 2.14 (d)) but significantly reduces the
mixture DE (Fig. 2.14 (a)). Secondly, the significant loss/rebounding of SC powders during
deposition could generate interactions with subsequent in-flight particles to impede their
deposition [2.95]. Al-Mangour et al. [2.105] observed in cold spraying mixed 316L/Co-Cr
powders that 50 vol.% Co-Cr mixture would lead to much higher coating porosity of 4.5%;
whereas the coating porosities from 20 and 33.3 vol.% Co-Cr mixtures are only 1%. Therefore,
when there is a desire to increase the coating SC content, a compromise must be made between

using higher feedstock SC content and the poor coating DE/quality.
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Fig. 2.14 (a) DE of Al-Al,O3 mixtures as a function of feedstock Al.Os wt.% [2.87]; (b) cross-
section of an Al-Al,O3 composite coating [2.80]; (c) DE of Sn by adding Cu or Zu as a function
of gas pressure [2.88]; (d) coating composition of Al-Al,O3 mixtures as a function of feedstock
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Al,O3 wt.% (the straight line has a slope of 1) [2.87]. (reproduced from Refs. [2.80, 2.87, 2.88]

with permissions)

Mixing powders can also be applied to the same metals but of different characteristics (e.g.
size and hardness). For instance, Spencer et al. [2.106] observed that the stainless steel 316L
coating fabricated from the mixing of large/small 316L particles can exhibit comparable density
and corrosion resistance to the coating from small particles; but without issues inherent in spraying
small particles alone such as unstable powder feeding and nozzle fouling [2.106]. Besides the
effect on porosity, DE-improving effects by mixing same specie powders having different
properties have also been reported, e.g. soft Ta + hard Ta [2.86] and reclaimed Al (work-hardened)
+ original Al [2.92]. These findings show that simply creating a hardness difference among the
feedstocks could benefit the cold sprayability and the practical guidance for cold spray is to mix

powders from different batches or manufacturers when there is only a limited supply of one powder.

2.3.3 Studies of 316L/Fe mixed powders

In this study, mixtures of 316L stainless steel and commercial purity Fe powders were
investigated as part of an overall effort to produce bio-degradable metal-metal composite stents
[2.107]. Austenitic stainless steel 316L is considered as the reference material and it creates a
galvanic couple with the less noble Fe [2.108]; when exposed to an electrolyte the reactive Fe
anode corrodes and the more noble 316L cathode is protected. Both 316L and Fe are bio-
compatible metals and the dissolved iron ions are useful for e.g. red blood cells, cytochromes,
enzymes, hemoglobin and myoglobin [2.109]. Cold spray is a low temperature powder deposition
process and allows for the manufacturing of materials with very fine grain size, resulting in

improved mechanical properties and fatigue resistance. Moreover, mixing 316L/Fe powders for
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cold spray has the convenience in varying the feedstock mixing composition, therefore the
controlled degradation rates of the fabricated stents can be realized. Images of the fabricated stents
after each post-processing step of grinding, electric discharge machining (EDM) to remove

substrates, and final femto laser cutting can be seen in Fig. 2.15.

Final product

@)
(b)
= @

Fig. 2.15 The fabricated 316L/Fe composite metallic stent after each post-processing step of (a)

grinding, (b) electric discharge machining (EDM) to remove substrates, (c) femto laser cutting.
(reproduced from Ref. [2.107] with permissions)

In a previous PhD thesis, single component 316L, Fe, and three mixed 316L/Fe powders
(316L-20 wt.%Fe (20Fe), 316L-50 wt.%Fe (50Fe), 316L-80 wt.%Fe (80Fe)) were cold spray
deposited and interesting DE characteristics were observed [2.109]. As shown in Fig. 2.16, single
component 316L powder has almost double the DE of the Fe; whereas the DE of mixed 316L/Fe
powders increases with increasing the feedstock Fe fraction (poor DE component). The measured
DE results of mixed 316L/Fe powders are totally different to the common predictions based on e.g.
Rule of Mixtures (boxed column in Fig. 2.16). In particular, the DE of 80Fe is almost the same as
single component 316L; 20Fe exhibits a DE close to single component Fe rather than single

component 316L. These observations imply that there is a strong but “unpredictable” effect of
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mixing on the DE of 316L/Fe powders. This current thesis is a continuing study of the DE
characteristics of cold spraying mixed 316L and Fe powders. Since some difference between the
two Fe-based alloys are hardness, surface oxide layer, and crystal structure [2.17], this thesis thus

investigates how mixing powders of different characteristics could affect the cold sprayability.

80

Predicted DEs ™ Measured DEs

=]
o

Deposition efficiency, %
=9
<)

N
[=]

316L 20Fe 50Fe 80Fe Fe

Fig. 2.16 DE results of single component 316L, Fe, and mixed 316L/Fe powders. Boxed
columns: predicted DEs using Rule of Mixtures (DEy;;x = DE3161 X f3161, + DEpe X fre)-
(reproduced from Ref. [2.109] with permissions)
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Chapter 3

Understanding the Cold Spray Deposition Efficiencies of
316L/Fe Mixed Powders by Performing Splat Tests onto As-

Polished Coatings

Understanding the cold spray deposition efficiencies (DEs) of mixed metal powders
requires knowledge of the deposition behavior of a single particle. In this chapter, we sprayed
single 316L or Fe particles (splats) onto as-polished (mirror-polished) coatings. Results show that
the splat deposition behavior onto as-polished coatings correlates well with the coating DE, and
the orders of impact play a significant role on the splat deposition behavior (i.e. 316L on Fe, Fe on
316L). Interesting effects of the splat deposition behavior onto as-polished composite 316L/Fe

coatings were also observed but currently there is no explanations of these phenomena.

This chapter has been published as:
e Xin Chu*, Hanging Che, Phuong Vo, Rohan Chakrabarty, Binhan Sun, Jun Song, Stephen
Yue, “Understanding the cold spray deposition efficiencies of 316L/Fe mixed powders by
performing splat tests onto as-polished coatings”, Surf. Coat. Technol. 324 (2017), 353-

360.
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3.1 Abstract

Some of the current trends in cold spray include the production of metal-metal composite
coatings; however, the deposition mechanisms of mixed powders are often vaguely understood. In
this study, single component 316L stainless steel and Fe coatings, as well as composite 316L/Fe
coatings, were deposited through cold spray and the deposition efficiencies (DE) were measured.
The composite coatings featuring various feedstock fractions were produced using a dual powder
feeder setup. Splat tests were then performed on the as-polished coatings to investigate the
deposition behavior of each component powder on the previously deposited layers. Bond ratio (BR)
was determined from the splat tests to correlate with DE. Results show that the 316L powder has
a better DE than Fe; whereas the DE of 316L/Fe mixed powder increases with increasing the
mixture feedstock Fe fraction. The BR was found to correlate well with the DE of both single
component and mixed powders. For the individual deposition behavior of the component powder,
the BR of 316L monotonically decreases on the composite coating with an increasing Fe fraction;
while the BR of Fe plateaus at a relatively high value regardless of the composite coating

composition, which results in the overall increase of mixture DE.
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3.2 Introduction

Mixing powders in cold spray is a straightforward method to produce composite coatings
and the use of mixed metal feedstock has been increasingly studied by researchers [3.1-3.6]. It has
been found to offer benefits in improving cold sprayability of the component powder (e.g. increase
deposition efficiency and decrease porosity), similar to those of ceramic additions to metal
powders [3.7]. However, the mixed powder deposition in cold spray is a complicated process. For
instance, it is not clear whether the critical velocity of the mixture is unique to any specific
composition (i.e. combination of feedstock powders); or can be determined directly from a
consideration of the critical velocities of individual components. This renders an issue in the
selection of appropriate process parameters in cold spraying the mixed feedstock. A further
concern is the compositional yield, i.e. how close the deposited composition is to the initial powder
feedstock composition. Moreover, in a ceramic-metal system, the impinging ceramic powders
cannot be deposited alone as they only contribute to tamping and roughening of the surface layers
[3.8]. While in a metal-metal system, almost all metals can exhibit some cold sprayabilities and
this generates an uncertainty of deposition behavior at the mixed interfaces. Often “unpredicted”
situations in the cold sprayability of metal-metal mixtures can be observed; for instance, Aydin et
al. [3.9] reported that an addition of 10 wt.% Ti into Ti6Al4V drastically lowers the coating
porosity from 7.5% to 1.75%, but the 5 wt.% Ti would barely help. Sova et al. [3.10] for the first
time developed a simple mathematical model to predict the DE and coating composition of 316L-
Cu-Tribaloy mixtures on the basis of the adhesion probability between each component powder
during deposition. But so far this model is only applicable for mixtures with similar size and still

future improvements are required [3.10].
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The cold spray coating deposition can be mainly divided into two distinct steps: first layer
formation and coating build-up [3.11]. To understand the coating cold sprayability (e.g. DE), a
few researchers investigated the deposition behavior of a single particle using experiments and/or
FE simulations [3.12-3.17]. The splat test is an experimental approach to generate single particle
impacts and it is commonly performed onto the as-polished substrates [3.12-3.16]. Thus, it only
reveals the particle deposition behavior at the initial stage of coating deposition (particle-substrate
adhesion), which is considered to contribute limitedly to the overall coating DE. Once the first
layer has formed, the coating deposition then shifts to a case of particle-particle cohesion.
Therefore, the DE of a feedstock might be mispredicted using the common approach of the splat
test, especially when the deformability of the powder and substrate materials is remarkably

dissimilar [3.16].

In this study, the DE of mixed 316L stainless steel and commercial purity Fe powders was
investigated as part of an overall effort to produce metal-metal composites with controlled
corrosion properties for biodegradable implants [3.18]. The splat tests were performed on as-
polished coatings to reveal the particle deposition behavior during coating build-up. The increase
of mixture DE with increasing feedstock Fe was discussed, and the scope of future efforts to fully

explain the DE characteristics of 316L/Fe mixtures was narrowed.
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Nomenclature

Mms3q61, Mpe  Mass of a 316L or Fe particle
N316L: MNFe Number of 316L or Fe particle impacting on coating surface
Bond ratio of 316L or Fe impacts onto composite coatings (probability of a
BR3161, BRp, . .
316L or Fe particle to adhere on the coating surface)
M3i61, Mpe  Total mass of 316L or Fe particles impacting on the coating surface
fFe Feedstock Fe weight fraction

fcre Coating Fe weight fraction

dM3q, dMpg, Total mass of 316L or Fe particles in the coating

3.3 Materials and methods
3.3.1 Powders

Commercially available 316L stainless steel powder (Sandvik Osprey, Neath-Port Talbot,
UK) and commercial purity Fe powder (Quebec Metal Powders, Sorel-Tracy, Canada) were used
as the feedstock. The particle size distributions were examined using a Horiba LA-920 laser
diffraction analyzer (Horiba, Tokyo, Japan). As shown in Fig. 3.1, the 316L powder is spherical,
while the Fe is mainly spherical but with some irregular component. The particle size distributions
of 316L and Fe feedstocks are also given in Fig. 3.1, exhibiting the mean sizes of 29.1 um and
22.2 pm, respectively. The Vickers hardness of the feedstock was measured using a Clark CM-
100AT Microhardness Tester (Sun-Tec, Novi, USA). The 316L powder has a higher average

microhardness of 262.6 HVo.0: compared with that of 141.3 HVy .01 for the Fe.
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Fig. 3.1 Morphologies and size distributions of the feedstock powders.

3.3.2 Cold spray

Spraying was performed at the McGill-NRC cold spray facility, located at the National
Research Council Canada, Boucherville, using a Plasma Giken PCS-800 cold spray system
(Plasma Giken, Yoriimachi, Japan) with a PNFC2-010-30S tungsten carbide nozzle. Nitrogen was
used as the propellant gas. The process parameters were set referring to [3.19] at a gas preheating
temperature of 700 <C, a gas pressure of 4 MPa, and a stand-off distance of 80 mm. Two deposition
modes were used as follows: high feed rate (18.7-24.8 g/min) with low gun traverse speed (300
mm/s) for coating deposition, and low feed rate (316L-8.5 g/min, Fe-11 g/min) with high gun

traverse speed (1000 mm/s) for splat tests.
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3.3.2.1 Composite coatings

Apart from the single component powders (316L and Fe), four different compositions of
feedstock powders were deposited, namely (in terms of nominal compositions), 10 wt.% Fe (10Fe),
50 wt.% Fe (50Fe), 80 wt.% Fe (80Fe), 90 wt.% Fe (90Fe). The composite coatings were produced
using a dual powder feeder setup due to its advantage in varying the feedstock fractions. As shown
in Fig. 3.2, the 316L and Fe feedstock were fed separately, mixed before the cold spray gun to
obtain desired compositions, and axially injected into high pressure region of the gun for
codeposition. The feed rate was measured as the weight loss of the powder feeder per unit time,

and the values for each feedstock powders are presented in Table 3.1.

The substrates used were 1018 carbon steel plates (McMaster-Carr, Aurora, OH) with
dimensions of 76.2 mm % 76.2 mm > 6.4 mm. Prior to coating deposition, the substrates were
blasted with 24 grit alumina to remove the scale and roughen the surface to promote adhesion.
After spraying, DE was measured as the mass gain of the substrate divided by the total mass of
spray material fed during the time that the gun was over the substrate. The coating cross-sections
(transverse to the gun travel direction) were observed using a light optical microscope (LOM). The
composite coating compositions were estimated by the relative surface areas of 316L and Fe

phases using an image analysis method.
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Fig. 3.2 Schematic of the cold spray process with dual powder feeder setup [3.20]. (Figure

adapted with permissions)

Table 3.1 Feed rate settings for coating deposition.

Feed rate, g/min
316L Fe

316L 23.8 -
10Fe 18.3 2.4
50Fe 7.8 10.9
80Fe 3.9 18.1
90Fe 3.1 21.7

Fe - 21.7

Powder

3.3.2.2 Splat tests
Splat tests were performed by spraying 316Lor Fe powder onto both the single component
and composite coatings produced as above. Before used as substrates for the splat tests, the as-

sprayed coatings were polished to a mirror finish, in order to clearly reveal craters and deposits.
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After impacts, the coating surfaces were characterized using a Hitachi SU3500 SEM (Hitachi,
Tokyo, Japan). The bond ratio (BR) was determined as the fraction of the number of bonded
particles (deposits) to the total incident particles (craters + deposits) by an image analysis method

[3.14].

3.4 Results
3.4.1 Coating deposition
3.4.1.1 Deposition efficiency

The experimental DE values for each feedstock powder are shown in Fig. 3.3. For the
single component powders, the 316L powder exhibits a slightly higher DE than Fe (50% vs 45%).
However, for the mixed powders, it is found that the DE increases with increasing feedstock Fe.
The result is consistent with a previous study [3.19] on the DE of 316L/ Fe mixed powders, despite
the different particle sizes and hardnesses of feedstock powders used. These observations
collectively reveal a fact that the addition of a poor DE component (Fe) instead facilitates the
deposition of a good DE component (316L). Specifically, in this study, a small addition of 316L
to Fe, i.e. 90Fe, is observed to “stimulate” the mixture DE to a higher value than pure 316L (55%
vs 50%). On the other hand, a small addition of Fe to 316L (10Fe), gives the lowest DE, which is
in fact much lower than the pure Fe DE (38% vs 45%). The experimental mixture DE are then
compared with the predicted DE calculated by the rule of mixtures, i.e.DE = DE31¢4; X f3161 +
DEg, X fre; the comparison is also shown in Fig. 3.3. The predicted values show a decreasing
trend with increasing feedstock Fe, which is totally opposite to the experimental DE. This result

reveals the difficulty in predicting deposition characteristics of the 316L/Fe mixed powder, and
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also indicates the behavior of the mixed powder should be considered as one entity instead of

independent components during deposition.
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Fig. 3.3 Experimental DE of each feedstock powder (red dotted line: DE predicted by ROM).

