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Optimization of CMT cladding process path for boiler water-cooled wall tubes
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Abstract: In order to provide effective repair and rust prevention treatment for hot surface pipe of utility boilers,
and to ensure safe operation of the equipment, cold metal transfer (CMT) cladding process is adopted for
water-cooled wall tubes. Four cladding process paths are designed, and the reliability of the numerical simulation
data is verified through ANSYS numerical simulation and the CMT cladding experimental platform. Comparison
based on the process developed in the simulation process shows that, design of the CMT heat source function has
a higher degree of agreement in characterizing the temperature field than the conventional arc heat source. Along
the material thickness direction, the change rule of the temperature gradient is consistent with the actual
morphology of the specimen cross-section. In the case of the same heat input, the average temperature of the
cross-melting path is 30 °‘C lower than that of the sequential melting path, the thermal effect of the cross-melting
path on the substrate is smaller, and the stress is 22.0 MPa lower. Pipe deformation reduces by 0.18 mm in the
cross-over reverse welding path compared with that in the sequential reverse welding path. Comprehensively
considering the effects of the residual stresses and the deformations, the cross-reversed melting path is the optimal
process route for CMT.
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Fig.1 The finite element model for CMT cladding
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Fig.8 Temperatures of different heat sources

LR EEAFH CMT A HHURR Rk i 24
Jra AL BT SR AL, 5 SR R Hh 2k
BT, XA R WA 9 Firs . CMT I 546
I, BOUE T CMT FE A i A 1 .

900
800 —— I HE
700 + —— CMT#

£ 600 —— R

500 F

L5 400 F
300
200}

oot
60 62 64 66 68 70 72 74 76 78 80
I [7]/s
9 HEHEMSIERE
Fig.9 The numeric simulation data and experimental
temperatures

N T W SRR AR, SRS — 5 SEI )
T2 TEER. B 10 A HIGEIIERN
2 700 W, PJEREEIHE 3.3 mm/s, & X[EAEE
BARARNZIWEE /. SIS 100 s K
(K] 10a)), 2 1iECAMTEITMhE 2 EIAHE, i
JAIRFE N 1546 °C, AR AM A
M EMRETERAGE ) Z N SCING S G aE
IS 250 s i) (& 10b)), IEFEBHTES 4 1A%,
AT CAIE SRR 3 18, BB AEA M RN, B

http://rlfd.cbpt.cnki.net

IR B E IR EE A 1 554 CCHE =TT 3 18 fihiE

B, BRI EORIEM, AR 3 400 s i

(P 10c)), %6 5 EsE LRI HAE)E 5 6 1815 7E

MIMIFFUGE, 28 6 E b RIRITE A, 1IEAL TR E R

W EFRIRES, RN 1471 °C, B 5 IR E RN

Wir[e) B P B 24 EIR) 4 000 s B (P 10d)),

6 ER B A eI AT 1 h, AEER

FERREIE, BikminE N 63 °C, SRkl

iR, EEE AEATUE S, BETRCR O RS
—IBIAEZ R, IR T R B

1437.20

1 328.40

1219.50

1110.70

1 001.80

892.92

| Bt

566.33
457.46

348.60
239.73
130.87
22.00

a) 100 i iR B
i/ C

1553.70
1 444.30
1334.90
1225.50
1116.10
1 006.70
897.25
787.85
678.44
569.03
459.63

