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Table 1 Spraying parameters of W coating

Parameter Value
Plasma gas Ar/(L'h ™) 2400
Plasma gas Hy/(L-h™") 600

Spray distance/mm 120
Current/A 650
Voltage/V 65

Gun F4-MB
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Table 2  Ablation parameters of oxyacetylene flame test

Parameter Value

0, flux/(L-h ™" 1512

CoH, flux/(Lh ™) 1116

Volume ratio of O, and C,H, 1.35

O, gas pressure/MPa 0.4
C,H, gas pressure/MPa 0.095
O, purity/% =99.2

C,H, purity/% =98

Heat flux/(kW-m™?) 4186.8+418.68
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Fig. 1 SEM images of W coating surface(a) and interface of
cross-section of W coating(b) and XRD patterns of W coating
of C/C composites(c)
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Fig. 2 Macrograph of C/C composites after ablation for 30 s
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Fig. 3 Macrographs of W coating after ablation for different time: (a) 30 s; (b) 60 s; (c) 90 s; (d) 120 s
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Fig. 4  Relationship between Gibbs free energy and

temperature of coating oxidation
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Fig. 5 XRD patterns of surface of W coating after ablation for
different time: (a) 30 s; (b) 60 s; (c) 90 s; (d) 120 s
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Table 3 Ablation properties of C/C composites with W

coating after ablation for different time

Mass ablation Linear ablation

Ablating time/s rate/(ugs ) rate/(ums )
30 5.4 2.7
60 6.2 3.0
90 7.2 33
120 7.8 3.5

RBBIIAR . e LPUER NG RN, B E T
FRRE, ML R LHRL b ES, Bk
Y, BEAEBEHN R AL, RORIE W ERZ B R
BEK

B 6 Fios ki FE W iR 2 el AN ] IS 18] ) St ok
TS .t B 6(a) il ML, e 5 R i A7 A2 KRR N 2 pm
ZeAT IHCIRIBORL,  RORL 2 T84 KA FLERE, A ERRY
. i3t SEM-EDS Hl XRD 731350, BefRBURIAIRR
RO E WOs. I 6(b)FEH, RIS, %L,
FAERITRAEN 5 um ZeADR0RL, B0 IR ORI
WS, IFHEER L . ROFEORIALIAfAAE. ]
6(c) I WL, JURL RO HE— 2B RO, I HAE K BURE L 1
AT /INRORE AR IK N A R A% R I R SRR
T B 6T I, 7 WOs AR,
FEES FBURE RO K. Al 4, BEAE e bt it 1) F 484
m, WO BURLR A TEAZ R RN 45 &, UKL TE 34T
AR K

24 RIEREWREESHHIZMIIE

K7 Bos R RBE S A M RHESR CHE  Reiior
EE e PR IRIRFEE W OIRIZR T AT A4 3 ANX
B gL PR SISO JEX L AKX (5
SRR 7 X3 Cy Ty R), AR IRl B A7
FEAR K ZE S+

W/ IR A5 PRI B MG B IR ek b o [X e il
B Ay, DR R O S e, AL,
IRt WS WO, RITHEMR) h
Fo AR AT RO HURR ik, A A D3k 55
BEDCIR N IR = IR B FE B K, AL, TRJZ IR R
WK, WIRRMERR T BEMMYT. M 3(d)E AL
& 2, & SEM-EDS 73 #r v] FIX ek ) WOs,
AT Rl A RS AC T RIS, XN B 7 s
C XOMBEh L. ERLI, RIREE W IRIZH)
BERIBLE £SO T AR U o

Bl 7 o T XA IR FE W IRzl 5 1 411



9 26 &4 6 ] S, S ROREGFRI R W) 1277

6 IR/IRKE W IRZFEAN RN H] () SEM
Fig. 6 SEM images of C/C composites with W coating after ablation for different time: (a) 30 s; (b) 60 s; (c) 90 s; (d) 120 s
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Fig. 7 Schematic diagrams front view(a) and top view(b) of ablation processing of C/C composites with W coating



1278

hEA SRR

2016 £ 6

TEE OB IE S . kel ISR L, el
T D) KL R AL AT T RIS, VAR (R R Tl 0 D
59, EREMPL SIAGIEIEX, RIKIE W IRIZT
B L A AR LR BRAA FLIR WO5 B4R TR (1L
LD pSEES

B 7 R XA R W IR 28 il 2, X (¥4
MBRBIESL . SEM-EDS Z3 v 1, U2 R AR WO,
FORL, LIRS AR, R IR 4l /N e, 1
BA RIS, X EER IR B kG
H,  SZURLEE SR IR BESENR G D3P K AT
U PSSR, XS A K
TRAF N K FEREBINGIX, WRIRFE W IRIZ Bl
2R W IRE A el

3 Zig

b=}

1) R RAEE T BRI AL IR IR E A MR
Il H RS 1.2 mm B BU8 0 W R, xSt
B TR BEE, A PRI ZE 120 s 5,
JERRE VRIS, BTN B

2) Bel 120 s I, ST/ FE W k2 HIke il
PERERE AN, BELEIRI T I RE K, LT R pE R Al
LR R IE .