3.4.1.2 Coating microstructure

The composite coating compositions are compared with the feedstock compositions, which
can be determined from the feed rate settings (Table 3.1); the results are shown in Table 3.2. It can
be seen that the coatings always exhibit a higher Fe fraction compared with the initial feedstock
composition; and the largest deviation occurs at 50Fe, where an increment of 22.7% Fe fraction is
observed in the coating. These composition deviations indicate a higher partial DE of the Fe

component than 316L during mixed powder deposition.

51



Table 3.2 Fe content in the feedstock and coatings.

Coating Feedstock Fe, wt.%  Coating Fe, %

316L 0 0

10Fe 11.6 16.1 +1.6

S0Fe 58.3 81.0 3.2

80Fe 82.2 923 *1.6

90Fe 87.5 96.4 +0.7
Fe 100 100

Examples of the coating cross-sectional microstructure are shown in Fig. 3.4. The impact
direction is from top to bottom of the image. The dark regions in the images are Fe, the light
regions are 316L and the black spots are pores. Figs. 3.4 (a) and (b) show the microstructures in
the center part of the two DE extremes (10Fe and 90Fe coatings). It can be seen that both coatings
are relatively dense and the Fe and 316L powders have sufficiently deformed after deposition. A
closer look at 10Fe near top surface in Fig. 3.4 (c) reveals different characteristics. Compared to
Fig. 3.4 (a), there seems to be more defects present which is due to the lack of sufficient tamping.
In particular, a few crack-like defects are identified to be laterally distributed at the mixed 316L/Fe
interfaces, transverse to the impact direction. These defects distributing along the impact interfaces
are considered as indicators of a strong rebound of the impacted particles [3.16]. Also, it is noticed
that these lateral defects mostly locate on the “top” of Fe and the “bottom” of 316L, as marked by
red arrows. This finding implies a stronger rebound of 316L particles impacting on the previously

deposited Fe compared with Fe on 316L.
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(a) S (b) BN

Fig. 3.4 Optical images of coating cross-sections: (a) 10Fe, (b) 90Fe, (c) magnified 10Fe (Red
arrows: lateral defects at the mixed 316L/Fe interfaces).

3.4.2 Splat tests

To reveal the deposition behavior of the component powder, splat tests were performed
onto the as-polished coatings. The SEM surface morphology of the single component coatings
after impacts is shown in Fig. 3.5. The corresponding bond ratio (BR) and average deposit size
were determined and tabulated in Table 3.3. Note that those ultrafine deposits (d < 4 um) in Fig.
3.5 (a) were not included, since these particles having negligible masses barely contribute to the
DE results. It is shown that the impact of 316L particle on 316L coating has a higher BR compared
with Fe on Fe, which is consistent with the observation that 316L single component powder has
higher DE than Fe. For the two types of impacts between 316L and Fe, it is observed that Fe on
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316L has a much higher BR than 316L on Fe, and is the highest of all the combinations tested.
Specifically, a closer look at deposits between impacts of 316L and Fe is shown in Fig. 3.6. The
316L deposits can be seen to lift off the Fe coating at the edges; whereas the Fe deposits show a
close contact to the 316L coating. This result is consistent with the finding of preferred location of
lateral defects at the mixed 316L/Fe interfaces, showing that the 316L impacts exhibit a stronger
rebound on Fe layer than Fe on 316L. Similarly, the SEM surface morphology of the composite
coatings after impacts is shown in Fig. 3.7 and the corresponding bond ratio (BR) and average
deposit size are tabulated in Table 3.4. Interestingly, the BR values of 316L and Fe particles vary
distinctly on different composite coatings. With increasing Fe fraction in the composite coatings,
the BR of 316L monotonically decreases from 35.8% to 7.9%, while BR of Fe only undergoes
little change, exhibiting a relatively high value of about 56%. This result indicates the different
behavior of the component powder during the mixed powder deposition, and will be discussed in

Section 3.5.2.
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Fig. 3.5 SEM surface morphology after single particle impacts: (a) 316L on 316L, (b) 316L on
Fe, (c) Fe on 316L, and (d) Fe on Fe.
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Fig. 3.6 SEM morphology of the deposits: (a) 316L on Fe, (b) Fe on 316L.
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Table 3.3 Bond ratio (BR) and average deposit size of impacts onto single component coatings.

Average deposit Average deposit
316L BR, % ) Fe BR, % )
Slze, pm size, pm
On316L  45.8 +0.8 17.3+0.8 87.3+2.3 242 +1.0
On Fe 83+1.1 121+14 38.3+15 212412

Similarly, the SEM surface morphology after impacts onto composite coatings are shown
in Fig. 3.7 and the corresponding bond ratio (BR) and average deposit size are tabulated in Table
3.4. Interestingly, the BR values of 316L and Fe particles vary distinctly on different composite
coatings. With increasing Fe fraction in the composite coatings, the BR of 316L monotonically
decreases from 35.8% to 7.9%, while BR of Fe only undergoes little change, exhibiting a relatively
high value of about 56%. This result indicates the different behaviors of the component powder

during mixed powder deposition, and will be discussed in Section 3.5.2.
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Fig. 3.7 SEM surface morphology after single particle impacts onto composite coatings.
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Table 3.4 Bond ratio (BR) and average deposit size of single particle impacts onto composite

coatings.
Average deposit Average deposit
316L BR, % Fe BR, %

size, um size, um
On 10Fe 358 x1.7 17.3 %15 59.5+3.8 241 £1.2
On 50Fe 16.0 £1.1 158 +1.3 548 +1.9 21.8 £3.0
On 80Fe 12.3 +4.0 13.5+0.2 543 +25 22.7+1.1
On 90Fe 79+04 13.1 +0.7 55.0 £2.0 222 +1.3

3.5 Discussion
3.5.1 Correlation between bond ratio and deposition efficiency

The idea of using BR results determined from splat tests to indicate coating DE is
previously discussed in literature [3.12, 3.16]. Although in their experiments the single particles
were sprayed onto the as-polished substrate, still some correlations between the splat BR and
coating DE can be observed [3.12, 3.16]. This finding motivates us to perform splat tests onto the
as-polished coatings to see if a more accurate correlation (e.g. in values) between BR and DE could
occur. Also, the mild steel substrate used in this study is a commonly used material in cold spray
on which particles can be easily deposited to form the first layer, thus the particle-particle cohesion
during coating build-up should dominate the DE characteristics. Admittedly, there are a few other
strategies to quantify the relative deposition behavior of a single particle, e.g. area fractions of
deposits/(deposits + craters) or deposits/coating. However, these strategies were not discussed in
this study due to the two main concerns: 1) the crater area might not reflect the actual area of the
previously rebounded particle; 2) slight variations regarding the powder feed rate (e.g. total

number of deposits + craters) were observed, even along the center of the spray trace.
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It is understood that the bond ratio is a count-type measurement while the deposition
efficiency is a weight fraction. Thus, there appears to be a consideration of particle size effect in
order to relate together the two terms. As observed in Tables 3.3 and 3.4, the BR measurement has
intrinsically included the particle size effect, since for both 316L and Fe powders, a higher BR
almost always accompanies a larger average deposit size. Thus, assuming all the particles being
fed have reached the coating surface, either deposited or deflected to leave craters; this BR metric

could generate the probability of a particle to adhere during coating build-up.

Therefore, the BR results determined from splat tests were used to correlate with the
experimental DE results. For single component powder deposition, the DE results of 316L and Fe
were compared with the BR results of 316L on 316L and Fe on Fe, respectively. For the mixed
powders, assuming that no interaction between the mixed powders has occurred prior to impact,

then the masses of 316L and Fe particles deposited on per unit coating area are:
dM316; = N316,M316.BR3161 (3.1)
dMpe = npeMpeBRp, (3.2)
The total masses of 316L and Fe particles impacting on coating surface are:
Ms16r = N3161M316L (3.3)
Mpe = NpeMpe (3.4)

The relationship between total masses of 316L and Fe particles impacting on coating

surface is:

_ MFpe
M3161+MFe

fre (3.5)
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The overall deposition efficiency of the mixed powder is then expressed as:

_ dM3i161+dMFe
M316L+MFe

DE (3.6)

Substituting Egs. (3.1)-(3.5) into Eq. (3.6), the calculated mixed powder DE is then given

as:

DE = fre X BRpe + (1 — fre) X BR3yqy (3.7)

Taking the BR values from Tables 3 and 4, the calculated DE of the mixed powder was
determined and plotted in Fig. 3.8. It can be seen although being slightly lower in values, in general,
the calculated DE exhibits a good correlation with the experimental DE, for both single component
and mixed powders. This demonstrates that the approach of performing splat tests onto as-polished
coatings can well reflect the DE of feedstock materials. This small deviation might be due to the
contributions of “substrate” temperature, surface roughness and successive tamping in actual
coating deposition, which are excluded during performing splat tests. Moreover, the partial DE
316L and DE Fe determined in consideration of the feedstock composition, coating composition
and mixture DE were also plotted in Fig. 3.8. In general, the DE Fe is higher and relatively stable
than the DE 316L in the mixed composition region, which explains the composition deviations of

the composite coatings from initial feedstocks (Table 3.2).
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Fig. 3.8 Comparisons between the experimental and calculated DE results.

Furthermore, the BR results were used to determine the theoretical coating composition.

The theoretical Fe content in the composite coatings is given as:

fere = — e (3.8)

Mms3ie6LtMFe

Substituting Egs. (3.1)-(3.5) into Eq. (3.8), the theoretical Fe content was determined and
plotted with the measured results (Table 3.2) in Fig. 3.9. It shows that the calculated Fe fraction
has a great coincidence with the measured Fe fraction. This indicates the BR results from splat
tests can also be a valid metric of the partial DE of each component powder during mixed powder

deposition.
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Fig. 3.9 Comparisons between the experimental and calculated Fe composition in the composite

coatings.

3.5.2 Deposition behavior on the composite coatings

The expected splat BR on the composite coatings was made based on a hypothesis that the
deposition behavior of an individual particle in cold spray is only related to the material at the
impact interface, which has been validated by Sova et al. [3.10]. Following this theory, the
expected BR is then calculated as an averaged contribution of splat impacts on single component
coatings, weighted by the relative areas of the 316L and Fe components in the composite coatings
(Table 3.2). Theoretically, both the 316L and Fe splats should exhibit a decreasing BR with an
increasing feedstock Fe, since the Fe coating has exhibited a stronger rebound of impacting
particles compared to 316L (Table 3.3). However, as shown in Fig. 3.10, only the 316L particles
show a good correlation with the expected BR, whereas the Fe BR is independent of the composite
composition. The high and insensitive value of Fe BR on the composite coatings can sufficiently

explain the elevated DE at high Fe mixed regions; but the mechanisms behind the stable Fe
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deposition behavior are still unclear. In particular, comparing the BR of 90Fe and Fe, only 3.6 wt.%
316L presence in Fe coating can “stimulate” an increase of the BR from 38.3% to 55%. It is
speculated that there is a “substrate” effect for Fe impacts onto composite coatings, which involves
not only the material at the impact interface, but also the surrounding and underlying previously
deposited layers. Also, it appears that the results in this study contradict the previously mentioned
hypothesis [3.10]. However, a careful examination of the cold spray process parameters reveals a
new interpretation. In Sova’s work [3.10], all the feedstocks were sprayed at a maximum particle
acceleration and also the gun travel speed (10 mm/s) is low enough to generate sufficient substrate
heating for deposition due to the high intensity particle impact. However, in this study, a
significantly higher gun speed (300 mm/s) was used and the DE of 316L and Fe (50%-316L, 45%-
Fe) is relatively low compared with their documented maximum DE (> 90%) [3.21]. Therefore, it
is believed that the findings in this study could supplement the Sova’s theory at a less optimal
condition, e.g. low feedstock DE. But it is also understood that a complete interpretation of the
splat deposition behavior should not be straightforward, since explanations might have to start
from splat on the single component coatings and then to the composite coatings. Relevant studies

are currently being carried out and will be presented in the future.
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Fig. 3.10 Comparisons between the experimental and calculated BR of mixed powders.

3.6 Conclusion

In summary, single component 316L and Fe coatings, as well as composite 316L/Fe
coatings were deposited through cold spray in this study. The DE of the mixed powder is found to
increase with increasing feedstock Fe, although the single component Fe powder possesses an
inferior DE to the 316L. Splat tests were performed onto the as-polished coatings to investigate
the deposition behavior of the component powder during coating build-up. The BR results
determined from splat tests have a good correlation with the DE of both single component powders
and the mixed powders. The BR of 316L splats onto composite 316L/Fe coatings can be well
predicted from the BR of 316L impacts onto each single component coating; whereas, the BR of
Fe splats plateaus at a relatively high value regardless of composite coating composition, which

results in the increase of overall mixture DE.
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Chapter 4

Investigation of the Feedstock Deposition Behavior in a Cold

Sprayed 316L/Fe Composite Coating

In Chapter 3, single 316L or Fe particles (splats) were deposited onto as-polished coatings
and different deposition behavior of each impact scenarios were observed. This chapter is an in-
depth investigation towards the deposition behavior of four typical impact scenarios, i.e. 316L on
316L, 316L on Fe, Fe on 316L, Fe on Fe, which will occur during cold spray of mixed 316L/Fe

powders.

This chapter has been published as:
e Xin Chu*, Rohan Chakrabarty, Hanging Che, Lihong Shang, Phuong Vo, Jun Song,
Stephen Yue, “Investigation of the feedstock deposition behavior in a cold sprayed

316L/Fe composite coating”, Surf. Coat. Technol. 337 (2018), 53-62.

67



4.1 Abstract

Mixing powders in cold spray is a straightforward method to produce composite coatings,
but a direct interpretation of the mixed powder deposition behavior from coating microstructure is
often difficult. In this study, to investigate the feedstock deposition behavior in a cold sprayed
316L-10 wt.% Fe (10Fe) metal-metal composite coating, splats deposited onto the as-polished
316L and Fe coatings with four types of impact scenarios were studied: (i) 316L on 316L, (ii)
316L on Fe, (iii) Fe on 316L, and (iv) Fe on Fe. The splat flattening ratio and coating crater
depth/diameter were measured using a light optical microscope (LOM) and an optical profilometer
to evaluate the degrees of particle and coating deformation. Finite element (FE) simulations were
performed to obtain the splat rebound behavior during impact. A modified ball bond shear test was
performed to determine the adhesion strength/energy of the cold spray splats. Results reveal
distinct interparticle bonding features in the 10Fe coating, especially at the mixed 316L/Fe
interfaces where a preferential location of interlamellar cracks can be seen. Similar bonding
features were also observed in the deposited splats, indicating the splat on coating tests to be
indicative of the coating build-up process. Finally, the feedstock deposition behavior in the 10Fe
coating was explained through splat characterizations and FE simulations from hardness, surface

oxide layer and particle morphology.
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4.2 Introduction

Cold spray can be an effective alternative to fabricate metal matrix composites (MMC) due
to its low process temperature which minimizes the oxidation and chemical degradation of the
feedstock. Some typical examples extensively studied by researchers are metal-ceramic
composites, e.g. WC-based [4.1-4.6] and Al.Oz-based [4.7-4.11]. Cold spray utilizes the plastic
deformability of the metal thus the brittle ceramic can be deposited. Compared with metal-ceramic
composites, however, relatively few studies of cold spraying metal-metal composites are reported,

in particular, concerning the feedstock deposition behavior [4.12-4.14].