350.22
240.81
131.41

22.00

b) 250 sItf i

i/ c
1471.20
1367.70
1264.20
1 160.70
1 057.20
953.66
850.14

| 746.62

11 643.10
539.59
436.07
332.55

I 229.03
125.52
22.00

¢) 400 sh i

g/ C
62.54
60.32
58.11
55.89
53.68
51.46
49.24

& 47.03

' 44.81
42.59

d) 4 000 si i

10 RE SR E = E
Fig.10 Temperature cloud maps at different time points




12 ¥

RN SE A AP KA B 1074 R R T 2R AR AT T 125

N T RFEAN R E TG AR BB S5 R 50, R
M1 4 AAFRKBERTET CMT 155, K11 8
4 FOAFIE BB AR T IR 2 R 4. 4 PSR
A2 (A A I P S50 /R AR AR A LT, U R AR
A R GBS IR, ORI B A 4
BLZh 8B ERIZHR T ERE R, 2 18
MR ERTE R EN, 2EREBEARIR GBI K.
MR FER A FE AT, AN RS R A3 f 58 X i)
AR, WIS LR BARE 30 °C, itk
A WLAE AR FAR BTG B

1600
1580
1560

—a— A [E 1)
1500 —e— B4z X [A][A]
1480F —a— Cé’m"ﬁ.‘]-i”{{m
—— DH A X

0 100 200 300 400 500
fisf [) /s

B 11 FREEEREREET ik
Fig.11 Temperature variation curves of molten pool in
different cladding paths

32 BREM A RBRS

AN [EIE T8 BR AN B ) AR T 38 5 P2 AR SR, 7B
SEBR TR HR /NI B AR B )RR T R I R S
PIM B R E, AE G RAERG . WA G E
PEAE T IR AR B TR AT b, SRR I RN
BIRAE, MITASEER AR AR AR . T X 4
LTSRN 7 e AR R AR T R A7V m) R 7 I
MAREE R 12 Fros. B 12, B 13 7750, Wi
SRR 2 55 1L RN 7 F35{E N 16.0 MPa, £548L
E AR VA N ) FAME A 8.6 MPa. % Hal
0 44 A 7 (331 I 5 AR AU B T A TV 1) B ) 2 R
ATXF RO JE B 1A 77 I SE DS S RME ) &
BeEr, UOUE T BUA UGS R AT

uR.Stress

X-Ray
Y ' 16 MPa

12 EEEEEE R MR

Fig.12 Normal stress testing of pipeline cross-section

http://rlfd.cbpt.cnki.net

6.524 2 30

8.1192 4
12.747 4

13 REEEBEZEELZ N (MPa)
Fig.13 Normal stress at the simulated pipe section (MPa)

MAFAREE (7] B ) 4 AR AT A, I8 EE N
RIS o JES Ay e sy AP S Py 0 =Y 2 AR ENGAY S
R O AR B & i T BT RAER s IR
RV EMS G AR R OS2 BIREM S L AR, A
MR T AMERAZ 4, PRS2 RN AR N
TR FUAN R T8 B AN BT ARG R S, A3
TS TE S5 A H 5 BN [RE 7R IR AR SR RN )
S, BARE 14 Fror. HIE 14 v LUK EL,
R EEIREER A AN, (EEEE N EE S
AL = T B NN R I

S )1/MPa
78.606
72.995
67.385
61.774
56.163
50.552

44941
39.331
33720

F128109

22498

16.887
11.277
5.666

ZE0N J1/MPa
56.094
52.091
48.087
44.083
40.079
36.075

B 3506

Vo

B 24064

-~ 20.060
16.056

12.053
I 8.049

a) ALY [H] )

b) B4 X ][]

2N J1/MPa
78.724
73.105
67.486
61.867
56.248
50.628

1 45.009
39.390
33.771

B 28.152
B 22533

16.914
11.295
5.675

0.057

¢) CALIF 2 1)




126 F YR A

2024 4

23408 )1 /MPa
56.085
52.082
48.079
44.076
40.073

‘ 36.069
32.066
28.063
24.060
20.057
16.054
12.050
8.047
4.044
0.041

d) DA X [

B 14 FRBERE THERE N =E
Fig.14 Equivalent stress maps for different cladding paths

ANFVEBE A NN Xtk in & 15 Frs.
15 7%, RA R MEE (B4l D 4) IBE
N MEBIF B2 (A4, C4) 1K 22.0 MPa. ]
DU B A4 78 Ja I AR BRI R B 5, AT 5 AR st
KR8, 15 TR KIER RN A 22
TR RIFRMBR . 28 1, XA BER 16 E T
ZRARZ N BRI ER NG,