3) A CHIIERENT, IR/ W R IZ Rl
MU be i P T RN AR DX R R T 255
ER, HORORKEE W OIRZANH DX IR et LA B 2
NGB

REFERENCES

(1] RHER. [ A K F A B LIRS BERHT]. AR BA, 1998,
21(2): 51-55.
SONG Gui-ming. Throat materials for solid rocket motors[J].
Journal of Solid Rocket Technology, 1998, 21(2): 51-55.

21 Bk M, OKSEE, sk X, 2EHRL. 3D C/SIC AR L
/N BT A K R B IR e O R B T D). oL kLR,
2008, 23(5): 938—944.
CHEN Bo, ZHANG Li-tong, CHENG Lai-fei, LUAN Xin-gang.
Ablation characteristic of 3D C/SiC composite nozzle in a small
solid rocket motor[J]. Journal of Inorganic Materials, 2008,
23(5): 938—944.

31 K& &, BRAREE, 2 UL, (TSR B AKE RSP R
PEMSEIGHIFLI]. AR K FER, 2010(1): 34-35.
CHEN Jian, WEI Xiang-geng, LI Jiang, HE Guo-qiang. Ablation
test for tailpipe nozzle of solid rocket motor[J]. Journal of Solid

Rocket Technology, 2010(1): 34-35.

(4]

[3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

LI Ke-zhi, SHEN Xue-tao, LI He-jun, ZHANG Shou-yang,
FENG Tao, ZHANG Lei-lei. Ablation of the carbon/carbon
composite nozzle-throats in a small solid rocket motor[J].
Carbon, 2011, 49(4): 1208—1215.

JACKSON T A, EKLUND D R, FINK A J. High speed
propulsion: Performance advantage of advanced materials[J].
Journal of Materials Science, 2004, 39(19): 5905—5913.
TG AR, B FH. RIRE AR S RARECE
W R 2R (AT 9E D). Fa < R AL RS LR, 2003, 32(3): 213-215.
YU Shu, LIU Gen-shan, LI Xi-bin, XIONG Xiang. The main
factors on heat conductivity for carbon-carbon composites[J].
Rare Metal Materials and Engineering, 2003, 32(3): 213—215.
WARREN A, NYLUND A, OLEFJORD I. Oxidation of tungsten
and tungsten carbide in dry and humid atmospheres[J].
International Journal of Refractory Metals and Hard Materials,
1996, 14(5): 345-353.

JACOBSON N S, CURRY D M. Oxidation microstructure
studies of reinforced carbon/carbon[J]. Carbon, 2006, 44:
1142-1150

YR, Hokth, M, A Bk BB kIR AR
B, EA AR ER, 2006, 16(7): 1214-1218.
YI Zhen-hua, YI Mao-zhong, RAN Li-ping, YANG Lin.
Influence of adding Ti on molten copper infiltration into C/C
composites[J]. The Chinese Journal of Nonferrous Metals, 2006,
16(7): 1214-1218.

MPE, B3CE, b Bk, SR, C/IC-Cu EE AR
BEBBRIILBAL]. R AT (6 244, 2010, 20(3): 510-515.
RAN Li-ping, LI Wen-jun, YANG Lin, YI Mao-zhong. Ablation
properties and ablation mechanism of C/C-Cu composites[J].
The Chinese Journal of Nonferrous Metals, 2010, 20(3):
510-515.

MAJQ,XUY D, ZHANG L T, CHENG L F, NIE J J, DONG N.
Microstructure characterization and tensile behavior of 2.5
DC/SiC composites fabricated by chemical vapor infiltration[J].
Scripta Materialia, 2006, 54(11): 1967-1971.

ZHAO D, ZHANG C R, HU H F, ZHANG Y D. Ablation
behavior and mechanism of 3D C/ZrC composite in
oxyacetylene torch environment[J]. Composites Science and
Technology, 2011, 71(11): 1392—-1396.

WANG D N, ZENG Y, XIONG X, LI G D, CHEN Z K, SUN W,
WANG Y L. Ablation behavior of ZrB,-SiC protective coating
for carbon/carbon composites[J]. Ceramics International, 2015,
41(6): 7677-7686.