Among the various strategies to obtain composite coatings in cold spray, e.g. coating or
mechanically milling the powders, mixing powders (pre-blending and dual feeding) is a
straightforward approach [4.15, 4.16]. This method enables free interactions between the mixed
components during flight and upon impact, which can lead to an improved cold sprayability of the
component powder, e.g. reduced porosity and increased deposition efficiency (DE) [4.13, 4.17-
4.21]. Whereas unlike metal-ceramic mixtures, where the impinging ceramic powders only
contribute to tamping and roughening of the surface layers [4.20], almost all metal powders can
exhibit certain degrees of cold sprayabilities and this generates uncertainties of the feedstock
deposition behavior at mixed metal-metal interfaces. Thus, it is often difficult to prescribe the

suitable process parameters for a specific metal-metal mixture in cold spray.

The coating formation process in cold spray incorporates, but is not limited to, the
individual deposition behavior of a single particle [4.22]. Other factors such as characteristics of
the previously deposited layers and the successive peening/erosion of the subsequent particles can
all affect the individual particle deposition [4.22]. Individual particle impact tests (or splat tests)

can be considered as a monolayer coating deposition and is often used to study the coating
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deposition onset [4.23]. Due to the low investment in gas and feedstock material, the splat test is
a suitable trial-and-error approach to explore the cold spray feasibility or to identify the optimal
process parameters of specific particle/substrate combinations. As effects of successive tamping
and surface roughness are avoided by performing splat tests, the individual behavior of a feedstock
during deposition can be clearly observed, e.g. particle deformation, rebound, and jetting.
Moreover, the splat behavior can often be indicative of several coating cold sprayability metrics

(e.g. adhesion [4.24] and DE [4.25]) in the case of the similar particle and substrate material.

Splat tests are usually generated by low feed rate spraying of single particles onto an as-
polished substrate. In a previous work [4.26], single component 316L, Fe, and composite 316L/Fe
coatings were cold sprayed deposited and splat tests were performed onto the as-polished coatings.
It was observed that the partial DE of the feedstock components in composite coatings can be
indicated by the respective splat bond ratio in splat tests. This motivates us to study the single
splats in order to investigate the feedstock deposition behavior in the composite coating, since a
direct interpretation of it from coating microstructure is difficult. In this study, the feedstock
deposition behavior in a 10Fe composite coating was mainly investigated. The interparticle
bonding features in the cold sprayed coatings and deposited splats were discussed and compared.
Experimental characterizations and finite element (FE) simulations of the splats were performed

to explain the feedstock deposition behavior in the 10Fe coating.

4.3 Materials and methods
4.3.1 Experiments
Commercially available gas atomized 316L stainless steel powder (Sandvik Osprey,

Neath-Port Talbot, UK) and water atomized commercial purity Fe powder (Quebec Metal Powders,
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Sorel-Tracy, Canada) were used as the feedstock. SEM images of the feedstock are shown in Fig.
4.1 and characteristics of the feedstock are presented in Table 4.1. The average particle size was
determined using a Horiba LA-920 laser diffraction analyzer (Horiba, Tokyo, Japan). The average
Vickers hardness of the feedstock was measured using a Clark CM-100AT Microhardness Tester
(Sun-Tec, Novi, USA) for a penetration time of 15 s under 10 g load. Spraying was performed at
the McGill-NRC cold spray facility, located at the National Research Council Canada,
Boucherville, using a Plasma Giken PCS-800 cold spray system (Plasma Giken, Yoriimachi, Japan)
with a PNFC2-010-30S carbide nozzle. Nitrogen was used as the propellant gas and the process
parameters were set at a gas preheating temperature of 700 <C, a gas pressure of 4 MPa, and a
stand-off distance of 80 mm. Coatings with nominal compositions of 100 wt.% 316L (316L), 90
wt.% 316L-10 wt.% Fe (10Fe), and 100 wt.% Fe (Fe) were deposited (a dual feeder was used to
deposit the composite coating) on mild steel substrates. The splat tests were performed by spraying
316L or Fe powder onto the single component 316L and Fe coatings. The coatings used as
substrates for splat tests all have a thickness of about 1 mm in order to eliminate the effect of the
mild steel substrate, and they were polished beforehand to a mirror surface. The process details

regarding coating deposition and splat tests are shown in Table 4.2.

SJ\‘J 00 280KV x1.00k SE S

Fig. 4.1 SEM images of the feedstock powders.
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Table 4.1 Characteristics of the feedstock powder.

' Microhardness,
Powder Morphology Size, um

HVo.01
316L Spherical 22.2 262.6
Fe Spherical, irregular 29.1 141.3

Table 4.2 Process details for coating deposition and splat tests.

Feed rate,
Gun speed, .
Type Feedstock  Substrate P g/min
mm/s
316L Fe
) 316L 23.8 -
Coating ]
. 10Fe Mild steel 300 183 24
deposition
Fe - 21.7
316L 316L and Fe 8.5 -
Splat test ) 1000
Fe coatings - 11

After coating deposition, DE was measured as the mass gain of the substrate divided by
the total mass of spray material fed over the substrate. The coating cross-sections were
characterized by a Hitachi SU3500 SEM (Hitachi, Tokyo, Japan). After splat tests, micrographs
of coating surfaces and splats were observed by SEM. The splat deposition behavior was evaluated
using bond ratio (BR). As previously discussed in [4.26], BR was determined as the average value
of the fraction of the number of bonded particles (splats) to the total incident particles (splats +
craters). The splats and craters from about 3-5 SEM images of the center of spray line with a field
of 640 x 480 um were counted for each impact scenario. The total numbers of splats + craters in a

single image are about 240-300 for 316L impact and about 130-180 for Fe impact. The degree of
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splat deformation was evaluated by the flattening ratio, which was calculated as the width over the
height of a cross-sectioned splat. The degree of coating deformation was evaluated by a fraction
of the depth of the crater over its diameter using a Zygo NewView 8000 optical profilometer (Zygo
Corp., Middlefield, USA). Over 30 splats and craters were measured to calculate the respective

flattening ratio and coating crater depth/diameter, and the average values were reported.

Splat adhesion tests were performed in reference to [4.24, 4.27] using a Micro-Combi
Scratch Tester (CSM Instruments Inc., Needham, USA) equipped with a wedge-shaped stylus.
Prior to testing, the average diameter of splat was measured by the integrated LOM to calculate
the splat area (A). During tests, a constant normal force, Fn, of 100 or 300 mN was applied onto
the stylus, which is 100 um in the tip width. The substrate was moving at a 150 um/min rate below
the stylus to create a shearing behavior. When the stylus encountered the splat edge, the tangential
force (Fr) gradually increased to a peak and then dropped sharply at splat failure (see Fig. 4.2).
For each sample, between four to eight splats of 40 to 50 um in diameter were shear tested. After
testing, the adhesion strength was calculated using the peak tangential force (Fr(Peak)) subtracting
the baseline tangential force (Fr(Baseline)). The adhesion energy (an energy required to debond
the splat) was calculated by integrating the area under tangential force curve. This was normalized

to the projected area of the splat (A). Similarly, the baseline friction force area was subtracted from

the peak.
Adhesion strength = FT(Peak)_ZT(Base”ne) 4.1)
. _ f:oa;ltZZi(FT(x)—FT(Baseline))dx
Adhesion energy = Projected Splat Area (4'2)
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Fig. 4.2 Optical images of a splat before (top left) and after shearing (bottom left), and the

respective load-displacement curve.

4.3.2 FE simulations

A 2D Lagrangian axisymmetric model was used to obtain the splat rebound behavior
during impact using the FE analysis software ABAQUS/Explicit (version 6.11-1) [4.28]. The size
of the feedstock was set to be the same as the one listed in Table 4.1. The velocities of the
feedstocks were set at 585 m/s for 316L and 600 m/s for Fe, which were measured by a
Coldspraymeter particle diagnostic system (Tecnar Automation, St. Bruno, CA) [4.20]. The
dimensions of the substrate were set to be 10 times the particle radius to eliminate influence from
boundary conditions. A 4-node bilinear plane strain quadrilateral mesh (CPE4R) was used for the
simulation. A convergence study was carried out and a meshing resolution of 1/50 Dp (diameter
of the particle) was considered for the particle and the substrate. This meshing resolution has been
used in earlier studies [4.29, 4.30]. Distortion and hourglass controls were kept at default settings.

Symmetry boundary conditions were imposed on the sides of the particle and substrate, while the
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bottom of the substrate was fixed. The elastic response of the material was assumed isotropic while

the plastic response of the material was described by the Johnson-Cook plasticity model [4.31].

c=[A+Be"]|[1+Clné*]|[1—-T"™] (4.3)

"™ = (T — Tref)/(Tm - Tref) (4.4)
where o is the flow stress, € is the equivalent plastic strain (PEEQ) defined as € = fot %épl: grldt,

with £P! being the plastic strain rate, £* is the equivalent plastic strain rate normalized by a
reference strain rate, T,.. is reference transition temperature, and T,, is the melting temperature
[25, 29, 30, 32]. In our simulations the deformation process is considered to be adiabatic due to
the high rate of deformation, as previously explained by Assadi et al. [4.29]. The initial temperature
of both the particle and substrate is kept at room temperatures (298 K). The material properties
and parameters for the Johnson-Cook model are tabulated in Table 4.3 [4.26, 4.27].

To obtain the splat rebound behavior, the splat recoil coefficient e,. was determined. Recoil
coefficient e, defines the proportion of the particle kinetic energy to be rebounded upon impact

due to elastic recovery and is given as [4.35]:

2\ 12
e, = 11.47 <E—Y Pp v, (4.5)

where p,,, m,, and v, are respectively, the density, particle mass, and velocity of impacted
particles, oy is the particle effective yield stress during impact determined from FE simulations,

and E* is an elastic modulus that is experienced during particle impact.
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Table 4.3 Material properties and parameters for Johnson-Cook model [4.33, 4.34].

Value
Properties Parameter Unit
316L Fe
Density kg/m3 8000 7890
General Specific heat J/kg - K 500 452
T K 1668 1811
Young’s modulus GPa 193 207
Elastic
Poisson’s ratio - 0.27 0.29
A MPa 514 175
B MPa 514 380
— 0.508 0.32
Plastic
— 0.042 0.06
m — 0.533 0.55
Trer K 293 293

4.4 Results
4.4.1 Characterization of coatings

The DE and BSE images of the single component 316L and Fe coatings are shown in Fig.
4.3. The 316L coating (Fig. 4.3 (a)) reveals small amounts of porosity (black regions) while the
Fe (Fig. 4.3 (b)) has a dense structure. In cold sprayed coatings, the native oxide scales of the
feedstock powder will be included and are presented between particles delineating as the
interparticle boundaries (dark lines). By observing the interparticle boundaries of the 316L and Fe,
a significant difference is revealed. The Fe/Fe particle interfaces in Fig. 4.3 (b) are seen to be wider
and more clearly delineated compared to the 316L/316L interfaces in Fig. 4.3 (a), indicating a

poorer interfacial bonding of the Fe coating than 316L. This feature can be attributed to the high
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oxidation susceptibility of the Fe particles, and also appears to be consistent with a slightly inferior
DE of the single component Fe to that of 316L (50% vs 55%). EDS scans were then performed on
the 316L and Fe coatings at interparticle regions and also inner particle regions as a reference. As
shown in Figs. 4.3 (c) and (d), the EDS spectra indicate the presence of oxygen at interparticle
regions and the complete absence at inner particle regions. Thus, it is suggested that the dark lines
in BSE images represent the oxide scale on the powder surface, and the Fe has a thicker oxide

scale compared with 316L.
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Fig. 4.3 SEM/EDS analyses on 316L (DE-55%) and Fe (DE-50%): (a) BSE image of 316L, (b)
EDS spectrum of 316L, (c) BSE image of Fe, and (d) EDS spectrum of Fe.

The DE and BSE image of the 10Fe composite coating are shown in Fig. 4.4. The impact

direction is indicated by the white arrow, and the dark regions are Fe, the light regions are 316L,
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and the black spots are pores. For the 10Fe composite coating, the mixed 316L/Fe interfaces are
generated. Firstly, comparing the non-mixed 316L/316L regions in 10Fe (Fig. 4.4) with those in
single component 316L (Fig. 4.3 (a)), very similar optical characteristics, with few visible
interparticle boundaries, are observed. This implies a blend of 10 wt.% Fe powder in the mixture
has not affected the interfacial bonding of the matrix 316L powder in 10Fe. By looking at the
mixed 316L/Fe interfaces in 10Fe, cracks are observed, as shown in Fig. 4.4, perpendicular to the
impact direction. These inter-lamellar cracks can be considered as indicators of either poor
interparticle bonding and/or a strong rebound of the impacted particles, which appears to explain
the low DE of 10Fe (38%). It is also noticed that, the inter-lamellar cracks would mostly locate on
the “top” of Fe and the “bottom” of 316L, as marked by red arrows. This observation implies a
stronger rebound of 316L particles impacting on the previously deposited Fe compared with Fe on

316L.
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Fig. 4.4 BSE image of 10Fe (DE-38%). Red arrows: inter-lamellar cracks at the mixed 316L/Fe
interfaces.
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4.4.2 Characterization of splats
4.4.2.1 Splat morphology

The desire to explain the feedstock deposition behavior, especially at the mixed interfaces,
leads to the effort of performing splat tests onto coatings. The coating SEM morphologies after
splat tests are shown in Fig. 4.5. Four types of impact scenarios are generated, referred to as 316L

on 316L, 316L on Fe, Fe on 316L and Fe on Fe below.

Results show that the different splat impact scenarios between the 316L and Fe give
significantly different splat morphologies. For 316L on Fe (Fig. 4.5 (b)), some splats have shown
an obvious lifting off at the edges (circled in red). However, the opposite case Fe on 316L (Fig.
4.5 (c)), reveals splats all being closely attached to the coating surface. This finding correlates with
the previous observation of the preferential location of inter-lamellar cracks at the 316L/Fe mixed
interfaces (Fig. 4.4). As for the impacts between same material, i.e. 316L on 316L and Fe on Fe,
it appears the 316L splats exhibit a closer contact to 316L surface than Fe to Fe, as the latter case
also exhibits some splats with lifted edges (circled in red in Fig. 4.5 (d)). This phenomenon is also
consistent with the poorer interfacial bonding of Fe/Fe than 316L/316L, as previously observed in
Figs. 4.4 (a) and (b). Therefore, it is considered that the splat on coating tests can be indicative of

the coating build-up process.
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Fig. 4.5 SEM coating morphology after splat tests: (a) 316L on 316L, (b) 316L on Fe, (c) Fe on
316L, and (d) Fe on Fe.

