52 % 33 3 BEERMBE1E Vol.52,  No.J3
2023 4 3 A RARE METAL MATERIALS AND ENGINEERING March 2023

WA EREWRRNRES TIG BIEM HE

SR EAELAR

skkta, 4 F, FEE, HBIER

(PR PUHE RE TR R E SR E, Bl /% 710049)

O KRBT A AR IR (TIG) I A 15 L2l 1 45 N/ & 2R R aS MN BE AR & 456 . FIH OM.
SEM. XRD S5HTFL 1 HR/H X0 45 o M b4 1l 3 45 44 St T AN R AL B AR AE X IRA eAH L. S C R A A L EIA . S5 5RR
KHEFHTORE S TIG F IS i T 2 BO% A/ T X SR A5 1 ST W RS0, FLBREE R MG b, AR AN/ ST &
JREMEEPIAMCs) AR FIE , A S HTE 45 IR pP . SRR, FREE < RSMER" A ki,
S TENE SRR TE RN B 3 HL ST AL IMCs >y FeSb, Fil FeSny, MRS ARAT H S F=4 HAZTE L BREG . S it R
LAEHI ST IMCs J2 B8R, IMCs J2E2)05 6 pm, BEAE R A B AT B i b, FHI IMCs 2 B AR M@ miE % .

KRR WG REN; SEAEY; WRTTRETY: &R

FEESES: TG4447.74 XHEFRINED: A

XEHS: 1002-185X(2023)03-1079-08

45 MEAE R 5 TSI Brasha
R SRR, DR ReRRE . LR
MCVE I SR . DR, BN/ XU IR S5 R T LR A S
2 MElEiial, EHAARER. BER. S5
Mk B AR Dy A Pk e I A AL A, ERZ Tl Ao 2
SURE A EER N TR . 45 MEEE M.
FVRRESE 22 RECR, B, M AAHZE 1000 CRLE., 2
BAAK R A2 2 f5 . BRI, AR/B 08 R 45 4 B 2 5K
FUREHE R BOR R 12 2 A B JIORS 770 8 [ 44 3% i L=
B SR IR 5 77, R (R SOAN (R R A ) 24 ] 3t 3 422 7
— AT E o AR B A e AU s A T T
SRR B A R AT TR RS, R s b 014
T3 T BB TE o ORTAT, AN/B R 1 45 K A Sk B i Y BAE £
MR AR L A R AR (4.2 MPa), KM e M 2 %
A, AR AR R FT I LTS I < e Y
e A,

< 3G M ) 36 TR O X < i 5 A ) — R AL R 4R
B UET IR, R SCHRIE, B AT T A R 4
P A T2 A A i (WAAM)! |
FA M & EBM) L WO G, o
P 1 38 B AR SRR WO € 17 B VTR (DED)! L
R KRB AR(LPBF)? 21, i B MO 15 1 (SLM) P>
2, RIR T B B A A O RN IO 4

ris HEA: 2022-03-10

JEA R, X ERAGE T ZE R B BN/ X4 i 4 A A
HiliE 5 AR WARIE, BhAh, B TAREE RS A R
NEEEE, TCLMAR AR, UL TR ok 34 ) i
B SN/ G i 45 R S A i . R T R Bk
T AR BT AN/ W 4 i 45 4 v A A 1) I i, AR A
o g EXBEEHS 45 W/ HEEE
(ZPbSb10Sn2) X 4 J& 25 1), $& HH R H IS i Ui AR 5 A8 W
PE TIG HUIAH &5 & 07 ok SEILEN /4 5 & S5 1 I B
RS RIE . M T H AN E 8 MR 77k, AT
SEAHEMS, ik, THTEAMEREREKX,
H B 5% LA & 1 1 X4 J@ 45 74 1 — 44 A 385 44 il
My R, JEME R NG R, Rk TG4
JE& B ) 3 PRy R B 22 1 R BRI, DR AR K AL T
T wa, WERSHY Rk, Az, ARE
Y2 RGBT R B, AR X4 S8 5 K R R
BT TIG HSI™= A= B R #7389 /40 5 T 5 2=
B K ] Fe-Sb fl Fe-Sn & & AL &4, IMCs ZE &
e ARV Al O C
TEMUURE A TIG HL O I 4N /8 W 45 g 45 1)
W, YA SERUZ T B8 R A S AR TIG R
JE T A A . B R, RN S R 4
MR, IMCs EMERS RS RETIMK. EEEE
MR BEAT F LA e IMCs & AL B 50 7 T, T3 T4

