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Abstract This study manufactured a CIG-based composite coating layer utilizing a new warm spray process, and a
mixed powder of Cu-20at.%Ga and Cu-20at.%In. In order to obtain the mixed powder with desired composition, the
Cu-20at.%Ga and Cu-20at.%In powders were mixed with a 7:1 ratio. The mixed powder had an average particle size of
35.4 pum. Through the utilization of a warm spray process, a CIG-based composite coating layer of 180 um thickness
could be manufactured on a pure Al matrix. To analyze the microstructure and phase, the warm sprayed coating layer
underwent XRD, SEM/EDS and EMPA analyses. In addition, to improve the physical properties of the coating layer, an
annealing heat treatment was conducted at temperatures of 200°C, 400°C and 600°C for 1 hour each. The microstructure
analysis identified a-Cu, Cuyln and CuszGa phases in the early mixed powder, while Cuyln disappeared, and additional
Cugln, and CuyGa, phases were identified in the warm sprayed coating layer. Porosity after annealing heat treatment
reduced from 0.75% (warm sprayed coating layer) to 0.6% (after 600°C/1 hr. heat treatment), and hardness reduced
from 288 Hv to 190 Hv. No significant phase changes were found after annealing heat treatment.
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Fig. 1. Schematic diagrams of warm spray (a) and cold spray
(b) processes.
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Table 1. Manufacturing process parameters of warm spraying used in this study

Initial condition (Nitrogen 500) Nitrogen Spray distance Powder feed rate Pass Gun speed
Fuel (L/min) Oxygen (L/min) (L/min) (mm) (rpm) (mm/sec)
6 1800 2000 100 3 40 300
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Fig. 3. SEM microstructure (a) cross-sectional, (b) surface of
the layer, and (c) EDS analysis results of warm sprayed CG-
CI composite coating layer.
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Fig. 4. XRD analysis results of initial CG+CI composite powders
and warm sprayed CGI composite coating layer.

A A3E 39 40 JERHATE Cu-Ga[21], Cu—In[22] 2
EHEoﬂ 9J5hA Cu-20at.%Ga, Cu-20at.%In Z/32] 73-%- 7]
E g-Cudol 2 CusGa, CulndEo] 35 3{2& o
FEIAT) 7] EF £29] XRD Aol A= e =0l A
of2dd nke} FUSA a-Cwy, CusGa 7, CuIn’de] =
=°] HA=H A °]°ﬂ Wl warm spray 3302 A|Z2H
CGIA B3 3822 o-Cu7]A 9 CusGa, CuyGay, Cuglny
Aol &3 % 2 2 BEAZAYE 27] Cu-20at.%Gad}
Cu-20at.%In &3 452> warm spraying 373l 23
FARFTOZ AFEe Foll a9 1A FEE 7FEEA

]’]' e o 'E‘l??].— 28-5 7%7# ] 7—‘]%]— 1%)]71— 37,]_2-12‘
AAA det. ol wt Cu-In Al 2 Jé?ﬂﬂo} Cuyln
7} 2EE 3 Culngdel AFA AAHET Cu-Ga B2

A% 71E 49 A 24 49 CusGay @01 —r7}Xq =
2 AT A5He Je Agdd.
EPMA & ©]83 B3 I”ZF9] Cu, Ga, In, O 94 &

A A3E 9 5o YERISITE Ga 94 4 A
HIEC 2 Cu-GaAl 547 313HE/S(CusGa, CuyGay)
- 22 7|2 A

flo i H:l

FolA wAletaL B st

Fig. 5. EPMA analysis results of warm sprayed CGI composite
coating layer.

I - ol7Iet

EAEo] B¥sha S-S & 4 Aok In Y4 B dAx
b)NME In ] E=A rE ol 2
Ato] AN EAstaL L

4 7%49} °17<lo}— Aolm o] *J—?_— XRD 24 ﬁw)r

233 ﬁiﬂ °ﬂ —Ti—?* XS 9\)\3@ %ﬁ-%_lo]—ﬂ] EZHQ
C 9In4 101]}\1
2 9ae FRAL
01'74] ?JX}E "]'0] MM "HojglE
U AHES LE}E]’ WXL Jlor,
D YA FHAA BFE A

2helER gt B Ao A EH warm spray CGI
TAEZANA ] AeHE 2 d¥E o= HVOF Y E8t=2
AehEo] RO FA