4.4.2.2 Splat deposition and deformation behavior

To quantify the splat deposition behavior, the bond ratio (BR) for each impact scenario is
plotted in Fig. 4.6 (a). The BR results explicitly show the distinct deposition behavior of impacts
between dissimilar materials, i.e. 316L on Fe and Fe on 316L (8% vs 87%); whereas the deposition
behavior of impacts between the same material is relatively similar (316L on 316L-45%, Fe on

Fe-38%).

To explain the splat deposition behavior, the deformation levels of the splat and the coating

were both quantified. The splat deformation behavior shown in Fig. 4.6 (b) was evaluated using
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the common approach flattening ratio. The coating deformation shown in Fig. 4.6 (c) was
evaluated by the average ratio of the depth of a crater over its diameter. It is believed this metric
can normalize the effects of particle size and particle deforming on the coating deformation.
Results show that the average FR values have a positive correlation with the BR results. The FR
values can be explained by the relative particle/coating hardness, where a high FR is obtained from
a soft particle impacting on the hard coating, e.g. Fe on 316L. Note that for the Fe splats with some
irregular shape fractions, the splat FR might not reveal the actual particle deformation and is simply
the splat aspect ratio. But it is believed that a high splat aspect ratio should similarly create a large
particle/coating contact to facilitate deposition. As opposed to the splat deformation, in general,

no correlations between the coating crater depth/diameter values and splat BR can be observed.

The rebound trend of a splat during impact was evaluated by the recoil coefficient e,
which was determined from FE simulations (Section 4.3.2). The results for each impact scenario
are plotted in Fig. 4.6 (d). In particular, a higher recoil coefficient is observed for the 316L on Fe
(0.09) than Fe on 316L (0.05), which implies a higher proportion of the splat kinetic energy is
transformed to initiate the splat rebound upon impact for the former case. This explains the
preferential location of inter-lamellar cracks in the 10Fe coating (Fig. 4.4) and also the lower BR
of 316L on Fe than Fe on 316L (Fig. 4.6 (a)). However, the recoil coefficient metric is observed
to fail to explain the different BR of a splat onto 316L and Fe coatings (e.g. 316L on 316L and
316L on Fe have the same e, but different BR). This finding implies that, apart from rebound,
there might be other factors affecting the splat deposition to occur, e.g. adhesion, which will be

discussed in Section 4.4.2.3.
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Fig. 4.6 (a) Bond ratio, (b) splat flattening ratio, (c) coating crater depth/size, and (d) recoil
coefficient (from FE simulations) for each impact scenario.

4.4.2.3 Splat adhesion strength/energy

To quantify and compare the relative splat bond strength between different impact
scenarios, the splat adhesion testing was performed. The experimental approach used in this study
was similar to the previous investigators Goldbaum et al. [4.24, 4.27], but the splats being
measured were deposited onto as-polished cold sprayed coatings instead of the bulk material
substrate. The typical load-displacement curve for each impact scenario and the respective SEM
morphology of the failure region are shown in Fig. 4.7. Results show three main types of splat

shearing behavior of the different impact scenarios between 316L and Fe can be observed.
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The first type, which is seen in 316L on Fe, shows only a small rise in the tangential force
with tip displacement, indicating a poor splat adhesion strength. The failure region exhibits a
presence of crater with an approximate size of the original splat (contour circled in red). No visible
shear tracks are observed in the crater. This indicates the splat adhesion was mainly through a

weak conformal bonding.

The second type, which is illustrated by Fe on Fe and 316L on 316L, shows the failure
regions revealing a crater, but its size is smaller than the original splat (contour circled in red). The
difference in radius between the crater and original splat is roughly the width of the tangential
force peak. The peripheral regions where the shearing events mainly took place implies the
formation of metallurgical bond in these regions. Examination of the respective load-displacement
curves, however, reveals some different situations. For Fe on Fe, the tangential force peak appears
to be higher and wider than the 316L on Fe (first type), but the difference is not significant.
However, for 316L on 316L, there was a sharp rise in the tangential force and then followed by a

rapid drop, and the peak tangential force has reached a high value of about 360 mN.

Finally, the third type is the Fe on 316L. It can be seen the sheared region gives a full
outline of the splat and the width of the tangential peak is roughly the width of the original splat
(contour circled in red). This type of phenomenon is considered to be comparable to the behavior
of shearing a bulk material, and thus the splat is expected to have a high adhesion strength
approaching the theoretical shear strength of the materials at the counterpart. Compared with the
previous case 316L on 316L (second type), the peak value of the tangential force is lower, but
there is a much smoother rise and drop. This feature could indicate either a higher proportion of

the metallurgical bond formation or degree of particle deformation during the Fe impact.
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Fig. 4.7 Typical tangential force vs displacement curve with the respective SEM image of the

failure region for each impact scenario (Red circles: contours of the original splats).
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To further investigate the splat bonding features, the crater surfaces within the failure
regions are shown in Fig. 4.8. For Fe on 316L (Fig. 4.8 (c)), a less well bonded splat (adhesion
strength of 125 MPa) exhibiting the second type failure is presented instead. For 316L on 316L,
some textures are observed at the crater surface. Considering that such features should not be
resulted by the splat impact since the 316L powder has a smooth surface (Fig. 4.1), it is believed
that they indicate the metallic bond formation at the crater region. For Fe on 316L and 316L on
Fe, similarly, textures can also be observed in the crater surfaces, but appear to be finer than those
in 316L on 316L. For Fe on Fe, however, the crater surface appears to be relatively smooth, which

implies the adhesion in the crater was simply the weak conformal bonding.
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Fig. 4.8 High magnification SEM morphology of the crater failure surface: (a) 316L on 316L, (b)
316L on Fe, (c) Fe on 316L, and (d) Fe on Fe.
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The adhesion strength and adhesion energy of each impact scenario were calculated from
the respective load-displacement curve and are plotted in Fig. 4.9. As for the adhesion strength,
the 316L on 316L (215 MPa) and Fe on 316L (167 MPa) are the two highest types, while the Fe
on Fe and 316L on Fe types are the two lowest ones (< 50 MPa). Regarding the adhesion energy,
the Fe on 316L with a smooth shear curve (Fig. 4.7) exhibits the highest adhesion energy, even
higher than 316L on 316L (3 vs 1.6 kJ/m?) despite its adhesion strength is lower (167 vs 215 MPa).
Whereas the 316L on Fe and Fe on Fe types still exhibit a similar relative magnitude and remain
the two lowest ones in adhesion energy. Moreover, it is noticed that the adhesion energy plots
exhibit a positive correlation with the bond ratio results (Fig. 4.6 (a)). This result, combined with
the rebound coefficient plots (Fig. 4.6 (d)), demonstrate the dominant contribution of adhesion

energy in determining the splat BR.
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Fig. 4.9 Splat adhesion strength and adhesion energy for each impact scenario.

4.5 Discussion

Previous results (Fig. 4.6 (a)) have shown the distinct splat deposition behavior between

the four impact scenarios, especially for impacts between the dissimilar materials (316L on Fe and
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Fe on 316L), which corresponds to the mixed interface inter-lamellar cracks in the 10Fe coating
(Fig. 4.4). To explain the splat deposition behavior, the powder characteristics (Table 4.1) and
material properties (e.g. Table 4.3) of the feedstock were investigated. A few disparities between
the 316L and Fe feedstocks are identified to be the contributing factors, i.e. hardness, surface oxide

layer, and particle morphology, which are discussed individually as follows.

Hardness indicates the ability of a material to resist the plastic deformation. Generally, in
cold spray, the soft particle can exhibit a high degree of deformation (e.g. flattening) during impact,
which enlarges the particle/substrate interface contact to facilitate the mechanical anchorage effect
[4.24, 4.36]. The high level of deformation at the interfaces can also help to disrupt the surface
oxide layer and provide a direct metal-metal contact favoring the metallic bond formation [4.36,
4.37]. In this study, the 316L powder has almost double the microhardness of the Fe (262.6 HV.01
vs 141.3 HVo.01). As the coatings on which splats deposit are the work hardened particle layers,
most of the splat impact scenarios are categorized as the soft on hard case [4.30]. Thus, during
cold spray, deformation at the impact interfaces tends to be mostly localized at the particle side
rather than the coating. Comparing the impacts between dissimilar materials, the Fe on 316L type
with a higher BR than 316L on Fe (87% vs 8%), corresponds to a higher particle FR (2.7 vs 2.2)
and a shallower coating penetration (0.118 vs 0.144). Thus, it is considered for the soft on hard
case, as the substrate is reluctant to deform during impact, the particle deformation can be more

effective than the substrate deformation in facilitating particle deposition.

The splat deposition is considered as a competition between adhesion and rebound [4.35].
The hardness and the hardening behavior of the feedstock material also affect the rebound behavior
of a splat during impact. According to Eq. (4.5), a higher recoil coefficient (stronger rebound) is

associated with a higher dynamic yield strength of a particle, which is determined by its static yield

87



strength and the increment from effects of strain hardening, strain rate hardening and thermal
softening during the kinetic impact process (Eq. (4.3)). As opposed to Fe, the 316L with a higher
particle hardness implies a higher static yield strength, and its larger strain hardening parameter B
and n (Table 4.2) also indicate a more rapid strain hardening behavior of the 316L during impact.
Thus, this explains the stronger rebound of the 316L on Fe (preferentially located inter-lamellar
cracks at the 316L/Fe interfaces) and the lower BR (8% vs 87%), as compared with the Fe on 316L

case.

During cold spray, the formation of adiabatic shear instabilities (e.g. metal jetting) at
impact interfaces is an effective material behavior to remove the interfacial oxide layer, and the
accompanying heat can induce a locally molten region to form strong metallurgical bond [4.36].
However, the jetting phenomenon of the deposited splats is not clearly observed in any of the four
cases (Fig. 4.5). This observation implies that, under these cold spray conditions, there will be a
significant interfacial oxide layer effect. The chromium content in 316L can form a thin but
tenacious chromium surface oxide layer to protect the inner material from further oxidation [4.38,
4.39]; while the iron oxide is reported to be unstable/porous in nature [4.40] thus the oxide film
tends to be thicker in Fe. The difference in the oxide film thickness between 316L and Fe can be
indicated by the different interparticle boundary conditions shown in Fig. 4.3. Evidence of the
effect of oxide layer interference was found at the crater surfaces within the sheared regions (Fig.
4.8), where the Fe/Fe crater surfaces are smoother than any interfaces involving the 316L. This
implies that metallurgical bonding is inhibited in the Fe/Fe case, which could be due to the thicker
oxide layer being harder to disrupt during impact. The difference in surface oxide film thickness
between the 316L and Fe feedstocks can contribute to the ease of particle deposition (higher BR)

on the 316L coating as opposed to the Fe coating (Fig. 4.6 (a)).
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In the adhesion strength/energy plots (Fig. 4.9), comparing the Fe on 316L with 316L on
316L, it is noticed that the former case has a lower adhesion strength (167 vs 215 MPa) but its
adhesion energy is almost double that of the latter (3 vs 1.6 kJ/m?). The high adhesion energy in
Fe on 316L is attributed to its bulk-like shearing behavior during testing (Fig. 4.7), which implies
the occurrence of either a higher proportion of metallurgical bond formation or degree of particle
deformation during deposition. However, as discussed above, due to the thicker oxide film
presence in the Fe feedstock, theoretically the metallurgical bond formation in the Fe on 316L case
should be less favored than in 316L on 316L. Also, the difference in splat deformation (splat FR:
Fe on 316L-2.66 vs 316L on 316L-2.50) appears not significant enough to result in such different
shearing behavior. Thus, it is believed there is a significant effect of the irregular splat morphology
on the splat adhesion. As reported in literature, the large surface area provided by the irregular
powder could increase the particle/substrate contact during deposition, thus the mechanical
interlocking effect is enhanced (compared with spherical ones) [4.41]. Also, the irregular
morphology increases the stress concentration at the particle surface during impact, which is
expected to facilitate the localized shear deformation and disruption of the surface oxide layer to
help the metallurgical bond formation [4.41]. However, the contribution of the irregular

morphology on the splat adhesion has not yet been quantitatively determined.

Overall, this study presents an approach of performing splats tests onto as-polished
coatings to investigate the mixed powder deposition behavior, which is often difficult to interpret
from coating microstructure. Theoretically, this approach can be extended to investigate powder
mixtures of any number of components. However, it is understood that there might be issues of
using this approach. Firstly, the splat on coating tests have avoided the effects of roughness and

tamping which will occur during the actual coating deposition. This simplification was justified in
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this case as the 316L and Fe feedstocks are similar in the particle size, velocity and density (Section
4.3). However, for other mixtures, e.g. hard/soft and large/small, where the tamping or retention
effect of the component powder tends to be significant, the splat deposition behavior might not be
indicative of the coating build-up process. Secondly, in order to investigate the 10Fe composite
coating build-up process, the most straightforward approach is to directly spray single particles
onto the as-polished 10Fe coatings. However, in this study an indirect approach was used as all
splat tests were performed onto single component coatings for the ease of producing the specific
impact scenarios. This thus generates a concern of the effect of different substrates on the splat

deposition.

4.6 Conclusions

In this study, single component 316L, Fe, and a composite 10Fe coatings were cold spray
deposited. A preferential location of inter-lamellar cracks was observed at the mixed 316L/Fe
interfaces in the 10Fe coating. Splat tests were performed onto the as-polished single component
316L and Fe coatings and four types of impact scenarios (316L on 316L, 316L on Fe, Fe on 316L
and Fe on Fe) were studied. Similar bonding features were observed in the deposited splats and
cold spayed coatings, showing the splat on coating tests to be indicative of the coating build-up
process. To investigate the feedstock deposition behavior in the 10Fe coating, experimental
characterizations (deformation, adhesion) and FE simulations (rebound behavior) of the splats
were performed. Finally, the feedstock deposition behavior in the 10Fe coating was explained from

hardness, surface oxide layer, and particle morphology.
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Chapter 5

A Multiple Particle Arrangement Model to Understand Cold
Spray Characteristics of Bimodal Size 316L/Fe Powder

Mixtures

In Chapters 3 and 4, the distinct particle deposition behavior at mixed 316L/Fe impact
interfaces (i.e. 316L on Fe, Fe on 316L) was observed and in-depth knowledge was obtained. In
this Chapter, the coating microstructure and cold sprayability (deposition efficiency (DE), porosity,
bond strength) of cold sprayed bimodal size 316L/Fe powder mixtures were studied, and results
show strong effects of mixing powders. To explain the observed effects, several associated
deposition mechanisms of bimodal size 316L/Fe powder mixtures were discussed, and a multiple

particle arrangement model was proposed.

