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Abstract: The temperature of heat sources is high during plasma spraying. Coating forming area has the feature of large
temperature gradient and fast heat accumulation, therefore, large residual stress is often induced by this factor in coatings. The
numerical simulation and experimental measurement were implemented to investigate the heat accumulation behavior on the
substrate surface during plasma spraying. A 2D model of static heating model was established by numerical simulation, and
the temperature distribution was studied at different spraying distances. The moving heat model was established and the heat
accumulation was studied at different moving speeds and scanning numbers. The results show that the subsrate temperature
presents symmetrical distribution. The temperature in the middle is high and the two sides are low in the static heating model.
With the decrease of spraying distance, the maximum and average temperature significantly increases. The temperature
gradient also significantly changed, and the radius of the high-temperature region increases. In the move heating model, the
heat accumulation is obvious at the left and right boundaries of the substrate. The faster the spray gun moves, the less heat
accumulation and the smaller temperature gradient on the substrate. With the increase of the scanning number of the spray gun,
the temperature in the central region rises in a wavy manner and the temperature increment gradually declines.

Keywords: heat accumultion; temperature distribution; plasma spraying; numerical simulation

kS HEA: 2019-01-16; 1EEIRHA: 2019-04-02
BEEE: SEBL1984—), B @), MINFEG, Mt HRAm: Wk TR, & TR SEEY; E-mail: magz0929@163.com
HEEWR: FERARREIES (51675531, 51535011); JLETHT ARRIEAIES (3172038)

Fund: Supported by National Natural Science Foundation of China (51675531, 51535011) and Beijing Municipal Natural Science Foundation
(3172038)
SIAR: TIRT, DEE, TRZE, 5. 55 TN B RIEE S 70 O BRG], hE3R I T/, 2019, 32(2): 98-108.
DING S Y, MA G Z, DING F J, et al. Numerical simulation on temperature distribution of substrate during plasma spraying[J]. China
Surface Engineering, 2019, 32(2): 98-108.


http://dx.doi.org/10.11933/j.issn.1007-9289.20190116001
http://dx.doi.org/10.11933/j.issn.1007-9289.20190116001

Hom TR, S SR TR R AL AR A 2 A B KA 99

illls

0 35

FEFHRAIRRE S, BREBIRSE. MY
BAEZFM MR, WP F A R A EE A TERE,
TER A IR A imt ), FERTR AR, A
SR ZFEERIR R Z RIPACEAER, HARH
Rt 2, WEERN I RRER, B2
TR, A pBUERZENRE, K
I, FEIRIRZ AR IR 0 o A A, X a8
) 3 BE S i AT S s, A B TR R T,
TR AR B

BUARAME R —FRA . ORI T
e, BEAE ST WO s [A)iR B S AR e, JF A
A R R R IGE BB HXTR 2 OB ot
TRV AL A, Selvan S50 HENT = Yk A%
MO A RIS AN 55 B 1 SR S B R s B R,
U on Aot 2 A B 225 [ 3 A R P o 78 IS T T T 25
PRIEAT AL B, Bl PR AP B, 53 ]
AR E R E L, RRREBRZ B, ET
ZBRFEARF I BT, 2R E 5 R4 5
AEU1, Bolot ! FLHANTF T AR LA fA] HLiz Sl
(P L AR ] 55 9N ) TRk B 2z Bl ) X AR
e, R ICRE A SR S5 e ¥R B2 5 1 A% R R AR R
BN e FR o Yi O g AR SR 6 1%
FEMT LR A i v AN (] 07 75 A P T 0 B A ) A
T B A AL, DL IR S R AR AR T
Ak Liu S50 BB 7RIS SR rh 4k B ki
SR 1 2 UR 2 i R e S A 3% i e A AR O
Zhang 5" DIXHERTHEUR A HLIR)Z RS, H
BB AR AR SR BER T, 1R)2/
FE AR B Bl BT ) R AR Al B, R SRR RS [ o7
R AR A, Bolot 2509 FE 7 A B AR fin
REAY , FRICAN ] Asf 7] AR 2 T 5 4 T 25 )R 3
S, TR R PR AR T A AR R
UL, FEULSERE I, ZRARARAEDS R AR 3
Bk 5 B RO B AT MR SRR, DItk
PRIEAS RN UR B0 Xof FEAR TG 0 iy 02 3 32 2
SR B3R T 5 [ AR AL Bl R R TS
X AN R WA 7% 2l B2 5 41 4 45 T SR fh it A
IR IE i