90
80
701

78.606 78.724

56.094 56.085

Wy
(=]
—T T

J¥ 77/MPa
.
[=]

—_ L
=l
— T

Afll B4 cil D4

B 15 FAEMEEHE TR Xt
Fig.15 Comparison of stresses in different cladding paths

WIUHETE MBI RS 47.00 mm, S 5
FEAE b5 RO 1T PN BRI )2 o0 XA
GO, BARINE 16 fr. & 16 /I, 1SEZ—
32 AR 3 BEEILEE (MR E L 0.68 mm )42
. KRR L2 5EE RN E,
LAAR TV ) 50 AN ) 20

& 16 trF RiMEER
Fig.16 The deformation measurement by caliper

ARG s A 2 X A T 0 AN JE B AR
K 17 ARG E AR B IE R BRI O 1%

http://rlfd.cbpt.cnki.net

SRR TE RN T 2R, M TR RE
ETE IR TR T, BN FAE A LRI
IKVABE R LS T N AT JA I s R
A5 /mm
0.459 75
0.427 73
!0.395 72
0.363 70

a) AZI [H] 1)

5T /mm
0.417 47
0.387 86
0.358 25

b) B A X[ [

A5 FE /mm

) CHLINF S 7]

A5 T /mm
0.397 39
0.370 97
0.344 55
0.318 13
0.291 71
0.265 29
0.238 87
0.212 45
0.186 04

10,159 62
§ 0.133 20
0.106 78
0.080 36
0.053 94
0.027 52

d) DZAAE X i)

B 17 FREERETEHRZE
Fig.17 Deformation maps for different cladding paths

HIE 17 BREIEE RO, B R AT X AR

HER B . IS BT IR, AGEIZHTH N R AR,
IR BERE MR R I o — R A AT AR




5 12 3] ZEORIR SF TR KA B

(7% & I O T Z R AR AT TT

127

BEATIY, AR Bl A DO EGR BLR S o B AR
Wi, IR, fFR5Eanil)E, K
REEE AR M i, H2S s RO B AR
H RS R B R KPR . AN RIS A2 T A TR
EeanE 18 Frw. 18 18 ik 4 Bl 78 kA2 T AL TR
XTECAR S8 SR RV 7 B A5 R A8 T A TR It
Fp R I 7 % AR kS 0.18 mm, 7E SRR TREPLEs
B JBIRARN AT RN, AT LA A SR A
‘it m U Tt

0.6 0.577

0.5 5459

0.417

0.397

e
ES
T

2 T /mm
<
(¥S)
;

o
[ ]
T

e
T

0

Al B c4l DAL

B 18 A EIEERIZTHTHI L
Fig.18 Comparison of deformations in different
cladding paths

P

=R

ASCES bR BEE R B CMT I I REREAT
T BAER S SRR, I 5IN T ki R BORRALE
CMT MRELLRE P IR 25T EoR, IFiE SAHH A
SCERISE | BRI A S . AESEIEAL E Tt T
4 PP LB AR T CMT I SER-F &, RIS
S AT 1 RN AT I Sl I R E A
PAFUUE B LA TR EUAGAIE, 5 R 458

1) SRHT CMT Al e BORAE i 3 37 245 A5 55
BRI, HARMRLE TS TR R B AR AL R
5 R R SE PR SR — 2.

2) fERFANAFRIEOL T, SRR AT
HJiR BERI L B ARG 30 °C, A2 g Aeds dk
PR R A TR EE /)N

3) FERSANMFEREIL T, R A
T AR ] DU 3 A B E AR IR AT, L
WP S e P A2 I (A L 7 41 22.0 MPae

4) X A7 R AR T B AR A B 1)
WS BRAT IS 0.18 mm; fESKBR TREPZR G518k
RN IR, 58 ORI AL S Ui T

w7
2.