This chapter has been accepted by Surf. Coat. Technol.:
e Xin Chu, Hanging Che*, Chaoyi Teng, Phuong Vo, Stephen Yue, “A multiple particle
arrangement model to understand cold spray characteristics of bimodal size 316L/Fe

powder mixtures”, 2019.
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5.1 Abstract

Cold spray of mixed metal powders is of significant research interest as it often generates
unpredictable effects on deposition efficiency (DE) and porosity. Thus, analyzing the cold spray
characteristics of two metal powders can lead to a better understanding of mechanisms of cold
spray deposition and consolidation. In this study, average 43 um 316L stainless steel and 22 pym
commercial purity Fe powders were used as feedstock. The following coatings were deposited
through cold spray: single component 316L and Fe, and their binary composites with different
feedstock mixing compositions of 316L-20 wt.% Fe (20Fe), 316L-50 wt.% Fe (50Fe), and 316L-
80 wt.% Fe (80Fe). Results show that the composite coating microstructure and cold sprayability
(DE, porosity, coating bond strength) exhibit strong effects of mixing powders. Several particle
and coating metrics (particle in-flight velocity, coating flattening ratio, coating microhardness)
were also measured to further exhibit the effects of mixing. To explain these observations, a
multiple particle arrangement model based on the calculated particle number fraction of the
mixture is proposed. Using this model, mechanisms associated with the deposition of bimodal size
316L/Fe powder mixtures are discussed, and the effects of mixing powders on the cold spray

characteristics are explained accordingly.
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5.2 Introduction

Cold spray of mixed metal powders has attracted considerable attention in the past few
years [5.1-5.3]. Foremost, it is a straightforward (does not require complicated feedstock pre-
processing) approach to fabricate novel metal-metal composites and intermetallics (via post spray
heat treatment). Due to the low process temperature (solid state deposition) and protective process
gas atmosphere in cold spray, severe feedstock oxidation or other chemical degradation can be
minimized [5.4-5.6]. Some examples of previous explorations include: Al/(Ti [5.4], Ni [5.5], Fe
[5.6], Zn [5.7]), 316L/Co-Cr [5.8], Cu/(W [5.9], Cr [5.10]). Alternatively, the mixing approach
can also be applied to powders of the same alloy but different characteristics (e.g. sizes and
hardnesses). For instance, mixing the readily available fine and coarse powders can be a practical
approach, when powders of the desired size are commercially unavailable or there is only a limited
supply. Spencer et al. [5.11] also found that 316L coatings fabricated using mixed particle size
distributions can exhibit similar coating properties to those from fine particles alone, but without
any processing issues of fine particles such as inconsistent feeding or nozzle fouling. Moreover,
cold spraying mixed metal powders is of significant research interest as it has been observed to
generate interesting (i.e. unpredictable) effects on the feedstock cold sprayability, e.g. deposition
efficiency (DE) [5.12, 5.13] and porosity [5.14]. Thus, fundamentally, analyzing the cold spray
characteristics of two metal powders with different characteristics (e.g. materials, sizes, and
morphologies) can lead to a better understanding of the mechanisms of cold spray deposition and
consolidation [5.15]. However, most cold spray studies of mixed metal powders are centered on
producing materials with novel properties, and the mechanisms behind the cold spray
characteristics are often vaguely understood. Challenges remain in understanding the mixed

powders deposition, e.g. i) how to expect the cold sprayability of a certain mixture by knowing
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that of the individual component; ii) what is the compositional yield, i.e. deposited composition vs
initial feedstock. These issues have been found to partly arise from the uncertainties of feedstock

deposition behaviors at mixed metal-metal interfaces [5.16, 5.17].

In this study, mixtures of average 43 um 316L stainless steel and 22 um commercial purity
Fe powders were investigated as part of an overall effort to produce metal-metal composites with
controlled galvanic corrosion properties for bio-degradable implants [5.18]. There are also other
reasons that justify studying this particular mixture: (i) the two powders can be conveniently
separated by metallography, thus it is possible to individually investigate the component behavior
after deposition; (ii) the mixed impact interface effects are known, i.e. 316L on Fe: strong rebound,
Fe on 316L: well adhered [5.16, 5.17]; (iii) the two powders are both Fe-based alloys and of similar
characteristics e.g. melting point and density [5.19, 5.20], thus, the insights gained might be
generic to other same species bimodal size mixtures. Coatings of the single component 316L, Fe,
and the binary composites with three nominal compositions (20Fe, 50Fe, 80Fe) were made by cold
spray. The coating microstructure was characterized, cold sprayability metrics (DE, porosity,
coating bond strength strength) were measured, and particle and coating metrics (particle in-flight
velocity, coating flattening ratio, coating microhardness) were analyzed. Based on the results,
several mechanisms associated with the deposition of bimodal size 316L/Fe mixtures are proposed.

Finally, the effects of mixing powders on the cold spray characteristics are discussed.

5.3 Materials and methods
Commercially available gas atomized 316L stainless steel and commercial purity Fe
powders provided by Sandvik Osprey Limited (Neath Port Talbot, UK) were used as feedstock.

SEM images of the feedstock are shown in Fig. 5.1 and characteristics of the feedstock are
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presented in Table 5.1. The volume weighted particle size distribution (PSD) was determined using
a Horiba LA-920 laser diffraction analyzer (Horiba, Tokyo, Japan). The average Vickers hardness
was measured using a Clark CM-100AT Microhardness Tester (Sun-Tec, Novi, USA) for a
penetration time of 15 s under 10 g load. Both the feedstock powders are spherical, and the 316L

is about twice the average size of the Fe whereas the Fe is slightly harder than the 316L.
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Fig. 5.1 SEM images and volume weighted PSDs of the feedstock powders.

Table 5.1 Characteristics of the feedstock powders.

Mean size,
Powder Morphology HVo.o1
um
316L ) 239 43
Spherical
Fe 292 22
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Spraying was performed at the McGill-NRC cold spray facility, located at the National
Research Council of Canada, Boucherville, using a KINETIKS® 4000 cold spray system (Oerlikon
Metco, Westbury, USA) with a MOC24 tungsten carbide nozzle. Nitrogen was used as the
propellant gas and the process parameters were set at a gas preheating temperature of 700 <C, a
gas pressure of 4 MPa, and a stand-off distance of 80 mm, a gun traverse speed of 300 mm/s, and
a step size of 1 mm. Coatings with feedstock mixing compositions of 100 wt.% 316L (316L),
316L-20 wt.% Fe (20Fe), 316L-50 wt.% Fe (50Fe), 316L-80 wt.% Fe (80Fe) and 100 wt.% Fe (Fe)
were deposited. Prior to spraying, the mixed feedstock was admixed in a rolling mixer (without
media) for 1 hour. The substrates used were 100 mm>=100 mm>3 mm Al 6061 plates, which were
blasted with 24 grit alumina to remove scale and roughen the surface to promote adhesion. The
feedstock was sprayed at a feed rate of 19.5 to 24.1 g/min using 4-6 spray passes and roughly 2

mm thick coatings were produced per sample.

After spraying, coating cross-sections were observed under an optical microscope (OM).
The weight fractions of the 316L and Fe particles in composite coatings and the coating porosity
were measured by image analyses using a minimum of 10 random optical images captured at 100
or 200> magnification. The weight fractions of 316L and Fe particles in composite coatings were
measured by image analyses using 5 random EDS maps captured at 200> magnification. The
average values of the coating composition and porosity as well as their standard deviations were
reported. The DE was determined as the mass gain of the substrate divided by the total mass of
spray material fed over the substrate. The coating bond strength was measured using tensile pull-
off tests at a constant strain rate of 1. mm/min following the ASTM C633-01 standard [5.21]. The

HTK Ultrabond 100 (HTK Hamburg GmbH, Hamburg-Sasel, Germany) epoxy adhesive was used
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to join the sample with couplings and was cured in air at 190 <C for 35 mins under a load of 100

N to ensure proper adhesion.

To further exhibit the effects of mixing powders, several particle and coating metrics were
also determined. The particle in-flight velocity was measured in a free jet by an optical time-of-
flight ColdSprayMeter particle diagnostic system (Tecnar Automation, St. Bruno, Canada) [5.22]
under the same process parameters as coating deposition. Velocities of 5000 particles were
measured and the average value and standard deviation were calculated for each powder. Particle
velocities of single component Fe and 316L/Fe mixtures with compositions of 90 wt.% Fe, 80 wt.%
Fe, 65 wt.% Fe, and 40 wt.% Fe were measured. The coating flattening ratio was calculated as the
width to height ratio of a deformed particle from etched optical images of coating cross-sections
captured at 200> magnification and the average value was reported about 50 particles per
component per sample. The standard error of four average flattening ratio values was also
calculated. The coating microhardness was obtained through Vickers indentations at center regions
of the deposited 316L and Fe particles using about 15 measurements per sample for a penetration

time of 15 s under 50 g load.

5.4 Results

5.4.1 Coating microstructure

The as-polished optical cross-sectional microstructure of the single component 316L and
Fe coatings are shown in Fig. 5.2. A few pores (black spots) are observed in both coatings, but a

higher quantity is presented in the Fe. As for the interparticle bonding, the Fe/Fe interparticle
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boundaries are more clearly delineated, as compared with the 316L/316L boundaries which are

not visible.
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Fig. 5.2 Optical cross-sectional microstructure of the single component 316L and Fe coatings.

The as-polished optical cross-sectional microstructure of the composite 316L/Fe coatings
is shown in Fig. 5.3. The light regions are 316L, dark regions are Fe, and black spots are pores. In
general, very different characteristics can be seen in different composition coatings. For 20Fe,
certain amounts of pores and interparticle defects are observed and are mainly located at the mixed
316L/Fe interfaces, which implies the 316L/Fe mixed interfaces are the “sources” of defects during
deposition. Also, the preferentially located defects (on “top” of Fe and “bottom” of 316L) are
present (arrowed in red), which has been previously discussed in [5.16, 5.17] and is attributed to
the poor deposition/adhesion of 316L on Fe impacts due to the strong rebound trend of 316L
particles and thick oxide layer of the Fe “substrate”. For 50Fe, the coating is very dense and the
interparticle boundaries (mixed and non-mixed) all exhibit very few defects, implying excellent
bonding conditions. For 80Fe, pores are present but fewer than in 20Fe. As for the interparticle
boundaries, different characteristics are seen, where the mixed interfaces have good bonding
conditions while the non-mixed Fe/Fe bonding is relatively poor. To sum, in terms of the quantity

of defects (i.e. pores and interparticle defects), the 20Fe is most inferior and the 50Fe is most
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superior. Moreover, by looking at the 316L on Fe interfaces in each coating, the preferentially

located defects are found to be present in 20Fe and almost absent in 50Fe and 80Fe.

Low magnification High magnification

r

50Fe

80Fe

Fig. 5.3 Optical cross-sectional microstructure of the composite 316L/Fe coatings (light-316L;
dark-Fe).

The weight fractions of the 316L and Fe in composite coatings measured from image

analyses of EDS maps are presented in Table 5.2. Interestingly, the composite coating
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compositions are very close to their initial as-mixed ratios, i.e. there seems to be no effect of mixing

on the compositional yield, which is somewhat unexpected.

Table 5.2 The weight fractions of the 316L and Fe in composite coatings.

Feedstock Fe Coating Fe

Powder
wt.% wt.%
20Fe 20 19.5 1.7
50Fe 50 50.0 +2.3
80Fe 80 79.6 £2.2

5.4.2 Cold sprayability and other metrics

To quantify the effects of mixing powders, the cold sprayability metrics, i.e. DE (also
partial DEs for mixed powders), porosity, and coating bond strength (maximum value), were
measured and are presented in Fig. 5.4. Note that in Fig. 5.4 (c), the failure of 316L coatings after
pull-off tests is in the epoxy; this implies the coating cohesion strength is higher than 53 MPa

(epoxy strength).

In Fig. 5.4, the characteristics of the single component coatings are revealed at 0 and 100
wt.% Fe; the 316L has “superior” coating characteristics than the Fe, exhibiting a higher DE (72%
vs 32%) and coating cohesion strength (> 53 MPa vs 37.8 MPa), as well as a lower porosity (2.2%
vs 2.8%). For the composite coatings, one would normally expect that there will be a continuing
deterioration of the above cold sprayability metrics with increasing the Fe fraction. But in fact, the
measured results are different to these expectations. In terms of DE and porosity, the 20Fe coating
with the closest composition to the single component 316L, is a “poor” coating having the second

lowest DE (42%) and the highest porosity (4.5%). With increasing Fe fraction, the 50Fe coating
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exhibits a medium DE (48%) and the lowest porosity (1.5%). For 80Fe, the coating is in fact a
“g00d” one although it has the closest composition to the single component Fe, showing the second
highest DE (66%) and the second lowest porosity (2.0%). Regarding the coating cohesion strength,
unlike DE and porosity, the values do not differ strongly at the composite regions and plateau at
46. 7 to 52.5 MPa. However, it is still surprising to see that the 80Fe coating would exhibit a
cohesion strength (52.5 MPa) comparable to the 20Fe (52.4 MPa) and much higher than the single
component Fe (37.8 MPa). To sum, the cold sprayability metrics of the composite coatings are
very different to the common expectations, and the results imply strong effects of mixing powders

to occur during deposition.
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Fig. 5.4 The cold sprayability metrics. (a) DE, (b) porosity, (c) bond strength.
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To further exhibit the effects of mixing powders, several particle and coating metrics, i.e.
particle in-flight velocity, coating microhardness, and coating flattening ratio, were measured and

are shown in Fig. 5.5.

As shown in Fig. 5.5 (a), the velocity of the mixed powder gradually increases with
increasing the Fe fraction; this would appear to correlate with the fact that the Fe is finer than the
316L. The average velocity for single component Fe is about 700 m/s. A fitting line was drawn
through the data points, and it shows a linear effect of mixing composition on the particle velocity.
Note that the large scattering of the velocity is due to the distribution of the particle size (Fig. 5.1).
However, the change in velocity is so small and this is not expected to affect the cold sprayability
metrics significantly. Also, extrapolating the line to 0 wt.% Fe suggests that the large 316L powder
has an average velocity lower than the Fe of about 633 m/s. Note that the critical velocities of Fe
and 316L powders in literature with the similar sizes as the ones used in this study are about 650
m/s and 561 m/s, respectively [5.23]. It can be seen that the measured particle velocities of both
powders are higher than their respective critical velocities, which to some extent validates the

velocity measurements.

The coating flattening ratio (FR) is a measure of the bulk deformation of a particle during
deposition. As shown in Fig. 5.5 (b), in the single component coatings, the deposited 316L particles
exhibit a higher average FR as compared with the Fe (3 vs 2.4). Whereas, in the composite coatings,
with increasing Fe fraction, the 316L FR only experiences slight fluctuations and the Fe FR shows
a monotonic decrease (20Fe: 3.3; 50Fe: 2.9; 80Fe: 2.4). In the literature concerning the cold spray
of single component Ti powder [5.24, 5.25], the coating FR and DE were both observed to increase
with increasing the particle velocity, which generally suggests that the particle plastic deformation

is beneficial for particle deposition. But it appears that this correlation from single component
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powder deposition cannot be applied to the mixed powder deposition in this case, e.g. the 80Fe
with the highest DE (Fig. 5.4 (a)) in fact has the lowest FR of both components. This indicates
there could be other deposition mechanisms at play, e.g. retention (the rebounding 316L particle
gets retained by the incoming Fe particles), as will be discussed in Section 5.5. It is also noted that,
in terms of the relative deformation behavior between the 316L and Fe powders in each composite
coating (difference in component FR), the largest difference is in 20Fe, the second is in 80Fe, and

in 50Fe the component FR is similar.

