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Application of Heat Treatment in Cold Spraying Additive Manufacturing
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Abstract: As a solid-state deposition technique, the main problem with cold spraying additive manufacturing (CS-
AM) is the poor ductility of sprayed depositions. Subsequent heat treatment can effectively solve this problem,
related researches involved Cu, Zn, Al, aluminum alloy, Ti, Ti6Al4V and low carbon stainless steel coatings
produced by cold spraying. This paper summarizes the effects of heat treatment on the electrical resistivity,
corrosion resistance and mechanical properties of cold sprayed coatings, so as to provide guidance for application
of heat treatment in cold spraying additive manufacturing.
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Fig.1 RT resistivity of Cu samples at RT and after annealing
for 1 h at 200~600 and subsequent cooling to RT. The

resistivity of bulk Cu is given by a straight horizontal line *’
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Table 1 The influence of heat treatment on the hardness, elastic modulus,

fraction of the twin boundaries and porosity of the SS 316L cold sprayed coatings "

S1No. Heat treatment Hardness Elastic modulus ~ Normalised elastic ~ Fraction of twin Porosity
temp.( ) (GPa) (GPa) modulus® boundaries %
1 As coated 2.924 98.43 0.51 0.015 0.80
2 400 2.604 104.89 0.54 0.023 0.76
3 800 2.202 161.80 0.83 0.212 0.36
4 1100 2.114 164.42 0.85 0.214 0.20

a Normalised elastic modulus=Elastic modulus of the SS 316L coating/elastic modulus of the bulk SS 316L (193GPa)
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Fig.4 Polarization plot of cold sprayed stainless steel coatings after: (a) 1 h exposure; (b) 24 h exposure in 0.1 N HNO; solution"”
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Fig.5 SEM micrographs of cold spray coatings after etching:
(a) as-sprayed; (b) 400  heat-treated; (c) 800  heat-treated; (d) 1100 heat-treated
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Fig.6 Polarization plot and the variation of corrosion current density of the zinc coatings in as-sprayed,

heat-treated conditions for a test duration of 1 h: (a) polarization plot ; (b) the variation of corrosion current density™"
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Fig. 8 Tensile properties of cold sprayed: (a) Al; (b) Cu; (c) Ti; (d) stainless steel 316 %
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Table 2 Mechanical properties of cold sprayed 6061 depositions *
(MPa) (%)
AA6061 160 1.2
AA6061 +300 124.3 35
AA6061 +350 81 10.0
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Fig.9 Stress-strain curves of cold sprayed coatings after heat treatments: (a) N, as process gas ; (b) He as process gas'*”
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Fig.11 Schematic description on optimization of annealing process: (a) grains in as-sprayed copper coating; (b) uniformly
511

grown grains after optimal annealing; (c) abnormally grown grains over optimal annealing temperature
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Table 3 Mechanical properties of cold sprayed deposition produced by N,

and He before and after different heat treatments conditions

(MPa) (MPa) (%)

N,

- 45 <0.1
200 /1h - 85 <0.1
400 /lh 150 170 0.5
600 /lh 165 210 8
He

400 450 2
200 /1h 255 304 4
400 /1h 190 280 20
600 /lh 170 260 24

4 Cu “

Table 4 Relationship between annealing temperature and strain of cold sprayed Cu deposition "
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Fig.12 Tensile behavior of copper sprayed with helium at
523 K in both the as-sprayed state and following annealing
at 873 K for 1 h *”
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Table 5 Mechanical properties of as-sprayed and annealed Ni coatings ©*
(Gpa) ’ (MPa)Gy (MPa) ’ ¢f
158+ 6 300+ 119 300+ 119 0.0002
600 /1h 125+ 31 207+ 57 304+ 101 0.0956
207 59 317 0.30
198+ 56 983+ 100 1271+ 96 0.0382
600 /1h 125+ 31 231+ 2 411% 13 0.0923
207 59 317 0.30
34 Ti Ti6Al4V 800MPa 0.02%
13(b)
Ti
550 /2h
600MPa 8%
13(¢c)
Jahedi®™  Zkahiri®™ 850 /lh
Ti 12% ASTM 3 Ti
(HDH) 850 /1h >530MPa
Ti 27um >18% Ti
0.35% 0.12% 0.9%
0.44% Ti KINETIKS" 4000 Huang"’ Ti
PCS-1000
1.5MPa 600 Ti
2.5MPa 800 30um 3 MPa
550  /2h 850 /1h 13 900 30mm 60g/min
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Fig.15 Stress-strain curve comparing the as-sprayed, heat-
treated and HIPed properties for Ti (HDH) 7