PIENTI L, SCITI D, SILVESTRONI L, CECERE A, SAVINO R.
Ablation tests on HfC-and TaC-based ceramics for aero
propulsive applications[J]. Journal of the European Ceramic
Society, 2015, 35(5): 1401—-1411.

DAVIS J W, BARABASH V R, MAKHANKOV A, PLOCHL L,
SLATTERY K T. Assessment of tungsten for use in the ITER

plasma facing components[J]. Journal of Nuclear Materials,



26 455 6 J&

b A
¥, 5

s RIBEGFPRRBE M W IR

1279

[16]

[17]

[18]

[19]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

1998, 258: 308—-312.

PHILIPPS V. Tungsten as material for plasma-facing
components in fusion devices[J]. Journal of Nuclear Materials,
2011, 415: S2—S9.

CONN R W, DOERNER R P, WON J. Beryllium as the
plasma-facing material in fusion energy systems-experiments,
evaluation, and comparison with alternative materials[J]. Fusion

Engineering and Design, 1997, 37(4): 481-513.

TOKUNAGA K, YOSHIDA N, NODA N, SOGABE T, KATO T.

High heat load properties of tungsten coated carbon materials[J].
Journal of Nuclear Materials, 1998, 258: 998—1004.

SONG G M, WANG Y J, ZHOU Y. Elevated temperature
ablation resistance and thermophysical properties of tungsten
matrix composites reinforced with ZrC particles[J]. Journal of
Materials Science, 2001, 36(19): 4625—4631.

KOJI N, SHINJI I, KAZUNORI O, HIRONORI N,
TOSHIYUKI N, RIKA H. Analysis of tungsten film
electrodeposited from a ZnCl,-NaCl-KCl1 melt[J]. Electrochimica
Acta, 2007, 53: 20-23.

HIRONORI N, TOSHIYUKI N, RIKA H, KOJI N, SHINJI I,
KAZUNORI O. Electrodeposition of metallic tungsten films in
ZnCl,-NaCl-KCI-KF-WO; melt at 250 ‘C[J]. Electrochimica
Acta, 2007, 53(1): 24-27.

7R, ARG, SE ] 5 5 B 2 A A 45 ) R
[7]. BB T2, 2000(5): 35-36.

LU Guo-hui, PAN Zhen-peng. The structure and characteristic of
detonation gun spraying device in America and Ukraine[J]. New
Technology & New Process, 2000(5): 35-36.

MARIANO E, GERARDO H R, MORENO M 8§, SILVIA G,
ROBERTO C. Influence of tungsten on the carbon nanotubes
growth by CVD process[J]. Journal of Alloys and Compounds,
2009, 479(1/2): 440—444.

S g, W, EAG, FSERE. A URUTR R S
&[0, EAREESH AR, 2005, 25(3): 229-232.

MA Jie, BI An-guo, WANG Cong-zeng, ZHOU Mei-ling.
Preparation of Mo-W alloy by chemical vapor deposition[J].
Journal of Vacuum Science and Technology, 2005, 25(3):
229-232.

VOIS, sk, skotlk, BUE. B A mRl A R
ACEHEM BRI SLE RE[T]. #PRLFR, 2007, 21(4): 69-72.

XU Jian-guang, ZHANG Hou-an, ZHANG Guang-ye, YAN
Jian-hui. Progress in the self-propagating high temperature
synthesis of MoSi,-based materials[J]. Materials Review, 2007,
21(4): 69-72.

KUMAR S, KRUTH J P. Composites by rapid prototyping
technology[J]. Materials and Design, 2010, 31(2): 850—856.
VOLKER P, BERTHOLD Z, PRACHAI N, ROBERT R, AXEL
V W, JUERGEN H. Development of a powder metallurgy
process for tungsten components[J]. Fusion Engineering and

Design, 2008, 83(10/12): 1517-1520.

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

LUO TG QU X H, QIN M L, OUYANG M L. Dimension

precision of metal injection molded pure tungsten[J].
International Journal of Refractory Metals and Hard Materials,
2009, 27(3): 615-620.

KAZUYUKI I, MAKOTO K, TOYONOBU Y. Growth of tin
oxide thick films by plasma spray physical vapor deposition[J].
Sensors and Actuators B: Chemical, 2011, 2(3): 156—163.
RTAR, SRIET, HOBLL, BRI KEARMSE KRG
AR G HlIE B AR [T]. ARG Tk, 2005, 15(5): 1-4.
WU Zi-jian, ZHANG Hu-yin, DU Xin-xin, LU Yan-hong.
Plasma sparying manufacturing technique for heating objection
of tungsten tubular[J]. Powder Metallurgy Industry, 2005, 15(5):
1-4.