The coating microhardness measurements are shown in Fig. 5.5 (c). In each coating, the
deposited 316L is always harder than the Fe, even though in the feedstock the 316L powder is in
fact softer (226 HV vs 287 HV). This result is indicative of the higher strain hardening rate and
strain rate sensitivities of 316L compared to Fe during impact deformation [5.19, 5.20]. Moreover,
except for the higher hardness of Fe in 80Fe, there is no obvious microhardness difference of each
component in different coatings. The high hardness of Fe in 80Fe appears to correlate with its

highest DE, and further discussion will be presented in Section 5.5.
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Fig. 5.5 (a) Particle in-flight velocity [5.26], (b) coating flattening ratio, and (c) coating

microhardness.

5.5 Discussion

Results in Figs. 5.3 and 5.4 have shown that the cold spray of bimodal size 316L/Fe powder
mixtures generates an unpredictable coating microstructure and cold sprayability, which indicates
strong effects of mixing powders. In cold spray, the effects of mixing can be considered to occur
mainly during two stages: particle in-flight and upon impact deposition. In Fig. 5.5 (a), the small
linear variation of particle in-flight velocity as a function of feedstock Fe wt.% is not expected to
affect the cold sprayability metrics significantly. In this paper, investigations towards explaining

the mixed powder deposition characteristics are mainly focused on the deposition end.
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In cold spray, the weight (or volume) fraction metric is commonly used to define the
composition of the feedstock powder mixture. Thus, normal expectations of the mixed powder
cold spray behavior are often based on the Rule of Mixtures method. For instance, the DE of the
mixed powders can be expected to be the weighted average of the DE of the individual components.
However, using this approach is totally unsuccessful in this case. There are several possible
explanations for this. In this study, both the feedstock powders are spherical, and the 316L is about
twice the average size of the Fe. Firstly, in the 316L/Fe binary mixture, knowledge of the DE of
the individual components means that the impacts of “316L on 316L” and “Fe on Fe” are known,
but impacts between the dissimilar components e.g. “316L on Fe” and “Fe on 316L” are not
considered. It has been previously discussed in [5.16, 5.17] that the impact of 316L on Fe will
generate poor bonding/strong rebound, indicating a significant mixed impact interface effect.
Secondly, since the coating is built up by particle impacts, the DE of a powder should be directly
correlated to its particle size distribution, e.g. the weight of a single particle and number of
successful impacts per unit time. For instance, in the 50/50 wt.% 316L/Fe mixture, the small Fe
particles will outnumber the large 316L per unit weight/volume of feedstock and thus there will
be more impacts associated with Fe during deposition. It is reasonable to believe that its coating
formation process (e.g. particle-particle interaction) would be different from a similar size 50/50
wt.% powder mixture. However, such a difference cannot be reflected by expectations based on
quantifying the feedstock mixing composition only in terms of weight. Thirdly, the inclusion of
hard/heavy particles (316L) in mixtures with larger kinetic energies could exert effects such as
tamping to affect the cold sprayability metrics (e.g. porosity and DE) [5.12], and the contributions
of such effects in different composition 316L/Fe mixtures are different. To sum, during the

deposition of bimodal size 316L/Fe mixtures, there will be various mechanisms at play, e.g. mixed
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impact interfaces, feedstock size difference, and tamping. This mainly explains the difficulties in
quantitative predictions (e.g. rule of mixtures method) of the mixture cold spray characteristics as

shown in Figs. 5.3 and 5.4.

To incorporate the various mechanisms of multi-particle interactions, it is believed that the
mixed powder should be considered as an entity instead of separate components for deposition.
Maev et al. [5.12] considered that, during the large/small mixture deposition, the powder ensemble
structure (i.e. multiple particle arrangement) prior to impact could affect the deposition. A few
literature also considered that such multi-particle interactions would occur in cold spray [5.27-
5.29]. As shown in Fig. 5.3, since each composite coating exhibits a homogenous microstructure,
it is reasonable to believe that the large/small component feedstock forms a random spatial
arrangement upon impact. Using the particle size distribution (Fig. 5.1) and density values, the
composition of each mixture sample was converted from weight fraction to the ratio of the numbers
of component particles in a mixture, namely, the particle number fraction, as shown in Table 5.3.
Note that a cut-off particle size was set at 10 um to discount the fine particles since according to
literature [5.30] these particles can be easily decelerated and deflected away from the substrate by
the bow shock wave. The number weighted average particle size was also calculated as: 316L-35
um and Fe-17 um. Based on the results, a 2D schematic diagram of the random multiple particle
arrangement of bimodal size 316L/Fe mixtures upon impact is shown in Fig. 5.6. The speculated

deposition mechanisms are also presented and are qualitatively discussed in detail.
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Table 5.3 The feedstock Fe weight fraction and the respective number fraction.

Powder Fe weight fraction, wt.% Fe number fraction, %

20Fe 20 66.7
S0Fe 50 88.9
80Fe 80 97.0

For the weight fraction 20Fe (316L:Fe=80:20 wt.%), the relative particle number fraction
is 316L:Fe=1:2, thus, Fe particles with twice the number of 316L particles would be present in this
mixture. Because the mixed feedstock forms a random spatial arrangement, as schematically
shown in Fig. 5.6, the small Fe particles tend to be dispersed at the interstices between the large
316L particles. During deposition, these Fe particles absorb the impact energies of 316L and were
highly deformed (high FR of Fe in 20Fe in Fig. 5.5 (b)) to create significant barriers inhibiting the
316L/316L contact. As previously discussed [5.16, 5.17], the 316L on Fe impacts will generate
the poor bonding behavior/strong rebound (the preferentially located defects at mixed 316L/Fe
interfaces in Fig. 5.3). Thus, the widely dispersed small Fe particles in 316L then adversely affect
the entire mixture during deposition, as can be seen in Fig. 5.3 as defects (i.e. pores and
interparticle cracks) that mainly originate from the mixed 316L/Fe interfaces. This finally leads to

a “poor” coating of 20Fe having a low DE (42%) and the highest porosity (4.5%).

For the weight fraction 50Fe, the particle number fraction is 316L:Fe=1:8. More small Fe
particles are present in the mixture, and each 316L particle appears to be entirely surrounded by a
single layer of Fe particles (Figs. 5.3 and 5.6). Therefore, in this mixture, each 316L particle is
generally expected to experience the 316L on Fe impacts, which would generate poor very

deposition/bonding behavior. However, in 50Fe, more small Fe particles are replacing the large
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316L particles compared with 20Fe, which increases the total particle number density and thus the
possibility of multi-particle interactions upon impact. Considering the excellent interparticle
bonding condition in 50Fe (Fig. 5.3), it is thus believed that the multiple subsequent high velocity
small Fe particles on top of the 316L during deposition will stop the 316L from escaping by
rebounding and force it to retain in the coating. Moreover, in the 50/50% large/small 316L/Fe
mixture, the multiple small Fe particles would surround the large 316L to create more contact
points, which could maximize the interaction between the large/small components. The evidence
can be found in Fig. 5.5 (b) that the 316L and Fe components exhibit a similar coating FR in 50Fe,
although in feedstock they are materials with different deformabilities (e.g. different crystal
structures). It is believed that the enhanced contact between the feedstock could benefit the
interparticle bonding and also lead to a better DE. Last but not least, it has been reported in powder
metallurgy that in a 50/50 wt.% large/small mixture, an optimum packing density can often be
obtained [5.11]. The lowest coating porosity in 50Fe (1.5%) is thus speculated to indicate some

correlations between the powder packing and coating porosity in cold spray.

For the weight fraction 80Fe, the particle number fraction is 316L:Fe=1:32, the large 316L
is expected to be surrounded by a “sea” of small Fe particles prior to impact and direct 316L/316L
contact is difficult (Fig. 5.3). In this mixture, the large 316L particles are less deformed (low 316L
FR in 80Fe in Fig. 5.5 (b)). Thus, a more effective tamping can be achieved as a larger proportion
of their high kinetic energies can be absorbed by the poorly bonded Fe matrix to facilitate the
conversion of plastic work into heat and stored energy (leading to adhesion [5.31]) [5.14].
Evidence can be found in the higher hardness of the Fe in 80Fe (Fig. 5.5 (c)), the lower porosity
of 80Fe than Fe (Fig. 5.4 (b)), and also the higher cohesion strength of 80Fe compared to the single

component Fe (Fig. 5.4 (¢)). Meanwhile, similar to 50Fe, the small Fe particles on “top” of the
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316L with a high velocity and quantity would deposit like a “blanket” to interact and inhibit the
large 316L particles from rebound and generate defects. This explains the observation that mixed
316L/Fe interfaces in 80Fe all exhibiting good bonding conditions (Fig. 5.3). Since a higher Fe
number density is present in 80Fe than 50Fe, a better retention of 316L is realized, and a higher
partial DE of 316L can be observed in this mixture (Fig. 5.4 (a)). Therefore, through this mutual
effect of tamping and retention exerted by both the large and small components, the high DE of
80Fe can be explained. Note that modeling the “sweet point” mixing composition leading to the
optimal cold sprayability metrics (e.g. DE) requires the quantitative knowledge of the contribution
of each effect, i.e. mixed impact interfaces, retention, tamping, which has to be determined

separately from experiments and is thus considered as the future work.
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Fig. 5.6 A 2D schematic diagram of the random multiple particle arrangement of bimodal size

316L/Fe mixtures and the associated deposition mechanisms upon impact.
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5.6 Conclusion

In this study, average 43 um 316L stainless steel and 22 pum commercial purity Fe powders
were used as feedstock. Coatings of the single component 316L and Fe, and binary composites of
20Fe, 50Fe, and 80Fe were cold spray deposited. Results show the single component 316L has a
“superior” cold sprayability to the Fe. However, the composite 316L/Fe coatings generate an
unpredictable coating microstructure and cold sprayability, implying strong effects of mixing
powders. During cold spray of bimodal size 316L/Fe mixtures, there will be various mechanisms
at play, e.g. mixed impact interfaces, feedstock size difference, and tamping. To explain the cold
spray characteristics, it is believed that the mixed metal powder should be considered as an entity
instead of separate components for deposition. Describing the mixture composition on the basis of
particle number fraction as opposed to weight or volume fraction furnishes a viable explanation
for the observed results. The mixture multiple particle arrangement upon impact is proposed based
on the coating microstructure and the calculated particle number fraction, and the speculated
deposition mechanisms are qualitatively discussed. In particular, the 20Fe has the low DE and
highest porosity due to the dispersion of small Fe particles and the poor deposition/bonding
behavior of 316L on Fe impacts; the 50Fe exhibits the excellent interparticle bonding conditions,
which can be attributed to the retention of the subsequent incoming Fe particles and also the
sufficient interaction between the large/small feedstock; the 80Fe features the high DE due to the

mutual effect of tamping and retention.
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Chapter 6

Understanding Particle-Particle Interactions from
Deposition Efficiencies in Cold Spray of Mixed Fe/316L

Powders with Different Particle Size Combinations

In Chapter 5, a multiple particle arrangement model was proposed to explain the cold spray
characteristics of bimodal size 316L/Fe powder mixtures. This model is based on the speculation
that particle-particle interactions would occur during cold spray. In this Chapter, we further
validated this speculation by looking into the deposition efficiencies (DEs) of different sizes of

mixed Fe/316L powders.

This chapter has been accepted by J. Therm. Spray Technol.:

e Xin Chu, Hanging Che*, Chaoyi Teng, Phuong Vo, Stephen Yue, “Understanding
particle-particle interactions from deposition efficiencies in cold spray of mixed Fe/316L

powders with different particle size combinations”, 2019.
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6.1 Abstract

In this study, Fe and 316L powders with two different particle sizes were used as the
feedstock. They were also premixed using different mixing ratios and combinations: (i) either
316L or Fe powder with large particles blended with small ones, (ii) a blend of 316L and Fe powder
using three particle size combinations. Both single component and mixed powders were deposited
by cold spray and the deposition efficiencies (DE) were calculated and discussed. The results show
that the DE of a mixture of large and small particles of the same powder follows the Rule of
Mixtures. Whereas, the variation of the DE of the 316L and Fe mixture depends on the particle
size combinations; specifically, mixtures with smaller size particles show better DEs than the
respective Fe powder. The difference in the DEs of different Fe/316L mixtures can be explained
by the particle-particle interactions (i.e. tamping and retention) upon impact. In addition, a
relationship between the average particle size and density is proposed to determine the occurrence
of particle-particle interactions in cold spray of mixed generic powders. The industrial significance
of the knowledge of particle-particle interactions is finally explained in the context of the

fabrications of metal matrix composites.

119



6.2 Introduction

Cold spray is a relatively new coating technique in which micron-sized (e.g. 10-50 um)
particles are accelerated to supersonic velocities by a high-pressure gas stream in a de-Laval nozzle
and are impacted onto substrates in the solid state [6.1]. Due to its advantages, such as the low
process temperature, cold spray has become an effective alternative to fabricate coatings from
metals that are highly sensitive to temperature or oxidation [6.2-6.4]. During cold spray, not all
particles impacting onto substrates necessarily deposit; the term “cold sprayability” is introduced
to evaluate the ease with which a powder can be deposited [6.5]. Deposition efficiency (DE) is one
important metric of cold sprayability and is usually defined as the ratio of powder mass deposited
on the substrate to the total powder mass sprayed over the substrate [6.5]. The DE of a powder
depends on its material (e.g. hardness, oxide layer thickness) and characteristics (e.g. size,
morphology), and can be improved by increasing the “intensity” of cold spray process parameters
(i.e. gas pressure and temperature) [6.6]. In cold spray literature, it has also been reported that
adding a second component (SC) powder (ceramic or metal) into a metal can improve its DE [6.7-
6.9]. This finding is of industrial significance since it may help to: i) enhance the feedstock
deposition and adhesion in low-pressure cold spray repair practices (e.g. add Al.O3 to various
metals [6.7]); ii) improve the DE of low DE metals (e.g. add Cu or Zn to Sn [6.8]) or expensive
metals (e.g. add softer or irregular Ta to harder Ta [6.9]). However, fundamental mechanisms

behind such DE improvements in cold spray are often not clear.

To fully understand the DE-improving effects, knowledge of interaction behaviors between
mixed powder particles during deposition is required. Regarding the effect that SC applies to the
matrix powders (SC on matrix), tamping (or hammering, peening) is the one most accepted since

SC powders are often large/dense/hard metals or ceramics [6.8, 6.10, 6.11]. Tamping could lead
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to forced deformation thus further densification of previously deposited layers [6.11], but its effect
on DE is still not clear. For instance, Fernandez et al. [6.12] proposed that tamping could benefit
particle deposition if a subsequent hard particle interacts with a soft particle which is depositing at
the substrate surface and enhances its interfacial strain/temperature in real time (scenario | in Fig.
6.1); however, there are still debates over the occurrence of such interactions in cold spray [6.12-
6.14]. Besides tamping, other common effects of SC on matrix are surface roughening and/or
surface activation (removal of surface oxides) which often associate with the addition of irregular
powders (metals [6.8, 6.9] or ceramics [6.11]). Regarding the effect that a matrix applies to SC
(matrix on SC), soft/rough surface deposits could provide a mechanical anchorage effect (e.g.
embedding [6.15] or trapping [6.8]) to facilitate the SC deposition. This explains the partial
retention of SC particles (e.g. ceramics) in metal/ceramic mixed coatings which cannot reach any
deposition alone. Moreover, a few researchers [6.16, 6.17] proposed that SC retention can also be
contributed by particle-particle interactions: subsequent particles collide with and retain rebounded
SC particles (scenario Il in Fig. 6.1). But it is also argued that interactions of excessive/large
rebounding particles could otherwise decelerate/deflect subsequent particles to result in reduced

DE and defective coatings [6.10, 6.18].
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Fig. 6.1 Schematic diagram of particle-particle interactions (i.e. collisions between moving

particles) during mixed powders deposition (summarized from [6.12, 6.16]).