4% #

(& % 3 #k]
[1] MAHAJAN S, CHHIBBER R. Hot corrosion studies of

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

(11]

[12]

http://rlfd.cbpt.cnki.net

boiler steels exposed to different molten salt mixtures at
950 °C[J]. Engineering Failure Analysis, 2019, 99:
210-224.

MEIMRNER T M, GREGOIRE B, MONTERO X, et al.
Long-term corrosion behavior of cr diffusion coatings on
ferritic-martensitic superheater tube material
X20CrMoV12-1 under conditions mimicking biomass
(Co-) firing[J]. Energy & Fuels, 2020, 34(9):
10989-11002.

HAGMAN H, BOSTROM D, LUNDBERG M, et al.
Alloy degradation in a co-firing biomass CFB vortex
finder application at 880 ‘C[J]. Corrosion Science, 2019,
150: 136-150.

XNER, BRIESS, fIPG40, %5, 630~700 CHEEIE 5
JR O Rl i AR R L s PR B R [I]. R AR,
2020, 56(4): 539-548.

LIU Zhengdong, CHEN Zhengzong, HE Xikou, et al.
Systematical innovation of heat resistant materials used
for 630~700 C advanced ultra-supercritical (A-USC)
fossil fired boilers[J]. Acta MetallurgicaSinica, 2020,
56(4): 539-548.

skIEEE, XIPUK, TiEIR, A& Bot-RINE SRRk
BREERIREFEECRI]. &JRin L(#HinT), 2023(1): 31-34.
ZHANG Peilei, LIU Qingyong, MAO Hongzhao, et al.
Research status of defects in laser-arc composite welded
joints[J]. Metal Working, 2023(1): 31-34.

BHEG, EAE, B, . BOURBEYESERE
ORI S FE[J]. RIMEAR, 2024, 53(6): 11-27.

LI Yahan, TAN Chengxiang, LI Mengyao, et al. Research
progress of laser-cladding Fe-based alloy coating[J].
Surface Technology, 2024, 53(6): 11-27.

L. KA BEHEIR BORR]. MR /R ISR
PRI SR A IR~ 7], 2017: 1.

CHENG Zhiguo. Water wall surfacing technology for
boiler[R]. Harbin: Harbin Welding Research Institute
Co., Ltd., 2017: 1.

B, E&EGE, SR, 5 CMT Hiylsg i i i 72
FL IR A X R L U8 AT A B SE M L ER AIT 9 [9]. HLA
FE2E4), 2023, 59(15): 267-281.

LYU Feiyue, WANG Leilei, GAO Zhuanni, et al.
Influence mechanism of arc characteristics on droplet
transfer behavior in CMT-based additive
manufacturing[J]. Journal of Mechanical Engineering,
2023, 59(15): 267-281.

BALASUBRAMANIAN M, CHOUDARY M V,
NAGARAJA A, et al. Cold metal transfer process-a
review[J]. Materials Today: Proceedings, 2020, 33:
543-549.

X1, FNEE, Zokk, 5 ETR RS EEARR
R L), R, 2014, 35(7): 1-4.

LIU Yibo, SUN Qingjie, JIANG Yunlu, et al. Rapid
prototyping process based on cold metal transfer arc
welding technology[J]. Transactions of the China
Welding Institution, 2014, 35(7): 1-4.

MARSR, BRBANE, FM~F. AR CMT T2 2014-T6
JREERY R SFLA T[], IR, 2015, 36(5): 37-40.
CONG Baogiang, OUYANG Ruijie, QIAO Liuping.
Weld formation and porosity of 2014-T6 aluminum alloy
welds produced by cold metal transfer process[J].
Transactions of the China Welding Institution, 2015,
36(5): 37-40.