R R EREE D

- 3o

o= FE warm

Aol

Warm spray 3-d2.2 A|X¥ CGl Al 53 Z8Z 7
T3S 288 HvE SAHEIIOH o] A& &AL 340
A ZE Cu-20at.%Ga ZEF2] 257 Hv Z[13]E.T} =31
A AL BAL FAHOZ AZH Cu-20at.%In ZEZ9

300

288
L
= 2704
E 270
%]
(%]
@ 240
£ 204
T
@
< 2104
L
S 190
180 T T T T
As-coated 200 400 600
Annealing temperature(C)
)
0.75
0.75{ =
0.724 \0-71
L}
2 0.69
= 0.66
g 0.66 .
e
)
Q. .63
0.6
0.60
As-coated 200 400 600

Annealing temperature(C)

(b)
Fig. 6. Changes in (a) hardness and (b) porosity of warm sprayed
CGI coating layer following annealing treatment.

Journal of Korean Powder Metallurgy Institute (J. Kor. Powd. Met. Inst.)



Warm Spray 34 7} Cu-Ga ¥ Cu-In &

- CusGa
- CugGa,
- Cuoln,
- a-Cu

oqmO

Intensity(a.u.)

Fig. 7. XRD analysis results of warm sprayed CGI coating
layer following annealing treatment.

U= dA3] w2 gholth AlxH warm
o] ALE UR 1 B2 8§ A
’Jejol A Wy HSol 9

477 Hv [24]

SIc olof mhe} %o
3} F7he REE F457
59 2% 271 9

o2 ©o

5

=
sol AT
Ag] o]%, I 2
UERd 1ol
Warm spray & #|Z% as-sprayed A]Ho|A] 288 HvE
ARE Axrt @A 257t SVl weba d4E o
2 72371 600°C/1 hr. 2 HE AlELE 190 Hve)
AEHS YeEAY. 713 =2 9 warm spray ZHZ
9] 0.75%A9 715 =7 Al R=7F STl webd 2
23107} 600°C/1 hr. Z223901490.60%2] e 2= 5 AN
. =, EA2E T3] Wb warm spray FH 9]
7= & s 4k 3 895 7|dE 5 3
ok 29 7S warm spray S FEAE]
£ XRD 4 A7E YERd Aol
stos F7HAQ1 AlZ2E A8 Blas He
o™ as-sprayed AlHA X2} FUSH a-Cu, Cu;Ga, CuyGay,
Cuwlny =0 AZHAT S £ AFollA &Rld 48
o ogt 71¥ T AR ) Ao AEE Y A
A= Fgeir EAEE Fael et e 35,

A2A, 24H 4% o viAzAY Wsk(Ere] HaE

=]

O

7R EY 71918k Aoz AZFE (13, 14] AR X
AL, 2%, B7] AlohE 5 U ¥ £ FIS

9% 27149 A7E 3 Folok.

4.4 B
1. 21 3742] warm spray 533 Cu-Ga Al ¥ Cu-In 7|

233

o] &3} Bo-S Alg-3te] Cu-17.5at.%Ga-2.5at.%In & %
& 7HA= Cu-Ga-In Al B3 FESS AT 5 AU
th AzE 782 FAE ~180 pm FFoIAaL 0.75%
o] 71FEE 7HAv 1YL IEIoIALH HE= 288
HvZ 7}t

2.4 B4 A3} 7] B = a-Cu, CusGa, Cuydn’d
Eo], AlZ" warm spray ZEHZ AT a-Cu, CuiGa,
CuyGay, Cuolny FE°] AU} Warm spray I8 &
A EF dUFoE [=50] Y CulnAl £2elA o
5 &go] dojt Aoz ddsn 71EE 14 e
Cu-Ga %9 ZA¢% 44 syt yelstt. o9} 34
warm spray = A|ZE CGI &5 FEZFA= UA} Ad
S FTHLE FHAR AEERE AEEHA=H 71EY
HVOF 4 Zet=n} A} 38 340l HlsiA= L ol
A3 A A2 A 3G vHlEiM= Audez =

7 0 B FEoluth

warm spray CGI 53 Z& 9]

T A0

QPP ne] AT

[1] B. C. Choi, D. Y. Park, H. J. Kim, I. H. Oh and K. A.
Lee: J. Kor. Powd. Met. Inst., 18 (2011) 552 (Korean).