SCHRAEIE B 77 3K 4 B 58 0 3l S AR
ERTF, JEAAR T 528 (8] 43 A S sh AR LR .
FEFRS AR IMAAE T, 32 A AN [A] w8 3 R

B, RIS IR 20 A o T Sl A B
PAERIRIOTTE, ERORBUEBIAE RS Sl B 5 4
R, xS ] AP AT S R, R TG
TE3B B U AN [F) L 55 I )T Be k2 1)L RE 3 03
i o T RS BIR X HA A PG, PR
i J3E 3 )R AR WU B R RS 3, AR IR B A AL
AL, AT 48 Sl U 2 AR R Pam R Tr
%, SRR T 2340

1 SIRSEFRATEIEERET

1.1 RERE

(1) FFEFBIRES . 6. . ., BEZY
MG B 22 R . RO IAAE BRI G R AR
2 A s (R DB VE T, 2B B N R A
I PR EAER

(2) B MTAE H 1 A $AGUR AR 5 3 B 49 Ry
FE T L

(3) BRI LR PR AR 5 ] BBl R =R
Fi—3, HAEEERA VI, A% SRR
o 2T il 5 757 7 R 5

(4) B FACH A, AN ST A 7 v
R

(5) F B Wi B AEAA R 5 e i — 2 Ak
JEE, N7 SR 1 S TR R S AR 2 ] g A
T FAREL T 5 A I B 7 5

(6) 5B I TR  ARAAR B B T
BSR4 R T 5 M AH
XTEUIN, 2RI R X AR B AR A

1.2 &HETE
AR N SR S N R i L LN 71 7
WAt 1 BRI e i K, DL
SR TR AR XS, ER S X I, 5 S
TR, iR S e S E R A L R R AT
SRR S R IREE 3 40 A1 7R AR DO 32 2255 T e
J5 FE 5 I O7 BRI A 2 ) I B 3 10 A AR R0
H, BRI
(1) EL T
dp
ot
() S

%+V-(pVV)=—VP+V-T+p-g 2)

+V-(pV)=0 (1)



100 $ B x @ L & 2019 4
(3) Ry Sy R R B B 0 KT | R B
(oH) DP B RSEM 60~100 mm ARfk,  HoH w4 6] B
o FVOVE)=V-(VD)+ - =Sk (3) 10 mm AV, IERE LRI T 4 1k
o 1 055 X R R 43, S [ T U B T A g o A 554

AR RS A AR, BEREE S 60 mm B,
Hehiiy? @) PURSECEN 7981, iABCRA 7722, R
2 BT OB L S R 2 200, WA B s
PRI 10 mm, PEFRECEIRN 1000,
P =pRT 5) 132 Srsmiehms
SRS F IR 25 4 I 5 2 3 5o 2
() FROTRE SRS S, B0 % R B A, HOR
ar 8 oT. o OT. & oT 4 400 mmx200 mmx5 mm KR, A FRICRIKS

. p WRIRERE; vV oREERE,; ¢ N
N ApskaE s PORAURE TS g AE IR ; 22K
WA, TOMIREE, Sk AIRI, H RMKE(HE; ¢ BT
(B8], & Ay Bz Hsf [oa] BRLASE AARRLfry PR S A A

1.3 JUEERSMER 5
1.3.1 ARSI

BT BAMROR S Y AR I R i fk, dESr
SRS AR A EAAL, WE 1 iR ICEM
CFD R A BRITRIAS o W5 LRI A Xk, &%
LA R AR I, Bk T 3R1E Hotsurface fE4
TG X3, WA 5 Outlet M H M,
W N G S AT WA S OO (R T, FE AR R
Hih Hotin RIRSE 6 mm 4R EE, SRS FRIEIA:
7, e 4ERiRi )y Solid Zone R5F 100 mmx5 mm
KT

Hotin
—_— Wall [y Wall .
54
=}
S
% o : s
] o Fluid zone 1
;= = 5
1) @] o
=
g
7
Hotsurface
v E | 3
E Solid zone (o1 dsurface ‘1:’ 5 mm
100 m .

