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Table 1 Chemical composition of row material and welding wire!'”

Material Mass fraction/%
Ni C Si Mn P S Cr Co Fe
Invar alloy
35.5-36.5 <0.01 <0.2 0.2-0.4 <0.007 <0.002 <0.15 <04 Bal.
Ni C Si Mn P S Cr Co Fe
Invar M93
36.20 - 0.53 0.55 - 0.53 0.23 - 61.43
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Table 2 Laser-MIG hybrid welding parameters

Sample No. Weld layer Laser power/W Weld current/A Weld voltage/ V Weld speed/(m'min ')

Root 5000 240 243 1

1 Filling 2000 250 24.6 0.35
Cover 2200 300 26.6 0.35
Root 5500 240 243 1

2 Filling 2400 250 24.6 0.35
Cover 2200 300 26.6 0.35
Root 6000 240 243 1

3 Filling 2800 250 24.6 0.35
Cover 2400 300 26.6 0.35
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Fig. 1 Laser-MIG hybrid welding experimental platform: (a)

‘KR 30HA’ KUKA robot; (b) ‘“TPS5000° Fronius welding
machine; (c) “YLS-6000’ fiber laser
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Fig. 2 Specimen size and laser-arc parameters: (a) Specimen

shape and size; (b) Laser-arc position, distance and angle
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Fig.3 Macro morphologies of laser-MIG hybrid welded specimens and joints: (a) Specimen 1; (b) Specimen 2; (c) Specimen 3
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Fig. 4 Macro topography parameters of Invar alloy weld with different laser powers: (a) Weld penetration; (b) Weld witch; (c) Weld

depth-to-witch ratio; (d) Test positions of weld
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Fig. 5 Microscopic structure of base metal, HAZ and weld beam at different weld layers: (a) Back weld; (b) Filling weld; (c)
Filling weld; (d) Cover weld
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Columnar dendrite

Fig. 6 Microscopic structure at weld seam center (region 1) and both sides of the center (region 2) of each weld layer : (a) Back
weld; (b) Top of back weld; (c) Cover weld; (d) Filling weld; (e) Local region of filling weld; (f) Columnar dendrite of filling weld;
(g) Cellular dendrite of filling weld; (h) Columnar dendrite of cover weld; (i) Cellular dendrite of cover weld
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Table 3 Weld heat input of each weld layer of sample 2

Weld layer Back weld  Filling weld  Cover weld
Heat input,
o 9615.60 20228.57 23897.14
E/(W-min'm™)
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Local area near fusion line

TEXE S LW, AR X 0 2073 (R D AR A A
WO MR B HEAT X ) 5 I 48 5 G X 1 H 2B
AT, WIS IS . AT
TIEMIAZ IS B ki 2 5 T il 5 2
i, RIVRRSEEN Y B SEAE I AL A%, FAZIX S
AR I3 T2 BRI AT TSR G MR AL i) i, DT
f R PR 27 G0 (2 282 N5 ) KB D5 55— Dl i,
5 B ALY Fe-Ni WU S2 s S P I K 5 0 L



526 & 500 FR W, &% Invar S BB06-MIG 6 2 BRI ML

1017

Tl TN AR P KA SE AR DAL T ot PR A2 Bl
REZBEW . noh, FEE LM bk 2 S8 & AT L
7 R T [ s SRR a3 B A O R B e 4t P B
BRI, XSGR A FERUNER AT, Wi
JE IR B FERZ AATIN S S A B S < s ol A
MhHE ERRIEOR, WURSEEE WRLRES S I & 2 L
I TEL AR A SR T R DR AR ) — it Al o

3 #ig

1) 19.05 mm JE% Invar & 4K FHEO0E-MIG IR
HRIEIT 2 JZ AR R SR . JR4EN
ARG, SRR, T IRZ RS A D
HiBe L.

2) WA TT 10, NFT )2 B 78 2 1 31 55 1
JEIK Invar £ &4 52 T SR B T o, SR AETR
% LU 2.51~2.66 Z /N2 0.8~0.92, TESURFIE 4T
SRAZ Ny AR o IREE 1 SR8 HAZ SERENJLT
0 BEANF] 200 pm AiA7. TR RS WISV IE
P WO R o

3) B2 A VR SR S L & O R T )
B, SRS P XA B BT 1) 43 A AR
PR s PRI A RSB e DR s ), R /AR ) AR
(DRI G dr o TR JEREESSRLEE D, AR,
pn DA ARG, R L X E0E 2R,
b AL RTR R A

4) PR PAE IR U EL T SO AT 2 AR B 1 o A 2R b
SRR, A SR A A/ o H 5 W) R 1)
2o 5 8 AN — 20 I T A2 I

REFERENCES

[1] VASILIEV V V, RAZIN A F. Anisogrid composite lattice
structures for spacecraft and aircraft applications[J]. Composite
Structures, 2006, 76(1): 182—189.

[21  Z/hIR, sk B, wefE, SO SERERUE R IR RS AR
WS Y AR [I]. TREEERLN, 2009, 10: 72-76.

YI Xiao-su, ZHANG Ming, AN Xue-feng, LIU Li-peng.

Development and application of advanced aeronautical polymer

matrix composites[J]. Engineering Plastics Application, 2009, 10:

72-76.

[3] ERjAHE, RESCAL, fRitde, BR o EANCESE AR TR
N ARG I BRI [I]. LS dEHoR, 2013, 15: 77-81.
QIU Qi-yan, CHENG Wen-li, XU Hong-bo, CHEN Jing. Some

issues on engineering manufacture of composites in domestic

(4]

(3]

(6]

(7]

(8]

]

[10]

(1]

[12]

aviation[J]. Aeronautical Manufacturing Technology, 2013, 15:
77-81.