[2] M. Kaelin, D. Rudmann, F. Kurdesau, T. Meyer, H. Zogg
and A. N. Tiwari: Thin Solid Films, 431 (2003) 58.

[3]1 M. Nouiri, Z. B. Ayadi, K. Khirouni, S. Alaya, K. Djessas
and S. Yapi: Mater. Sci. Eng. C, 27 (2007) 1002.

[4] K. Sakurai, R. Hunger, N. Tsuchimochi, T. Bada, K. Mat-
subara, P. Fons, A. Yamada, T. Kojima, T. Deguchi, H.
Nadanishi and S. niki: Thin Solid Films, 431 (2003) 6.

[5] T. Nakano, T. Suzuki, N. Ohunki and S. Bada: Thin Solid
Films 334 (1998) 192.

[6] J. W. Lim, J. W. Bae, Y. F. Zhu, S. Lee, K. Mimura and
M. Issiki: Surf. Coat. Tech., 201 (2006) 1899.

[7] J. Sarkar, P. McDonald and P. Gilman: Thin Solid Films,
517 (2009) 1970.

[8] K. S. Cho, I. B. Song, M. H. Chang, J. H. Yun, M. H. Oh,
J. K. Hong and N. K. Park: J. Kor. Powd. Met. Inst., 17

Vol. 21, No. 3, 2014



234 Aw . o]y .

(2010) 365 (Korean).

[9] G. Bertrand, So. Deleonibus, B. Precitali, G. Guegan, X.
Jehl, M. Sanquer and F. Balestra: Solid State Electron, 48
(2004) 505.

[10] M. Moritama, T. Morita, S. Tsukimoto, M. Shimada and
M. Murakami: Mater. Trans., 46 (2005) 1036.

[11] K. J. Kardokus, C. T. Wu, Parfeniuk, L. Chrstopher and
E. B. Jane: U.S. Patent 6,645,427. Nov. 11, 2003 “Copper
Sputtering Target Assembly and Method of Making
Same”.

[12] C. F. Lo, P. McDonald, D. Draper and P. Gilman: J. Elec-
tro. Mater., 34 (2005) 1468.

[13] Y. M. Jin, M. G. Jeon, D. Y. Park, H. J. Kim, I. H. Oh and
K. A. Lee: J. Kor. Powd. Met. Inst., 20 (2013) 245 (Korean).

[14] Y. M. Jin, J. H. Cho, D. Y. Park, J. H. Kim and K. A. Lee:
J. Therm. Spray Technol., 20 (2011) 497.

[15] J. Kawakita, H. Katanoda, M. Watanabe, K. Yokoyama
and S. Kuroda: Surf. Coat. Tech., 202 (2008) 4369.

[16] P. Chivavibul, M. Watanaber, S. Kuroda, J. Kawakita, M.

A%z - o7k

Komatsu, K. Sato and J. Kitamura: J. Therm. Spray Tech-
nol., 17 (2008) 750.

[17] K. H. Kim, S. Kuroda, M. Watanaber, R. Huang, H.
Fukanuma and H. Katanoda: J. Therm. Spray Technol.,
21 (2012) 550.

[18] J. Kawakita, N. Maruyama, S. Kuroda, S. Hiromoto and
A. Yamamoto: Mater. Trans., 49 (2008) 317.

[19] J. Onizawa, J. Kawakita, S. Kuroda, T. Shinohara, M.
Suzuki, S. Sodeoka and Y. Sakamoto: J. Solid Mech.
Mater. Eng., 2 (2008) 156.

[20] P. Chivavibul, M. Watanaber, S. Kuroda, J. Kawakita, M.
Komatsu, K. Sato and J. Kitamura: J. Therm. Spray Tech-
nol., 19 (2010) 81.

[21] P. R. Subramanian, T. B. Massalski and D. E. Laughlin:
Acta Materila, 36 (1988) 937.

[22] Z. Bahari, E. Dichi, B. Legendre and J. Dugué: Ter-
mocimica Acta 401 (2003) 131.

[23] J. N. Hwang, M. J. Lee, H. j. Kim, I. H. Oh and K. A.
Lee: J. Kor. Powd. Met. Inst., 19 (2012) 348 (Korean).

Journal of Korean Powder Metallurgy Institute (J. Kor. Powd. Met. Inst.)