3 iy 1 P

Fig.1 Heating model of two-dimension static spray gun
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Fig.2 Schematic diagram of moving heat source trajectory

I, % sh #lin BB E Pz ghad # b
PRI T (AL S R (B DA DG . AR R B
I v, KFIT BN ZE RN RS SN AL m,
e LT BN T 2= RSB o, TG
TERAAR B g )iz g, HARikUh

440

=220 ©)
v

=2 (10)
v

TEAN TR B Ak @ AR iz 2l B I )4
Nty BARFGERANT

i1 -1
_Tth+7tv’l=0’1’3’5.“’19
fi = %m+nM:Ql&6~JS (11)

101+ 181,,i = 20
3 FR51TR

3.1 FBSEHER TRAZEEEA ST
BEXT A A WA I PR, R IO 343 T
Hh SRR R BE 3 0 A = RN 3 T . SF BT HATR
eI DA )R BE 37 03 A U PR 3 A, S
Temperature

Plane 1
I 1.350e+004

1.020e+004

100 mm

6.901e+003

3.600e+003

I 2.995¢+002
k]

100 mm

&3 ZHEmT AT Y Z S 1S A K
Fig.3 Temperature distribution diagram of plasma jet in YZ plane

jet in the 2D heating model



102 b B xR T LT IR

2019 4

TR CGRRIEA T ) TR, A A
R, 38 A S B G I AR = ) o e A
LR B T R R, SR R X
T R AL

[l 4(a) N ARRIBTER B VE T 1) 4R ik 3k
TR A3 AR L, A R T R BE DA SR AR 0o R i
B BRI AT, IR R, TR X e SR 2%
TREARWT . MmO BN 60 mm B, JEAZER
T R R 952 K, AR 585 K5 Hmik
FE S 60 mm AIREEAH L, WEREEE ) 100 mm
W, FeElE R T 234K, flRE R T 107K,
Wil AR B B /), A A R e v U G
(R, R A 3 T - 12 30 i o 2R A ek B 1) T i
WEER, X T>573 K RE R IKIE, ME ]
) S R N RIS 0 . B AR X IR A A B
WS R B B/ I K . WUk P B 7F 60~80 mm
DX [E] AR P, B4 3 A AU 2 A 1 2 KB
T B TR EE B R ARSI, AR A IR B 43 A it
LT R R I R, R R 3 R R R A

1000

! —a—d =60 mm
» 950 —e—d =70 mm
3 900 | —A—d =80 mm
£ 850 [ —¥—d =90 mm
£ ——d =100 mm
7 800 b
s 750 |
£ 700 |
L
g 650 |
2 600 [
& 550 ¢
5 3
A 500 T

450

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Location of X axis on the substrate surface / m
(a) Temperature distribution on substrate surface

& 1000 ;
E ="9'52 K. | ——d =60 mm
£ 900 | X ——d =70 mm
3 r I ——d =80 mm
7 800 | : ——d =90 mm
8 E__7IBK ——d=100 mm
5 700 F !
g 600 I Plasma jet | ! Substrate .
& 2 Sl g
g s00 F gl &
3 : C1 g
e - -~
gwb 2\ .
5 300 ! <
o, ]
g g l
= 200

6 5 4 3 2 1 0

Distance to the back of substrate in cross-section direction / mm

(b) Temperature distribution on substrate cross-section

4 4SRRI oA
Fig.4 2D temperature distribution of the substrate

AN T 4(b) EARER TR A, nT B R A
TESEUE SR — M N 0.7 mm 7547 B FEAER 1fi X
SRR AR LI, JF HLBTIREE B RN,
TR R AR A ARt . T B TR X e, B AR
TR HAE, IREETE 300 K 224080,

T 3 A0 BT S A AR A [ A o A
TR R, 0] B A vk S i
RN L o TSR L 3 55 T 28 v B AR
B/ G, RIS o4 B 0 5 o 0 PR B
oo FFE, PREFHABSHORAS, Wik 1R RS
JIN, TR S B S O A AILBR R A e, 0 3
PR 5 BT AR B L s BT DR, B
I [R] H B Ab A AR AR B =, 0 e A S AR
TR RE H