EETH: RAMKEARTULHI (D020208); VLH mRE FE &S E M LS (KIS1809); Mzt RBl2%3E4: (20200054070001)

EZE . woKkiE, 5,

1997 44, fit:, PUZesCi@REE, BEVE PG 710049, B-mail: 17853531927@163.com



* 1080 -

Wit @A RS TR

5552 4%

WL T S R S BRI AR S SisNy 2 FL IR & S i (1
AR, WEFEEH . AUSI;N, FFHE RN R 0] 14 5
T A 0 3 A ) AR A . ) S S POR ] E R v
RGWIL T AINY/CuTi & R FLS P RIER M, 4558
R, BEE Ti & 20088 K IR T AR R R e,
A 2 ) IR M 1 15 B 2 ¥ . Protsenko 5TV 5T T
Sn/Fe #1 Pb/Fe & R IEIEAT A, KIL Sn/Fe J& T | M.
TRk R, I HA K FeSn, &)@ ML &), Pb/Fe J& T
PRI R, Bl B T AN K A SRR B . Giefers
21281%} FeSn,. FeSn. Fe;Sny,. FesSny LA A% FeySn 2% 5
P )@ AT T s X STRATHF, R
FeSn,. FeSn. FesSn; fl FesSn LI FA SR
AR, FesSn, £F 25 GPa N4 1 2 RAHAE . Hsu &%)
WFFE T WA 85/ [l 28R AE 250~400 C K ¥ FeSn, 4>
&S A KAT 9, FIH SEM M T IMC %
SMERE, RAWMMLIEMERFEWET FeSn, 1
KB A, S5 RE, AISi1018 Al Sn 5 T K
A R SR IR L IMC. Wang 8BV %8 T FeSn, 42
B &P A K AT R S5, R IMC 23
BAKAE Sn ke b, H IMC 2T 5B kOt
B ) % B K IF b . Shen % BU R 5t T
Sn-3.0Ag-0.5Cu(SAC305) % 4/FeCoNiMn(FCNM) /= i
44> (HEA)FI Sn-58Bi(SB58)/FCNM 14 % [#) 51 S5
RIL SB58/FCNM Ft[HI Ab A7 #E — MR 1) 2 o0 42 ) 1]
th&¥E, Hd Fe. Co. Ni. Mn #1 Sn & &5l
N 13.42%- 7.89%- 5.26%- 5.79%F 67.63%(J5 T 7
#0), H(Fe, Co, Ni, Mn)Sn, & J& [l 1k &K%

NT B AE KA DU B A TIG LSS 4 i) i 8 T
N BT R/ R 4 I 5 AL ST X AN R A7 B Ak oW
TESRA IMCs 2 B 2 B, A TTAEBE 5T 1 40/ XL
& B SR TS0 Bl oW 2H 23 DL B ST W T 5 4
FERVT T FHHA B 515 S IMCs 2R Z MR R,
TN VAT IR E S TIG A ) iE T2 3 32
HHEIB S %,

1 BETIRES TIG BilEHM&ETE

JRIE

Vi 2 A EHISEIE FroniusMW3000 Job 745
Bl B INAREE . =453 F e S48 T 245
bHEAT, TEEEWME 1R W S I K
TEE A HrE & ERER A TAL B CHT S A R
FAM 2% PR PR R VRS RN B e, @ R
SN A ) 75 20K B AL, YA SV VRTE R FL B R Bk e
BARAE FH T 22055 Sk it T BRORS E AT 48 0 82 1 0 7
45 AR KM AE TIG HLIME R BUR 8% )2 141,

RJE . LTTEYE S FD VRN 45 MR IE T, 2ET
SCHLEA . B X< 2 [ R I AR 4 5 . R, THE
PUEE ] = 4832 37 G 1% BB R K OB P s 45 4K
BEAEZ, PAGRIEHY & <8 0 DR A b HE R AE 45
A J T B TR Ao B, AR vA AR I i IR S AR/ <
JR MR &g a1,