CADIOU S, COURTOIS M, CARIN M, et al. 3D heat
transfer, fluid flow and electromagnetic model for cold
metal transfer wire arc additive manufacturing




128 kA% e

2024 F

(Cmt-Waam)[J]. Additive Manufacturing, 2020, 36:
101541.

[13] xIphit, FMVRGE, EEA, 5. Nd: YAG #UE+CMT &

A RUE RIS MBS I S]] 44k, 2011,
32(3): 81-84.
LIU Xiyang, SUN Fenglian, WANG Xuyou, et al. Arc
characteristics and welding pool morphology of Nd:
YAG laser + CMT arc hybrid welding[J]. Transactions of
the China Welding Institution, 2011, 32(3): 81-84.

[14] SELVI S, VISHVAKSENAN A, RAJASEKAR E. Cold
metal transfer (CMT) technology-an overview[J].
Defence Technology, 2018, 14(1): 28-44.

(151 skerE, 200, KB, 55 e eI HbEn i
PUIR[]. FIEHEA, 2023, 52(11): 111-127.

ZHANG Boyang, LI Xu, ZHANG Yujiao, et al. Research
status of arc additive manufacturing of aluminum
alloy[J]. Surface Technology, 2023, 52(11): 111-127.

[16] ZEZ, RER. SBE58MNAMMEIGEIEETZ X
HAF AR, WL TRE2E3R, 2016, 52(24): 24-35.
QIN Guoliang, WU Chuansong. State-of-art of
brazing-fusion welding processes of dissimilar metals
between aluminum alloy and steel[J]. Journal of
Mechanical Engineering, 2016, 52(24): 24-35.

[17] PNEERE, &, FREML. /T E&E» &R E RS

RS IT). SRR, 2015, 36(3): 51-54.
SUN Junhao, CAO Rui, CHEN Jianhong. Analysis of
welding-brazing joints of Ti/Al dissimilar metals
obtained by cold metal transfer method [J]. Transactions
of the China Welding Institution, 2015, 36(3): 51-54.

(18] skbE, F7i K, Bisdk, 55 700 Ci#im LA g

i e B4 Rk 3 F 4R B Sk IRAX AL AR ST [3]. # T R,
2022, 51(8): 180-186.
ZHANG lJie, YIN Hongfei, LYU Haitao, et al. Study on
microstructure of dissimilar welded joint of candidate
alloys for 700 ‘C ultra supercritical unit boiler in
service[J]. Thermal Power Generation, 2022, 51(8):
180-186.

[19] EW], *IAK, BV, 5. 254SMO/Q235B S FfifE
Pk B R[] Rk, 2013, 34(2): 105-108.
WANG Ke, ZHENG Zhentai, XUE Haitao, et al.
Microstructure of welded joint of 254SMO/Q235B
dissimilar steel[J]. Transactions of the China Welding
Institution, 2013, 34(2): 105-108.

[20] i), Z5KIL, PRi, 5. S30432 HAAN A R 44 12

P ZWERE[]. & Jm AL, 2012, 37(9): 45-50.
LIU Fuguang, LI Taijiang, CHEN Weiwu, et al.
Microstructure and mechanical properties of S30432
steel welded joint using different filler metal[J]. Heat
Treatment of Metals, 2012, 37(9): 45-50.

[21] ZHU L, XUE P, LAN Q, et al. Recent research and
development status of laser cladding: a review[J]. Optics
& Laser Technology, 2021, 138: 106915.

[22] LIU Y, DING Y, YANG L, et al. Research and progress
of laser cladding on engineering alloys: a review[J].
Journal of Manufacturing Processes, 2021, 66: 341-363.

[23] JIAO X, WANG J, WANG C, et al. Effect of laser
scanning speed on microstructure and wear properties of
T15M cladding coating fabricated by laser cladding
technology[J]. Optics and Lasers in Engineering, 2018,
110: 163-171.

[24] Whex, #83CH, 5EouhE, & BRARUCEXS 304 NN
SN B L 3 SN AR S 52 3], #OIn T Z,
2017, 46(12): 148-152.