32 FABHEEMRERNHRMRERIUFE

R B IR Fe FRIED 2 1) 0300 % S AR R AT i 4
WE s prR, W EE R 500 mm/s, HEHBAEFE
S FErh 6 DNAE IS R]EL (RIFR A ] Ry 1.6 ) By
PR DR B2 3 A (8], Bl SR i R A RE G, Ak
F R ARWT ETE. 24 =0.45 s B, B shaR IR
ERWTHAMNLEmAZS, XTI T
Ik, HEHEA 2.05 s B, S5H0MGARASA AR TR
B s s A K 0.04 m, Uz 3T M
SR R A RGE ) . Y] =3.65 s B, =
Pl v 22 304 Sy B Bl AR A Al B 1) L3 Bln SR A
A, 4IFA] =5.25, 6.85 F1 8.45 s iKf, 433l
RFAETE AR 0.12, 0.16 LIS 0.2 m &b, F3ht
U5 AT B 7232 gy it B rp SR IR B S 1 AR b g
SR T B = IRy 348.6 K i 2 B Al LA
B IR A A i PR AR R, AR R
gratiie LI

TESIR AT RS, 3l AR K 5
ELJ7 I L 6 Ab N E R h 4R, RIT AR
T S AR . AR 6(a) N SE IR B A B
¥=0.05, 0.1 F10.15 m &b, FEARFE HiKF 7 1m)
SRR AEAT R, R, R R RS
ST AR SR A AT T A T B ) L Wi i A
DAL 78 6 A 20 A7 i S Ak A At o7 8 Jim FA isf [) 4
SR R B RIZA B (Y=0.1 m) &
PRI 2 v T HA AN B IR B s T Y=0.05 m
A 3R RE R BE AR A e K, Y=0.15 m A 3R B I A
AN, RN R R, B I y=



55 2 3] TR, S SR TR R AL AR A 2 A B KA 103

0.05 m 4bEb ¥=0.15 m ZbpRS RS, Rk ¥=0.05 m SR rp e, SRR RIS S R S h
b 55 JE BB RS B SR AR B A, R R B AR AL lEﬂEb‘ﬁEﬁ,“‘ﬁc%ﬁ%ﬁﬂ'l‘Eﬂ%K; HMIEIEPH%H%M&
/e B 6(b) RFEAARKFEALE X=0.1, 0.2 f10.3m I FAR R EE RS TR IR, O AR B R
A P I B A A, AR R T L ) I A3 A S FHBF RS, SECN 55 8 A SE e 1 B[]
[F, LA R, U R X oA K, WE TR

Temperature Temperature

Contour 1 Contour 1
3.173¢+002 3.265¢+002
3. ]620+002 3.250c+002
3.15 3.234e+002
3, 3.219¢+002
3 3.204e+002
3. 3.189¢+00.
3. 3.173e+002
3. 3.158¢+002
3 3.143e+002
3. 3.127¢+002
3 3.112e+002 |
3. 3.097¢+002 |
3. 3.082e+002
3.036e+002 | 3.066e+002
3.026¢+002 3.051c+002
3.015e+002 3.036e+002 |
3.005¢+002 302164002 |
[K] K] |
0 0.050 0.100 0 0.050 0.100
0.025 0.075 0.025 0.075
(a)1=0.45s (b) =2.05 s
Temperature Temperature
Conlour 1 Contour 1
3.361e+002 3.327e+002
3.341e+002 3.3
3.321¢+002 3.
3.301e+002 3.
3.282¢+002 3.
3.262e+002 13.246e+002
3.242¢+002 13,
32326400 ‘ 3
3.202¢+002 3
3.182e+002 E3.
3.162¢+002 b
3.142e+002 1
3.122¢+002
3.102¢+002 2
3.082e+002 .099e+002
3.062¢+002 3.083¢+002 |
3.042e+002 3.067e+002 \
LK K] L. =5
0 0.050 0.100 0 0.050 0.100
— — —
0.025 0.075 0.025 0.075
(c) =3.65 s (d) =525
Lemperatue T Lo ——————
337801002 ‘ !3_4zzc+ooz
-361cH 3.
3.344e+002 3.
3.327¢+002 - 3.
3.310e+002 3.
3.292¢+002
3.275e+002 7
3.258¢+002
3.241e+002
3224¢+002 |
3.207e+002
3.190e+002
3.172e+002
3.1535e+002
3.138¢+002 |
3.121e+002 3
3.104¢+002 3.203¢+002
= [K] £ .
0 0.050  0.100 0 0.050  0.100
— —
0.025  0.075 0.025 0075
(e) =685 s (f) =8.45 5

K5 BahPiiiz il i 6 AN ] B ik AR iR B 7 A ka4

Fig.5 Temperature distribution of substrate surface in six different time during the moving heating process
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