L

2 % I

WG L H B A S YRR AERZ M OEE, MR R
SN 42 mmx32 mmx32 mm, 45 FEHRR SN 200 mm
x200 mmx8 mm, 2 Ff 4 J& 140 5 5 o F 2 5cin kR
1~% 3 fion. KPR 1 ER H &AM LT B
B EYRRE, BT S SO A B,
IRIG R UAT KA R FURRINIE B, i 8m
T e e R AT AT S, K TIG HIMER T 45
AR R T LA R v A i, R, B S S AT
T F P P B8 ok i R A/ F R DB Y TR 45 NIE T
M, AHEERE G, A 10 45 B AR 3R 0 R s
HERZ, HERUZEE N 1~1.5 mm. T 253 milmi
N160 A, JETMTHEEE N 1.4 m/s, BARMZEA 100 Hz,
Fd 5 FEAR e Mo 450, RIS RSN 10 L/min.

Piezoelectric

Introduction heater—e

Crucible

Lead alloy mel

Tungsten electrode

Lead alloy droplﬁk.
Deposited direction Shielding gas
ﬂlc;

e Deposited layer: 7 . G Gas nozzle

Arc

1w -
g — Vh C45 steel substrate ./letme
-

K1 BETRES TIG Ayl M G T2 )5 2
Fig.1 Schematic diagram of the hybrid droplet deposition and
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1 SPHHLERSEBE
Table 1 Chemical composition of C45 steel (/%)

C Mn Si Cu Ni Cr Fe
0.45 0.77 0.30 0.03 0.01 0.01 9843

2 MAESHLERSESE
Table 2 Chemical composition of lead alloy (/%)

Pb Sb Sn Cl Zr Al I Hg
85.81 10.66 293 2 0.17 085 048 0.10
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Table 3 Physical property parameter of C45 steel and

lead alloy
Material C45 steel Lead alloy
Density/kg-m™ 7890 8947
Solid phase
temperature/ C 1430 230
Specific heat/J-(kg-K)™ 502 175
Thermal conductivity/
W-(m-K)"! 44.10 49.60
Coefficient of linear
expansion/x107° K! 11.30 2520
Liquid phase 1495 230

temperature/ 'C
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Fig.2 Appearance (a) and macrostructure (b) of a steel/lead

bimetallic structure
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corresponding different areas (b-j)
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Fig.5 Microstructures of the steel/lead interface: (a-d) reactive wetting and (e, f) inert wetting



3

FRACIESE AR/ e R AR TR E & TIG A yUE A )15 15 J I 2L 210t 7T

*1083 -

10 pm

10 um

Ble xR 5a FIE 5e H80/4% 5 ) EDS JC 3K [ #7146
Fig.6 EDS element mappings of the steel/lead interface correspond to Fig.5a (a) and Fig.Se (b)

Si Fe .

205 | Point A |3 Fe  Point C ¢
S ‘

X10 | 2f

2

g5¢ 1'C

=1 Pbgp

= o EL e J bt L POPPRPD Bb

0 5 10 15 0 5 10 15

» FPb . d 4[Fe . f
A 34 Point B Point D

S 3 Fe
L X
3 } of

= 2k

g o 1f

= b ic

SRS e peromy N I T

0 5 10 15 0 5 10 15
Energy/keV Energy/keV

K7 SRR SR T MOW T3 e B 7b Th AN [ AR D ) EDS

REE 73

Fig.7 Microstructures (a, b) and EDS spectra (c-f) of different marked points of reactive wetting interface in Fig.7b

YN

4 XRD MHAGE ] FIr, ZRORYI AT EEN FeSb,
SREENEY. SIEE, LA RN RIE, &8
AL A W2 I 4 & 4 Sby Sn LR BRI 45 H)E
MR B, =25 T 45—, M 45 49
b O R ) A E AT XRD ZR 33, B gs
Kl 8b Fiam. /X4 R 45 Ll )2 - BA7/E FeSb,
H1 FeSn, 2 FhiéxJa M4k &40 B A& PE & 510 )2 oo i
it , FeSb, fl FeSn, i/l , 45 &1l 3 A& 9P ) Fe-Sn
B, RIS, TR XA FE AL E TR
TR YA R R, FESHE AR AL IMCs
RS R E AR 2R