In our previous studies, an increase in DE was observed when 316L stainless steel powder
was premixed with commercial purity Fe to cold spray fabricate bio-degradable composite stents
[6.19]. To better understand the mechanism of such an improvement, more detailed research
towards DE was performed. In this study, DE characteristics of the particle size mixtures of single
component 316L and Fe powders, as well as the binary Fe/316L mixtures with different particle
size combinations were measured and discussed, and the DE-improving mechanisms of mixed
Fe/316L powders are elucidated. It is proposed that this research finding generates additional
insights into documented mechanisms of particle-particle interactions and provides industrial

guidances in cold spray of generic hard/soft mixtures.

122



6.3 Materials and methods

Commercially available gas atomized 316L stainless steel powder (Sandvik Osprey,
Neath-Port Talbot, UK) and water atomized commercial purity Fe powder (Goodfellow,
Cambridge, UK) are used as the feedstock. Sieving was performed on some powders using 400-
mesh (38 um) sieves to obtain desired particle size distributions and four powders were prepared,
namely, Fe large, Fe small, 316L large, and 316L small. SEM images and characteristics of the
feedstock are presented in Fig. 6.2 and Table 6.1, respectively. The Vickers hardness of the
feedstock was measured using a Clark CM-100AT Microhardness Tester (Sun-Tec, Novi, USA)
using a load of 10 g and a dwell time of 15 s. The feedstock particle size was determined using a
Horiba LA-920 laser diffraction analyzer (Tokyo, Japan). Results show no significant hardness
difference in hardness between large and small powders of the same species, and 316L has roughly

triple hardness than Fe.

Fe large

&V

ANS

3 oé R
SU350D 15.0kV x500 SE

316L large

sU3500 15.0KV x500 SE

Fig. 6.2 SEM images of the feedstock powders.
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Table 6.1 Characteristics of the feedstock powders.

Microhardness,

Feedstock d10, um  d50, um d90, um
HVo.01
Fe large 127 +19 29.5 46.7 67.8
Fe small 118 +15 17.6 27.8 43.2
316L large 363 +£11 36.7 46.1 57.7
316L small 347 £13 11.7 17.7 25.5

All cold spray campaigns were carried out at the McGill-NRC cold spray facility, located
at National Research Council of Canada, Boucherville, using a CGT KINETIKS® 4000 cold spray
system (Sulzer Metco, Westbury, USA) with a MOC 24 carbide nozzle. Al 6061 plates with
dimensions of 3 <3 inch (75 <75 mm) were used as substrates and were blasted with 60 grit
alumina to remove scale and promote adhesion. Nitrogen was used as the propellant gas. To
investigate the effects of mixing powders on DE, aforementioned single component powders were
premixed in a rolling mixer (without medium) for 1 hour using the following recipes: (i) 10, 20,
50 wt.% of large powder in small powder for 316L and Fe, and (ii) 10, 20, 50 wt.% of 316L into
Fe (10SS, 20SS, 50SS) using three size combinations (Fe small/316L large, Fe large/316L large,
Fe small/316L small). The cold spray process parameters were all set at a gas temperature of
600 <C, a gas pressure of 3 MPa, a stand-off distance of 80 mm, a gun travel speed of 300 mm/s,

and a feed rate of 20-60 g/min.

After cold spray, coating cross-sections were characterized using a Hitachi SU3500 SEM
(Tokyo, Japan). The compositions of the composite coatings (area fractions of Fe and 316L
particles) were estimated by image analyses using a minimum of 30 random images at 200 x

magnification. The coating flattening ratio (FR) was calculated as the width to height ratio of a
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deformed particle from etched cross-sections at 200 xmagnification and the average value of about
50 particles per component per sample was reported along with the standard error. The particle in-
flight velocity was measured in a free jet by an optical time-of-flight particle diagnostic system
DPV-2000 (Tecnar Automation, St. Bruno, Canada) under the same process parameters as coating
deposition. Velocities of 5000 particles were measured and the average value and standard
deviation were calculated for each powder. The DE was measured according to Eg. (6.1) as the
mass gain of the substrate divided by the total mass of the spray material fed over the substrate.
Two to three measurements were performed for each powder composition (relative DE difference
< 5% was obtained) and the average value was reported. In addition to the overall mixture DE,
partial DEs (i.e. DEs of the 316L and Fe components in composite coatings) of mixed Fe/316L
powders were also calculated based on the mixture DE and compositional yield (powder

composition vs coating composition) [6.11, 6.12].

DE = Amg-tv (6.1)
Amf-d

Where, Am is the mass change of the substrate after deposition, t is the total spray time, v is the

gun travel speed, Am; is the mass change of the powder in the hopper after deposition, d is the

total distance traveled by the nozzle over substrate. The feed rate was calculated as FR = A%.

6.4 Results
6.4.1 Mixed particle sizes
The measured in-flight velocities of four single component powders are shown in Table

6.2. Small powders of both 316L and Fe have slightly higher average velocities compared with
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respective large ones. The large standard deviation of particle velocity is due to the size distribution

of each powder.

Table 6.2 The measured in-flight velocities of single component powders.

Particle velocity,

Coating s

Fe small 612 =107

Fe large 584 +67
316L small 583 £112

316L large 552 70

The DEs of four single component 316L and Fe powders as well as their large/small
mixtures are presented in Fig. 6.3. In each figure, 0 wt.% composition corresponds to only small
powder and 100 wt.% composition corresponds to only large powder. Results show that 316L
small has doubled DE compared with 316L large (60% vs 30%) which is consistent with its slightly
higher particle velocity. On the other hand, Fe small has similar or even slightly lower DE than Fe
large (57% vs 65%) despite its higher particle velocity. Moreover, larger powders were added into
respective smaller ones and the measured DEs of the mixtures are plotted in Fig. 6.3. The predicted
mixture DEs calculated by Rule of Mixtures (DEyix = DE3161 X f3161, + DEre X fre) from non-
mixed large and small powders are also plotted as dashed lines. Results show that the measured
mixture DEs are consistent with the predictions, and this indicates inducing large/small particle

impacts in cold spray cannot stimulate DE.
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Fig. 6.3 The DEs of large/small mixtures. (a) Fe small/Fe large and (b) 316L small/316L large.

Dashed lines indicate the Rule of Mixtures predictions.

6.4.2 Mixed Fe/316L powders

The 50SS cross-sectional microstructure of different sizes of Fe/316L composite coatings
is shown in Fig. 6.4. In these images, light regions are 316L, dark regions are Fe, and black spots
are pores. In general, all composite coatings are dense, and both Fe and 316L particles in each
coating have deformed and are homogenously distributed. It is also noted that the 316L particles
in the deposited coatings are mostly separated by Fe and there are a limited number of 316L-316L
contacts. The composite coating compositions measured by image analyses are presented in Table
6.3. In general, the 316L contents in all binary Fe/316L composite coatings are similar and are

always much lower than their initial as-mixed ratios.
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Fig. 6.4 The BSE images of 50SS Fe/316L composite coating cross-sections. (a) Fe small/316L
large, (b) Fe large/316L large, and (c) Fe small/316L small.

Table 6.3 The average 316L weight fractions in Fe/316L composite coatings.

Fe small/316L Fe large/316L Fe small/316L

Coating large large small
10SS 5.8 +0.2 4.8 0.6 4905
20SS 115+04 11.2 0.5 11.3+05
50SS 329=+13 30.2 0.7 30.7 0.7

The Fe flattening ratios (FR) in single component coatings and different 50SS coatings

were calculated and are presented in Table 6.4. Note that average FR is commonly used as an

128



indication of the bulk deformation of a spherical particle during deposition [6.5, 6.11], thus the
value might not be representative of the actual degree of Fe particle deformation due to its
irregularity. Attention is mainly focused on the relative difference in Fe FR between coatings.
Results show that the Fe in the Fe/SS mixed coatings always exhibits higher flattening ratios
compared with respective single component Fe, indicating that a tamping effect of 316L is realized
in all mixed coatings. Specifically, the Fe small/316L large combination is observed to be most
effective in further deforming Fe compared to Fe small/316L small and Fe large/316L large as it

exhibits the largest increment of Fe flattening ratio relative to single component Fe (5.3 vs 3.2).

Table 6.4 The Fe flattening ratios in single component and 50SS Fe/316L composite coatings.

Coating Fe flattening ratio
Fe small 3.2+0.1
Fe large 3.4 +0.2

Fe small/316L large 5.3+0.2

Fe large/316L large 3.7+x0.1

Fe small/316L small 3.6 +0.3

The DE results of single component Fe and 316L powders, as well as Fe/316L mixtures of
different particle size combinations are shown in Fig. 6.5. Regarding the mixture DEs (solid lines),
results from different Fe/316L mixtures generally exhibit in common a decreasing trend with
increasing feedstock SS wt.%. This observation is consistent with our previous works [6.20, 6.21]
and it is mainly explained by the increasing number of poorly deposited 316L on Fe impacts with
increasing SS content. Moreover, comparing the low SS mixtures (10SS and 20SS) with single

component Fe in each figure, it is found that the additions of 316L in Fe did not necessarily lead
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to an increase in DE. The DE improvements are observed to be dependent on the particle size of
the mixtures, and are only found in the Fe small/316L large and Fe small/316L small mixtures; in

particular, a more long-lasting effect (slower rate of DE decrease) is found in the latter.

The partial DEs of Fe and 316L components in different particle size combinations of
Fe/316L mixtures were calculated and the results are also plotted in Fig. 6.5 (dashed lines). In
general, variations of partial DEs of Fe and 316L in each binary Fe/316L mixture are complicated
and they do not necessarily follow the same trend as its respective overall mixture DE. The partial

DEs from representative mixtures were compared to investigate the effects of the particle size.

Regarding the partial DEs of Fe (dashed lines with squares), mixtures of Fe large/316L
large (Fig. 6.5 (b)) and Fe small/316L small (Fig. 6.5 (c)) were compared. With increasing SS
wt.%, the partial DE Fe in Fe large/316L large (line (4)) remains relatively unchanged and is the
same as the single component Fe DE (i.e. 0 wt.% SS); while in Fe small/316L small the partial Fe
DE (line (5)) exhibits a monotonic increasing trend and is always higher than its relative single

component Fe DE.

Regarding the partial DEs of 316L (dashed lines with triangles), mixtures of Fe small/316L
large (Fig. 6.5 (a)) and Fe large/316L large (Fig. 6.5 (b)) were compared. In 10 wt.% SS, the partial
DE of 316L in Fe small/316L large (line (1)) is about 8 % higher than that in Fe large/316L large
(line (3)). With further increases in the feedstock SS wt.%, the former (line (1)) experiences a
sudden drop and becomes the same as that in the latter (line (3)), which remains unchanged
throughout from 10 to 50 wt.% SS. It is also noticed that there is a similar drop of the partial DE
of Fe (line (2)) along with the partial DE of 316L (line (1)) from 10 to 20 wt.% SS in Fe small/316L

large in Fig. 6.5 (a). In sum, the above results show that there are significant effects of the particle
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size on both mixture DEs and partial DEs of mixed Fe/316L powders, which will be discussed in

Section 6.5.
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Fig. 6.5 The DE and partial DE results of different particle size combinations of Fe/316L
mixtures. (a) Fe small/316L large, (b) Fe large/316L large, and (c) Fe small/316L small.

6.5 Discussion

In the cold spray literature, the effectiveness of tamping is often associated with impact
energy and hardness of second component powders [6.22]. Larger particles can provide more
intensive tamping effects than smaller ones due to the higher mass and thus higher impact energy
of an individual particle [6.23]. In this study, 10, 20, 50 wt.% of larger powders were mixed into

respective smaller ones and the mixture DEs were measured to be following the Rule of Mixtures
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(DEyix = DE3q61 X f3161, + DEre X fre) (Fig. 6.3). This observation shows that simply inducing
tamping provided by larger powders of the same species (i.e. large/small impacts) cannot stimulate
DE in cold spray. It appears that the additions of harder powders are required to improve DE, as
observed in Fig. 6.5 that illustrates adding 316L into Fe. To understand the mechanisms of the DE-
improving effects, one possible explanation is associated with the fragmentations of surface oxides
on Fe due to the impact of hard 316L additions, and this will benefit subsequent Fe particle
deposition [6.12, 6.24]. Following this hypothesis, increasing hard 316L fractions in the initial
feedstocks would increase tamping intensity; thus more Fe deposition (i.e. higher partial DE Fe)
should be expected. Also, since surface oxide fragmentations are often due to
deformation/flattening of particles [6.24], Fe small/316L large which exhibits largest increment in
Fe flattening ratio (Table 6.4) should exhibit the most significant DE-improving effects compared
with the other two combinations. However, the measured results in Fig. 6.5 show that improved
DEs are particle-size-dependent and Fe small/316L small instead exhibits the most significant DE-
improving effects. Therefore, it is considered that oxide fragmentations induced by the impact of
hard 316L are unlikely to be the main mechanism to explain the DE characteristics of Fe/316L

mixed powders with different particle size combinations.

As mentioned in Section 6.2, one effective scenario to improve the matrix powder
deposition through additions of hard powders is that hard particles interact with soft particles
which are depositing at the substrate surface and increase their interfacial deformation/temperature
in real time [6.12]. In other words, if particle deposition is realized, then the tamping effect of
subsequent particles would no longer benefit its deposition (although still increases its deformation)
and might otherwise erode it to reduce DE. From this viewpoint, a close inter-particle distance

during flight or a short time interval between successive particle impacts is important. Compared
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with large size feedstocks, using small size feedstocks in cold spray could significantly increase
the particle number density (ND) (ND ~ particle size (D)) upon impact and potentially establish
more SS/Fe interactions. This could explain the observations in Fig. 6.5 that the DE-improving
effects only occurred in the smaller particle size mixtures, i.e. 10 wt.% SS of Fe small/316L large

(line (2)) and Fe small/316L small (line (5)).