WANG Yue-ming, XIONG Xiang, MIN Xiao-bing, XIE Lu,
ZHENG Feng. Nearnetshape 95W3.5Nil.5Fe thinwalled
products produced by plasma spray forming[J]. Materials
Science and Engineering A, 2010, 527(21/22): 5782-5789.
WANG Yue-ming, XIONG Xiang, MIN Xiao-bing, YAO
Ping-ping. Near-net-shape refractory metal products produced by
plasma spray forming[C]// PM2010 Powder Metallurgy World
Congress Florence,
Metallurgy Association, 2010: 617—-625.

BI/NEE, TRRW, EOGH, U, T . P R
JB S AT AR BR BRI ]. B AR Bk, 2010, 28(4):
297-301.

MIN Xiao-bing, WANG Yue-ming, XIA Guang-min, YAN

Proceedings. Italy: European Powder

Shu-qun, LU lJing. Preparation and applications of a new
heterotypical refractory metal part[J].
Technology, 2010, 28(4): 297-301.
wox, EERY, R, B B, R/NT. SR TRURBOBE
Wk A 1 e M BB (3], R A A4 R R, 2011, 21(6):
1435-1443.

XU Xuan, WANG Yue-ming, XIONG Xiang, XIE Lu, MIN

Powder Metallurgy

Xiao-bing. Ablation property of tungsten nozzle produced by
plasma spray forming[J]. The Chinese Journal of Nonferrous
Metals, 2011, 21(6): 1435—-1443.

BRAL, 2w, B Bk, BRI, S0, BE, 2SR
C/C-Cu HAPHIRINEE FURFEIRIZD]. ARG R
25T, 2010, 15(2): 136—140.

GE Yi-cheng, PENG Ke, YANG Lin, RAN Li-ping, YI
Mao-zhong, LI Wen-jun, PENG Fen. Coating tungsten on
C/C-Cu composites surface by plasma spraying[J]. Materials
Science and Engineering of Powder Metallurgy, 2010, 15(2):
136—-140.

BROE, R, o Bk, HER, BT, b Ex
C/C-Cu S ERPRME IR 2 4 K R pe i RE IR 2 R [T]. By AR h <2
FERIRI: 5 TR, 2011, 16(2): 309-314.

GE Yi-cheng, LIU Ai-ping, YANG Lin, LEI Bao-ling, YI
Mao-zhong. Effect of heat-treatment on structure of tungsten

coating and ablation properties of C/C-Cu composites[J].



1280

hEA SRR

2016 4F 6 H

[37]

[38]

Materials Science and Engineering of Powder Metallurgy, 2011,
16(2): 309-314

RHEH], d RS TIC A1 ZrC B0 5in B 0k 5 A4 B I B it o
[7]. FEAK TR, 2001, 24(2): 48-53.

SONG Gui-ming, MENG Qing-chang. Ablation of tungsten
matrix composites reinforced by TiC and ZrC particles[J].
Journal of Solid Rocket Technology, 2001, 24(2): 48—53.
REEW, EEE. ZrCp/W MRt Re[T]. #ifT &R
FHELS TR, 2001, 30(2): 101-104.

[39]

SONG Gui-ming, WANG Yu-jin. Ablation properties of ZrCp/W
composites[J]. Rare Metal Materials and Engineering, 2001,
30(2): 101-104.

mORAS, SR, SERIGHLAD 2 T, dbst: 1<
ok AL, 2002.

YE Da-lun, HU Jian-hua. Handle of applied inorganic
thermodynamic data[M]. Beijing: Metallurgical Industry Press,

2002.

Ablation performances of carbon/carbon composites with
W coatings

ZHOU Zhe, GE Yi-cheng, WANG Yuan, GONG Jie-ming, YI Mao-zhong

(State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)

Abstract: Compact tungsten coatings with thickness of 1.2 mm were successfully deposited by the atmosphere plasma

spraying technique on carbon/carbon composites with the density of about 1.8 g/cm®. W coating ablation resistances were

studied by using oxyacetylene flame for 30 s, 60 s, 90 s and 120 s. The results show that both the mass ablation rate and

linear ablation rate increase with the ablation time prolonging. The maximum mass ablation rate and linear ablation rate

are 7.8 pg/s and 3.5 pm/s, respectively. The phase compositions and microstructures of the composites before and after

ablation were examined by XRD and SEM. In the ablation center, the ablation mechanism of the coated sample is

sublimation and decomposition, combined with thermo-oxidation and mechanical denudation. In the transitional field, the

ablation mechanism of the coating is controlled by thermo-oxidation and scouring. And in the ablation rim, the coating

exhibits slight oxidation behavior.

Key words: air plasma spray; ablation resistance; W coating; carbon/carbon composite
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