3.4 FHEIMCs EESH

TN N G R 45 Mk U, ST IMCs IS

TEA K EES ML R EER R, H

IMCs [z 502 Y X4 @ 25 I HLAR M A 5 59 % v] 5
MO 2 . BRI, X5 IMCs )= 5 5 1A &
KARBATIRANIIBEFT o ISt O B 32 Z A I TR
F& 500 pm X} FLIEZE 34T EDS 494, H45 R 10
Ji7~, Fev Sb. Sn JtF MK JE 73 A7 M & 78 5t 71 A A7 1E T
RESXE, Wl 3 MEFAERmAKE T HY .
FRGE RS E 1 s, ARG LA S,
F T I o PR R P v L v iR A B N A A, kA
) IMCs 2R 5K, N6 um, [ 5 kaith O i 2 5
WK, S IMCs 2 JEZECN, 145 R RO H 2
MRS R — 2.

&8 AL B W T B A K T Bk e
(), G PR AT ) 4 Je TR A iR FEE R BEE R B 1 3 [ i
Jil R RIS R AR, T R AR 4 ORI 4 S TR A



© 1084 -

Wit @A RS TR

5552 4%

a
Lead alloy

500 pm
aFcePb mSn b
eSb » FeSn, + FeSb,

_-T,L. : i Li

8 45# steel base plate ERESH

Intensity/a.u.

L L3

20 30 40 50 60 70 80 90
20/(°)

8 AN/ER XU R A H T AL 2 R OR TR A B ¥ XRD P 3
Fig.8 Microstructure (a) and XRD patterns (b) of three different

positions of steel/lead bimetallic structures interface

Fe-8n
1600
Ny
1400 \\L'
L2
1200\ Ltz
O o M | {130 C
~ Il (a-F
g B e).‘ 910 C \
S sk 765 C & 806 © \
5 3 770 C \
g w7 c =4
g 600 / k| 513
o
B a00f sl
- 2 & 231 C
0 20 40 60 80 100

Mass Fraction of Sn/%

K9 Fe-Sn Jt&&MA

Fig.9 Phase diagram of iron-tin binary alloy?®”

& . B Fick ¥ #UE=, 0 IMCs 25 (d) 7R A
L/ 2N R/ W il ol = A

d=K wtexp(-O/RT) (D

X, d N AR IMCs C2EK B, K AT A
B, TREXNEE, R NSMAEEH, O N IMCs EKT)
TEAGEE, Ko 9 IMCs % i (] A K i 2. i B sXm]
Fe/Sn FLIHI AL FE R () IMCs JZ & /& H 38 K 1) (i s
e DB TR s R P M R VA K VAR R O S L
B, R I A A BN AR SR TR E B R, U R HOE
FEmth, ¥ BURERK, WA IMCs 2E&K;

2000 B 3BT A2 B A v o I A5 B N T 4
Fr R AR, JUR LY ORIk, 45 FE i IMCs
JE B CLAR LA TR s s IAr B R il
SRy, T BLAL R 45 A BERE [ AH X, SR B )
AEREESIBUES 47 Al P 1) L Pl e PSP P A K
AE 22 5 B0P™ HICE 0 KO PRl /), DR O A T AR R A
JZAEH 1 Fe/Sb 4 )& MALE W .

aum
i
2 ==

lntsns&aty/ cps
88 8

10pum

10pm

&

=3 58§

)

Intensity/cps

I !
| JM»;.N A

10um 003 6 9 12 15 18 21 24 27

e
;‘g: 4

e
% 300 il
E 200 l 1
100 Pm

[ P : 2Lt
02 4 6 810121416 182022

10pm
Distance/um

Bl 10 B/ 00 s 45 ) T X A R ) SEML JE 3 )¢ EDS
TERE&FM T

Fig.10  SEM microstructures (a-d) and EDS element line

scanning (e-h) along different interface layer positions

of the steel/lead bimetallic structures

—e—[=160 A, V=4 mm/s

=2
T
[
@

/

L
T

3
2.6
\\\. 5

Thickness of IMCs/pm
P53

0 500 1000 1500 2000
Distance from Center of Molten Pool/pm

[3=]