Similarly, differences in partial DE of 316L between each binary Fe/316L mixture can also
be explained from the viewpoint of particle-particle interactions. In 50SS mixtures, which have
the highest feedstock 316L fractions, 316L particles in the deposited coatings are mostly separated
by Fe and there are a limited number of direct 316L-316L contacts (Fig. 6.4). Therefore, in all
mixing compositions used in this work (10SS, 20SS, 50SS), deposition of a single 316L particle
should be only associated with 316L on Fe (impacts) and possible Fe on 316L (interactions).
Comparing the partial DEs of 316L in Fe small/316L large (line (1)) and in Fe large/316L large
(line (3)) in Fig. 6.5, similar and unchanged partial DE of 316L is observed from 20 to 50 wt.%
SS, which indicates that the 316L particles in both mixtures experienced the same scenario during
deposition. However, in 10 wt.% SS, the partial DE of 316L in Fe small/316L large (line (1) is
~8% higher than in Fe large/316L large (line (3)); this difference appears to be only explained
from the perspective of Fe on 316L, i.e. particle-particle interactions. According to [6.16], in order
to retain a rebounded 316L, its rebound momentum should be overcome by the subsequent

incoming Fe particles, as shown in Eq. (6.2).
NpeMpeVEe = m,;-v, (62)

Where, ng,, mg,, Vg, are the number, mass, and velocity of a subsequent incoming Fe

particle, respectively. m,. and v,. are the mass and velocity of a rebounded 316L particle. On the
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right side of Eq. (6.2), the rebound velocity (v,) of a 316L particle is normally much lower than
its impact velocity [6.20] due to the plastic deformation and adhesive interactions upon impact, so
retention of a rebounded 316L particle is reasonable. On the left side of Eq. (6.2), for a given
powder feed rate and feedstock mixing fraction, ng.mg, is constant. Compared with larger Fe
powder, a mixture containing smaller Fe not only acquires a higher impact velocity (vg,) but also
a much higher particle number density upon impact, which significantly enhances the probability
of a particle hitting another at the substrate surface. This could explain ~8% higher DE 316L in Fe
small/316L large compared with Fe large/316L large for 10 wt.% SS (Fig. 6.5). Moreover, in Fig.
6.5 (a), a similar decrease of the partial DE of Fe (line (2)) is observed along with 316L (line (1))
from 10 to 20 wt.% SS; this indicates that the effects of tamping and retention occur simultaneously

upon impact.

From above discussion, it can be concluded that the feedstock particle size affects the
occurrence of particle-particle interactions, and the improved DE of Fe/316L powders is a result
of the SS/Fe interactions, i.e. tamping and retention which occur simultaneously during deposition.
The simplified schematics of particle-particle interactions in different particle size combinations
of low SS mixed Fe/316L powders are presented in Fig. 6.6. Note that the total volumes of particles
that impact on the substrate in all three figures are kept the same. However, due to the smaller
particle size in Fe small/316L large and Fe small/316L small, a much higher particle number
density is realized, leading to more SS/Fe particle interactions (i.e. tamping and retention) and
improved DEs relative to single component Fe. In particular, Fe small/316L small exhibits the
most SS/Fe interactions, therefore, the most significant DE-improving effects are obtained (Fig.
6.5 (c)). In Fe small/316L large with higher feedstock SS contents, the large 316L particles replace

small Fe and this decreases the overall particle number density. This could explain the plateaus of
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partial DEs of 316L and Fe, which are observed from 20 to 50 wt.% SS in Fig. 6.5 (a), indicating
no SS/Fe interactions have occurred. In Fe large/316L large, due to the low particle number density,
it is considered that all particles deposit as an isolated scenario without particle-particle
interactions. With increases in the feedstock SS wt.%, more poorly deposited 316L on Fe impacts

[6.20, 6.21] present and its overall mixture DE monotonically reduces (Fig. 6.5 (b)).
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Fig. 6.6 Simplified schematics of particle-particle interactions in different particle size
combinations of low SS mixed Fe/316L powders. (a) Fe small/316L large, (b) Fe large/316L
large, and (c) Fe small/316L small.

Besides the particle size, there are also some considerations of the effects of process
parameters on particle-particle interactions. A few process parameters were adjusted in this work

based on the speculation that particle-particle interactions may be enhanced by increasing particle
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number density above the substrate (by increasing feed rate and reducing gun travel speed) or
reducing inter-particle in-flight separations (by reducing gas temperature/pressure). These results
were shown in the supplementary file and no obvious effects on the numbers of particle-particle
interactions can be identified. Thus, the feedstock particle size remains the most crucial factor to
affect the particle number density upon impact and the particle-particle interactions at the substrate
surface in cold spray. Based on above findings, the correlations of particle number density (ND)

upon impact with regards to powder characteristics and process details can be roughly denoted as:

1
p'D3'L2

ND~

(6.3)

where p is the density of a powder material, D is the diameter (size) of a powder, and L is the
nozzle exit diameter of a specific gun. Using Eq. (6.3) and the critical particle size for particle-
particle interactions in SS/Fe mixtures in this study (p: 8 g/cm? d50: 30 pum), a relationship
between the average particle size and density can be plotted to determine the occurrence of
particle-particle interactions in cold spray of generic powders, as shown in Fig. 6.7. The powder
characteristics from literature [6.13, 6.14, 6.16, 6.18] are also plotted for validation, and the
occurrences of particle-particle interactions determined by this curve are all consistent with the
respective researchers’ opinions. Note that to the best of our knowledge, the nozzle exit diameters
of cold spray guns used in above literature are very close to the one used in this study. This figure
thus explains why in literature researchers have different opinions towards the occurrence of

particle-particle interactions in cold spray.

These findings of particle-particle interactions could be industrially significant. One
example is that during the fabrication of metal matrix composites (MMCs), ductile metal powders

are premixed with SC powders (e.g. ceramics or hard metals) for subsequent cold spray. From the
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considerations of particle-particle interactions, if only a small SC amount is needed, interactions
(tamping) can be beneficial and can be realized using hard SC and smaller size mixtures.
Conversely, when a high SC amount is needed to exhibit certain functionalities (e.g. ceramics for
wear resistance), excessive rebounding of the SC powders during deposition might be detrimental
by decelerating/deflecting subsequent particles; such interactions could be avoided by using

relatively large size feedstock mixtures.
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Fig. 6.7 Divisions of particle interactions using Eq. (6.3) and critical size of SS/Fe mixtures and

powder characteristics plots from literature (+: interactions; -: no interactions).

These findings of particle-particle interactions could be industrially significant. One
example is that during the fabrication of metal matrix composites (MMCs), ductile metal powders
are premixed with SC powders (e.g. ceramics or hard metals) for subsequent cold spray. From the
considerations of particle-particle interactions, if only a small SC amount is needed, interactions
(tamping) can be beneficial and can be realized using hard SC and smaller size mixtures.

Conversely, when a high SC amount is needed to exhibit certain functionalities (e.g. ceramics for
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wear resistance), excessive rebounding of the SC powders during deposition might be detrimental
by decelerating/deflecting subsequent particles; such interactions could be avoided by using

relatively large size feedstock mixtures.

6.6 Conclusions

In this study, Fe and 316L powders with two different particle sizes were used as the cold
spray feedstock. These powders were also premixed into different mixtures using different mixing
ratios and combinations: (i) either 316L or Fe powder with large particles blended with small ones,
(i) a blend of 316L and Fe powders using three sizes combinations. Both single component and
mixed powders were cold spray deposited and the deposition efficiencies (DE) are mainly studied.

The main conclusions can be drawn as follows:

e Adding large powders into respective small ones for either 316L or Fe cannot further simulate
DE; whereas adding hard 316L powders into soft Fe can improve DE due to SS/Fe particle
interactions (i.e. tamping and retention).

e The occurrence of particle-particle interactions upon impact on the substrate is mainly affected
by the feedstock particle size. Small SS/Fe mixtures (< 30 um in this study) can exhibit

particle-particle interactions due to the high particle number density upon impact.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The main objective of this work is to develop a better understanding of the cold spray
characteristics of mixed 316L/Fe powders. This was conducted in the following stages: the single
particle deposition behavior onto as-polished coatings and its correlation with coating deposition
efficiency (DE) (Chapter 3); the deposition behavior and governing factors of different splat
impact scenarios, i.e. 316L on 316L, 316L on Fe, Fe on 316L, Fe on Fe (Chapter 4); the effects
of mixing powders on the cold spray characteristics of bimodal size 316L/Fe powder mixtures and
the associated deposition mechanisms (Chapter 5); the effects of feedstock particle size on the
DEs of 316L/Fe mixed powders (Chapter 6). Based on the findings, some generic conclusions

can be summarized:

e The splat deposition behavior onto as-polished coatings can be indicative of the feedstock
deposition behavior during composite coating formation. The orders of particle impacts
(i.e. 316L on Fe, Fe on 316L) play an important role in final particle deposition/adhesion
behavior. In the case of “soft on hard” impact scenario, due to the reluctance of the substrate
deformation, the particle deformation is more effective in generating better particle
deposition/adhesion. The native oxide layer on metallic powder surfaces is a significant

concern of the particle deposition/adhesion. Specifically, the Fe powder with thick/porous
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native oxides can more evidently inhibit the particle deposition/adhesion compared with
the 316L powder whose surface oxides are thin/tenacious.

During cold spray of bimodal size powder mixtures (hard + soft), there are various
deposition mechanisms at play, e.g. mixed impact interfaces, feedstock size difference and
tamping. The mixed powders should be considered as an entity instead of separate
components during deposition in cold spray. The multiple subsequently incoming particles
could interact and inhibit the rebounding particles during deposition (i.e. retention effect).
A 50-50% large/small mixture could generate enhanced particle contact between the
feedstock components and lead to reduced porosity.

Adding a larger powder into the smaller one of the same species cannot further stimulate
the DE. Adding a hard component into the soft can improve the DE due to the particle-
particle interactions (i.e. tamping and retention). The occurrence of particle-particle
interactions during cold spray is mainly affected by the feedstock particle size. Small size
mixtures (e.g. in this study a median size < 30 um) can exhibit particle-particle interactions
due to the high particle number density. Changing the process parameters in high-pressure

cold spray does not further enhance the particle-particle interactions.
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7.2 Future work

e The effects of tamping by mixing 316L powders in Fe on the mechanical and functional
properties (e.g. corrosion) of the cold sprayed coatings are recommended to be studied.

e Effects of heat treatment on the corrosion performances of different sizes of 316L/Fe mixed
coatings are suggested to be studied.

e Quantitative evaluations of the effectiveness of tamping on deposition efficiency (DE) with
regards to the characteristics of second component (SC) powders (e.g. relative hardness,
density) are recommended to be studied.

e The characteristics of particle-particle interactions are suggested to be studied in more

types of powder mixtures and cold spray systems.
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Chapter 8

Contributions to Original Knowledge

To the best knowledge of the authors, the following points have been addressed for the first

time, and are therefore deemed to be contributions to original knowledge:

The single particle deposition behavior onto as-polished coatings could indicate the coating

deposition behavior in cold spray.

e The sequence of particle impacts (e.g. 316L on Fe, Fe on 316L) can significantly affect the
particle deposition/adhesion in cold spray.

e The mixed powders should be considered as an entity instead of separate components
during cold spray deposition.

e The characteristics of particle-particle interactions in cold spray were found from

deposition efficiency (DE) observations to exhibit a particle-size-dependence.
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Appendix A

Supplementary File to Chapter 6

In this study, different commercially available Fe powders are used. In particular, Fel is a

gas atomized powder and provided from Sandvik Osprey (Neath-Port Talbot, UK) and Fe2 is a

water atomized powder and a different batch provided from Goodfellow (Cambridge, UK). SEM

images and characteristics of the Fe powders are presented in Fig. Al and Table A1, respectively.

--------------------

SU3500.20.0kV x500 SE 100um) fil SU3500 15.0kV.X500 SE

Fig. A1 SEM images of different Fe powders.

Table Al Characteristics of different Fe powders.

Feedstock  Microhardness, HVoo1  d50, um
Fel 297 28 27
Fe2 115 +12 29

The cold spray experimental setups are the same as mentioned in the main text. The

objective of this experiment is to investigate the effects of the process parameters on deposition
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efficiency (DE) of a powder or relative DE between the two powders. The process details of this
campaign are presented in Table A2. Note that the “Fe small” and “316 large” powders in Table

A2 are the same as the ones shown in the main text.

Table A2 Process details of the cold spray campaign.

Gas Gas Stand-off  Gun Feed
Feedstock pressure, temperature, distance, speed, rate,
MPa < mm mm/s  g/min
20SS (Fel/316L large) 4 700 80 300 0-30
10SS (Fe small/316L large) 3 600 80 300  30-125
3 600 80 300
Fe2,
3 600 80 60 40-60
10SS (Fe2/316L large)
2 500 80 300

The first parameter varied is the feed rate. In Section 6.3, the DE at “medium” feed rate
range (20-60 g/min) has been validated to be stable (relative DE difference < 5%); thus, DE at
“low” feed rate (e.g. 0-20 g/min) and “high” feed rate ranges (e.g. > 60 g/min) were mainly studied
in this Section. Due to limitations of the powder feeder, generating incremental feed rate values
covering both the “low” and “high” feed rate regions using a single powder is difficult. Thus, two
powders with different feeding characteristics were selected to study the different interest regions
and for each powder the DE at “medium” feed rate (20-60 g/min) was also recorded as a reference,
as shown in Fig. A2 (a). Results show that increasing the feed rate from “low” to “medium” range
(for 20SS) does not improve DE; further increase from “medium” feed rate to “high” feed rate (for
10SS) also does not increase DE except for a 10% DE reduction at very high feed rate of 122 g/min.

Microhardness examination of the high feed rate coating reveals a relatively low value. This result,
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combined with the reduced DE, implies that at this high feed rate the particles might have

deceleration due to overloading of gas flow.

The effects of the process parameters on the relative DE between the single component Fe
and mixed 10SS powders were also studied and are shown in Fig. A2 (b). The DEs of Fe and 10SS
were firstly measured at the reference conditions (same as in Section 6.3) and no difference in DE
between the two can be seen. Then DEs of two powders were measured at different conditions by
changing one (or two) parameters at one time (i.e. 60 mm/s: reduced gun travel speed; 2 MPa,
500 <C: reduced gas temperature/pressure). These efforts were made based on speculations to
enhance particle-particle interactions by increasing particle number density above the substrate
(reduced gun travel speed) or reducing inter-particle in-flight separations (gas
temperature/pressure) in order to obtain improved DE of 10SS compared with Fe. However, none
of these efforts performed in this study can further improve DE (10SS vs Fe) and thus the numbers

of SS/Fe interactions.
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Fig. A2 (a) DEs of 20SS and 10SS mixtures at different powder feed rates; (b) DEs of Fe and
10SS at varied spray conditions. 60 mm/s: reduced gun travel speed; 2 MPa, 500 <C: reduced gas

temperature/pressure.
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Appendix B

Abstract of Unpublished Article

Title: Effects of Powder Characteristics and Mixing Powders on Cold Sprayability and Corrosion

Properties of Tantalum Coatings

Abstract: Tantalum is an expensive ‘exotic’ metal and it is of particular interest in terms of
extreme corrosion resistance and bio-compatibility. Previous studies on cold spray of tantalum
show that it can be successfully deposited; whereas, limited effort has been performed to
investigate and optimize powder characteristics for improved cold sprayability and corrosion
properties. In this study, two spherical (P1: hard, P3: soft) and one angular (P2) tantalum powders
were used as the feedstock. Two mixed powders (P1+20 wt.% P2, P1+20 wt.% P3) were also
prepared and were deposited as well as the three single component powders. After cold spray,
coating microstructure (as-polished and etched cross-sections, top surfaces) was characterized via
optical and electron microscopy. Several industrial coating metrics, i.e. cold sprayability (porosity,
deposition efficiency (DE), cohesion strength) and electrochemical corrosion properties were
evaluated. Results show that: i) angular P2 powder is most preferred for industrial productions due
to its lower cost and it exhibits the highest DE, corrosion resistance, and high cohesion strength
than other two spherical ones (P1, P3); ii) mixing P2 and P3 powders into P1 both generate benefits

and the mixed coatings exhibit much improved metrics than single component P1.
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