Ti6Al4V hep a
bee B
828 MPa
924 MPa 105 MPa
14% 45% 360 HV
Ti6Al4V
0.5%"*
Ti6Al4V
Vo'
600 /2h 0.1

16

1. Substrate
Coatings (He)
2. As-spray

3. 600°C, 2h
Coatings (N,)
4. As-spray
5. 1000°C, 4h

Stress (MPa)
(o2}
3

04— T T T T T
0 0.05 0.1 0:15 0.2 0.25 0.3
Strain
16 Ti6Al4V
Ti6Al4V - 591

Fig. 16 Typical stress-strain curves for Ti6Al4V substrate,
He-sprayed Ti-6Al-4V coatings and N,-sprayed Ti6Al4V

coatings *”

Pyrogenesis Ti-6AL-4V (PA)

140
120l —

= 100 sy

—— As sprayed
Heat treated||

60

Stress (ksi

40

|
|
’l
801 — HIPed
|
|
|
|
|

20

0, | | | | | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1
Strain (%)

[$,]

17 Ti6Al4V

[21]

Fig.17 Stress vs. strain plot comparing the as-sprayed, heat-
treated and HIPed properties for Ti6AI4V )
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Fig.18 Microstructure of Ti-6Al-4V coatings: (a) as-sprayed Ti-6Al-4V; (b) HIPed Ti-6Al-4V Coating "

Ti6Al4V 18% 400 /4 h
HIP 0% 629MPa  525MPa
1050  /4h
Ti6Al4V /
10%
3.5 1050  /4h
Coddet™
304L 7 1050  /4h
400 1050 /4 h
8 19
7 304L (63
Table 7 Main parameters for the cold sprayed 304L stainless steel !
(bars) () (L/min) (g/min) (mm)
CS28 27.9+ 0.5 545+ 10 545+ 1 15+ 1 22+ 2
CS23 23.1+ 0.5 550+ 10 56.5+ 1 18+ 1 22+ 2
8 304L (e
Table 8 Porosities of 304L deposits in as-sprayed and heat treated conditions *”
() (MPa) (MPa) %) HV, %)
CS28 - 629+ 10 629+ 10 #0 440+ 9 1.1-1.5
CS28 400% 5 525+ 10 525+ 10 #0 459+ 11 1.0-2.2
CS28 1050% 5 422+ 5 310£ 10 9.9+ 1 144+ 22 1.7-2.9
CS23 - 228+ 10 228+ 10 #0 437+ 15 1.5-2.0
CS23 400% 5 304 5 304+ 10 #0 450+ 7 0.9-1.7
CS23 1050 5 432+ 5 331+ 10 6.7 1 161+ 11 3.1-5.0
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(63 Table 9 Cold spray parameters of cold sprayed 316L
Fig.19 Typical stress—strain curves of deposits sprayed at a deposition "
nozzle pressure of about 28 bars (CS28) in as-sprayed and
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Table 10 The tensile strength and elongation ratio of 316L coatings in as-sprayed and heat treated conditions

[64]

N, He
(MPa) (%) (MPa) (%0)
113+ 5 1.3+ 0.1 230 -
400 91+ 9 1.0+ 0.1 - -
800 349+ 56 3.7+ 1.0 - -
1000 571+ 50 142+ 1.1 202 10.6
1100 433+ 39 22,7+ 3.6 230 12.8
4 BEERE
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Fig.20 Stress-strain curves of sprayed 316L coatings in as-
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