11 AR F AL B AL IMCs J2 548 A Rl A
Fig.11 Variation of IMCs thickness at different locations of the

molten pool interface



3

FRACIESE AR/ e R AR TR E & TIG A yUE A )15 15 J I 2L 210t 7T

*1085 -

4 % i

1) 7ETCATAR 18] 24 RH 2644 T, SR F A g TR
B4 TIG RIS B i T 2520 1 45 4N/ & &0 4
BEMMHEERESE, FNEE R, THERY
L IR &5 57 MR 4 B

2) IMCs J2 FEAEKT 45 WM HAUALF S S
TR ST A, B/ P R ST X AN AEAE IMCs )2
H %, IMCs H1 FeSb, 1 FeSn, 2H Ji% -

3) 45 MK T AR AESRU/N B, BR B A 0 Bk
e, PR EL R, FmrE ML AT
BOYRBURY, HALE R 3208 Si.

4) ML) IMCs 2R 8K, 4 6 um, BEEH IR
Bz B Gy, IMCs 2 J5 5 3 2 M 34 ek e

% 3k References

[1] Yang Qiang( # 3% ), Yuan Mingkang( & B] B ), Li
Mingzhen(Z=#1 %) et al. Journal of Radiation Research and
Radiation Processing( 5% 8t W 70 5 & & T 2 % #i)[]],
2005(6): 371

[2] Yang Qiang(# %), Yuan Mingkang(3% 8 B%), Li Mingzhen
(ZWE) et al. Materials Science and Technology(¥ K1 Fl % 5
TE)[I], 2007, 15(6): 839

[3] Jiang Hui({T FE), Xu Dongming(14: % "), Song Zhikun(R &
). Manufacturing Automation(#3& . B 3 f£)[J], 2015,
37(24): 4

[4] Sun Kaihua(#hgL#E), Li Jianwen(Z £ 32), Sun Chaoming()
H18) et al. Applied Acoustics(NF 75 %)[J], 2019, 38(1): 93

[5] Li Jianwen(Z=% ), Wang Zengyong( L3 %), Tang Guangping
(T et al. Nondestructive Testing(FLIA[I], 2010,
32(4): 283

[6] Li Jianwen(ZE & ). China Adhesives(™1 [ A571)[I], 2010,
19(6): 1

[7]1 Li Jianwen(Z=4%E ), Tang Guangping(3%%-F), Huo Heyong
(A B) et al. China Adhesives(F E KR F)[I], 2013, 22(7): 5

[8] Sun Chaoming(#)Hf), Tang Guangping(i#)t°F), Li Jianwen
(ZEH ). Nondestructive Testing(FCARFIN[I], 2014, 36(7): 6

[9] Li Jianwen(Z=#30), Tang Guangping(i%)%-F), Sun Chaoming
(FNEHEA) et al. Weapons Materials Science and Engineering
(Fe28 1 BB 22 5 TRE)[I], 2015, 38(1): 4

[10] Xia Jiabin(E % xX), Sun Guangkai(f#" ), Song Chao(#
) et al. Infrared and Laser Engineering(Z1.9M5 ¥t T
FE)[I], 2018, 47(1): 238

[11] Xu N Q, Shen J Q, Hu S S et al. Materials Letters[J], 2021,
302: 130 397

[12] Singh S, Jinoop A N, Palani I A et al. Materials Letters[J],
2021, 303: 130 499

[13] Sridar S, Klecka M A, Wei X. Journal of Materials
Processing Technology[J], 2022, 300: 117 396

[14] Xu N Q, Shen J Q, Hu S S et al. Materials Letters[J], 2022,
308: 131 179

[15] Kseniya O, Andrey V, Andrey C et al. Metals[J], 2021, 8:
1151

[16] Kellen D T, Bandyopadhyay A. Materials & Design[J], 2021,
207: 109 793

[17] Zhang W Q, Liao H L, Hu Z H et al. Journal of Materials
Science & Technology[J], 2021, 90: 121

[18] Liu Z Q, Zhu X O, Yin G L et al. Materials Science and
Technology[J], 2022, 38(1): 39