HAN Hui, QI Wenjun, DANG Yuanxiao, et al. Effect of

http://rlfd.cbpt.cnki.net

path set on laser cladding temperature field and stress
and strain field of 304 stainless steel[J]. Hot Working
Technology, 2017, 46(12): 148-152.

[25] CHEN H Y, GU D D, GE Q, et al. Role of laser scan
strategies in defect control, microstructural evolution and
mechanical properties of steel matrix composites
prepared by laser additive  manufacturing[J].
International Journal of Minerals, Metallurgy and
Materials, 2021, 28: 462-474.

[26] Fra&, WEIUIE, kI8, & HAEBEEE AURBR SIS

PRBETY[I]. 35 MROR S 22 3R (T2 ), 2020, 50(4):
1316-1323.
CHEN Xin, PAN Kaixuan, ZHANG Biao, et al. Transient
input combined heat source model of friction stir spot
welding[J]. Journal of Jilin University (Engineering and
Technology Edition), 2020, 50(4): 1316-1323.

[27] BRME. FBEE&WOE-CMT E6 BB 5IRE
B BAERL[D]. PEBH: PEBH ML KA, 2023: 1.
ZHAO Junpeng. Numerical simulation of flow field and
temperature field of aluminum alloy laser-CMT
composite welding pool[D]. Shenyang: Shenyang
University of Technology, 2023: 1.

(28] RW"ik, KN, #WHW, & 921A MAHEDE-MAG

HE R RSEA T[] R5 0% TR, 2023,
15(3): 138-146.
SONG Kuangda, ZHU Jialei, MIAO Chunyu, et al.
Numerical simulation analysis of laser-MAG hybrid
welding process for 921A ship steel[J]. Journal of
Netshape Forming Engineering, 2023, 15(3): 138-146.

[29] Z=WA, X%, W4, & AFMEL TIG & SUs316L/

15CrMo i Fl i 2 3k i S M ZH 23 15 0 2 MR RE (9], HLBR
TAEREL 2023, 47(10): 43-49.
LI Yajie, LIU Tao, HONG Lei, et al. Microstructure and
mechanical properties of SUS316L/15CrMo dissimilar
steel joint by tig welding with different welding wires[J].
Materials for Mechanical Engineering, 2023, 47(10):
43-49.

[30] sktxrhr, EWers, FRE B, & . HOLIIEX & =

Al-Mg-Si-Cu &4 0O6-CMT 841884 LA 4k R
FIRmAL]. H EEOE, 2023, 50(4): 129-137.
ZHANG Luzhong, WANG Xiaonan, CHEN Xiaming,
et al. Effect of laser power on microstructure and
properties of high strength Al-Mg-Si-Cu alloy laser-CMT
hybrid welded joints[J]. Chinese Journal of Lasers, 2023,
50(4): 129-137.

[31] XIN Z, YANG Z, ZHAO H, et al. Comparative study on
welding characteristics of laser-CMT and plasma-CMT
hybrid welded AA6082-T6 aluminum alloy butt joints[J].
Materials, 2019, 12(20): 3300.

[32] #hFE, 22 KVL, 254, 5. 7 £ 08 BA 0 5 3 22 Xt

1 000 MPa 2% i ey 3 A G R [X 4L 23U B 1) 52 R [J].
Pk, 2024, 53(4): 165-173.
SUN Qi, LI Taijiang, LI Wei, et al. Effect of peak
welding thermal cycle temperature on microstructure and
properties of heat affected zone of 1 000 MPa grade
ultra-high strength steel[J]. Thermal Power Generation,
2024, 53(4): 165-173.

[33] 4Ry F 42404 GBIT 5310—2023[S]. dbat: &
FE e ofe H AL, 2023: 1.

Seamless steel tubes and pipes for high pressure boiler:
GB/T 5310—2023[S]. Beijing: Standards Press of China,
2023: 1.

(DUES4E A ')