[19] Li B'Y, Han C J, Lim C W J et al. Materials Science and
Engineering A[J], 2022, 829: 142 101

[20] Wei C, Liu L C, Cao H T et al. Additive Manufacturing[J],
2022, 51: 102 588

[21] Chen J, Yang Y Q, Bai Y C et al. Materials
Characterization[J], 2022, 183: 111 654

[22] Mao S L, Zhang D Z, Ren Z H et al. Journal of Alloys and
Compounds[J], 2022, 899: 163 256

[23] Guan J R, Wang Q P. Journal of Materials Science[J], 2022,
57: 9807

[24] Du J, Wang D Q, Xu S Y. Journal of Materials Processing
Technology[J], 2021, 292: 117 069

[25] Wang Yangwei( £ 4% 1), Yu Xiaodong( T & %R), Wang
Fuchi( £ & Ht ) et al. Rare Metal Materials and
Engineering(%ifi & B M kL5 TF2)[J], 2007, 36(S1): 727

[26] Wang Chuanbao(E )11 5), Li Shuzhi(ZE#2), Li Shujie(Z
W) et al. Rare Metal Materials and Engineering(¥ifi % J&
#EHS T[], 2011, 40(S1): 353

[27] Protsenko P, Terlain A, Traskine V et al. Scripta
Materialia[J], 2001,12: 1439

[28] Giefers H, Nicol M. Journal of Alloys and Compounds[J],
2006, 422(1-2): 132

[29] Hsu S J, Lee C C. Journal of Electronic Packaging[J], 2016,
144(4): 041 006

[30] Wang X Y, Li DY, Li N et al. Journal of Materials Science:
Materials in Electronics[J], 2019,13: 12 639

[31] Shen Y A, Chen S W, Chen H Z et al. Applied Surface
Science[J], 2021, 558: 149 945

[32] Xu Siyuan(%% Eiz), Du Jun(f Z), Zhao Guangxi(# )t =)
et al. Journal of Zhejiang University, Engineering Science(#t
TLRZEZAR, T 2RR)[T], 2020, 367(11): 163



1086 * WA EEMEE TR H 52 4%

[33] Sayyadi R, Naffakh-Moosavy H. Scientific Reports[J], 2019, Behavior (JR8)#: 15 & )R BALE Y IMC Fll 25 ¥ i AL 5 100 -
9:1 G2 1247 NI R F)[D]. Beijing: Beijing University of
[34] An Tong(% J¥). Investigation on the Relationship between Technology, 2014

the Microstructure Evolution of the Intermetallic Compounds [35] Zhang X, Ma G J, Liu M K et al. Metals[J], 2019, 9(8): 834

in Solder Joints and the Micro-and Macro-mechanical

Investigation on the Interfacial Microstructure of the Steel/Lead Bimetallic Structure
Fabricated by the Hybrid TIG Arc and Droplet Deposition Manufacturing

Zhang Yongheng, Du Jun, Guo Xinxin, Wei Zhengying
(State Key Laboratory of Mechanical Manufacturing System Engineering, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: The direct metallurgical bonding of C45 steel/tin-lead alloy bimetallic structures was achieved by the hybrid TIG arc and
droplet deposition manufacturing. The microstructure, interface element distribution and main phases of the steel/lead bimetallic structure
were studied by OM, SEM and XRD. The results indicate that the steel/lead bimetallic structure interface formed by the droplet deposition
composite TIG arc additive manufacturing process are no obvious cracks, pores and other macroscopic metallurgical defects. According to
the distribution of intermetallic compounds (IMCs) at the steel/lead interface, there is both “reactive wetting” and “inert wetting” during
the impact and spreading of lead alloy droplets on the C45 steel substrate, where the reactive wetting interface has small fluctuations and
the IMCs at the interface are FeSb, and FeSn,, and the inert wetting interface does not precipitate reaction products and has tiny pore
defects. The IMCs layer thickness at the center of the molten pool is the largest, and the IMCs layer thickness is about 6 um. The IMCs
layer thickness at the interface shows a non-linear decreasing trend as the test position gradually moves away from the center of the molten
pool.

Key words: steel/lead bimetallic structures; intermetallic compound; fused deposition forming; reactive wetting
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