TR, BRSO XL, B, &R, BHEUE.
ZEME Invar BERAEE AR HII]. s HEEoR, 2014, 11:
93-95, 99.

WANG Yu-hua, CHEN Jie, ZHAN Xiao-hong, LIU Hong-bing,
WANG Ming-su, LI Yu, DENG lJing-yu. Manufacturing
technology research on invar composites mould[J]. Aeronautical
Manufacturing Technology, 2014, 11: 93-95, 99.

TN, TKAM, BAT, MEEIL, X Invar ARG
T s TREUERE, 2011, 4: 485-488.

HUANG Gang-hua, ZHANG Dong-mei, YAN Dong-xiu, YANG
Ni-hong, LIU Wei-ping. Manufacturing technology research on
invar steel mould[J]. Advances in Aeronautical Science and
Engineering, 2011, 4: 485—488.

MR, SRIIER, WM, MRVt NideFe KNIRLA&—EHM
RERGE &[], &8 TS, 2009(6): 92-97.

CHEN Yun, ZHANG Ming-xia, MIAO Cheng-peng, YANG
Bin-xian. Ni36Fe INVAR alloy-the old material and new
application[J]. Metal World, 2009(6): 92—97.

ZHAO Yue, WU Ai-ping, YUTAKA S, HIROYUKI K. Fracture
toughness of friction stir welded Invar 36 alloy at low
temperature[J]. Transactions of the China Welding Institution,
2011, 32(12): 89-92.

B, R, B, SREK. R SRR A B
Bk =4l N ) B E R TS, h A AR AE R, 2010,
20(S1): s393—s398.

LIAO Zhi-qian, LIU Xi-lin, ZHOU Chuan, ZHANG Jian-xin.
Numerical simulation about three dimensional stress in titanium
alloy heavy plate of narrow gap welded joint[J]. Transactions of
Nonferrous Metals Society of China, 2010, 20(S1): s393—s398.
JEYAKUMAR M, CHRISTOPHER T. Defect assessment of
welded specimen considering weld induced residual stresses
using SINTAP procedure and FEA[J].
Nonferrous Metals Society of China, 2013, 23(5): 1452—-1458.
ik B, ENME, R, R PRI CO, 2R B IESN
SRR ) AR [D]. 9B OR A 244k, 2007,
4:394-397.

ZHANG Min, ZHOU Xiao-hua, LI Ji-hong, WANG Ying,

Transactions of

Research on finite element of residual stresses of CO, multipass
welding in mid-thickness plate[J]. Journal of Xi’an University of
Technology, 2007, 4: 394-397.

BIRIE, XZ] BOt— I A PR B A 2R T R4
FaPET]. #4284, 2012, 33(1): 29-32

LI Chen-bin, LIU Li-ming. Laser-arc hybrid welding of T-type
structure of titanium sheet[J]. Transactions of the China Welding
Institution, 2012, 33(1): 29-32.

WO, AR, ERE, R, gk, KA A B
H-rINE SRR [I]. HE4R, 2012, 33(11): 110-112.
ZENG Hui-lin, PI Ya-dong, WANG Xin-sheng, WANG Shi-xin,



1018

T EA OG5 R R

2016 4F 5 H

[13]

[14]

[15]

[16]

[17]

ZHANG Jie. Research on all-position laser-arc hybrid welding
for long distance transportation pipeline[J]. Transactions of the
China Welding Institution, 2012, 33(11): 110—112.

BAGGER C, OLSEN F O. Review of laser hybrid welding[J].
Journal of Laser Applications, 2005, 17(1): 2—14.

OB, R m AR, W, M E. LZESHEN
AZ31 BHEB0E-MIG EA RSB RIEmR). HEA G
J&2E4R, 2009, 15(2): 222-227.

[18]

IR W RV Tk K2, 2013.

ZHANG Jia-ming. Welding process optimization for invar steel
mold used in civil aircraft composite structures[D]. Harbin:
Harbin Institute of Technology, 2013.

LI G GAO M, CHEN C, ZENG X Y. Characterization
comparison of laser and laser-arc hybrid welding of Invar 36
alloy[J]. Science and Technology of Welding and Joining, 2014,
19(1): 30-37.

GAO Ming, TAN Bing, FENG Jie-cai, ZENG Xiao-yan, YAN [19] XU Pei-quan, BAO Chen-ming, LU Feng-gui. Numerical
Jun. Effects of welding parameters on weld shape of laser-MIG simulation of laser-tungsten inert arc deep penetration welding
hybrid welding of AZ31 magnesium alloy[J]. The Chinese between WC-Co cemented carbide and invar alloys[J].
Journal of Nonferrous Metals, 2009, 15(2): 222-227. International Journal of Advanced Manufacturing Technology,
QIN Guo-liang, SU Yu-hu, WANG Shu-jun. Microstructures and 2011, 53(9/12): 1049-1062.

properties of welded joint of aluminum alloy to galvanized steel [20] XU Pei-quan. Dissimilar welding of WC-Co cemented carbide to
by Nd:YAG laser + MIG arc hybrid brazing-fusion welding[J]. Ni42Fe50.9C0.6Mn3.5Nb3 invar alloy by laser-tungsten inert
Transactions of Nonferrous Metals Society of China, 2014, 24(4): gas hybrid welding[J]. Materials & Design, 2011, 32(1):
989-995. 229-237.

TE%E, m . R BRANEE N T T 2] B T, [21] RUTTER J W, CHALMERS B. A prismatic substructure formed
2002(5): 56—59. during solidification of metals[J]. Can J Phys, 1953, 31(1):
HE Xiao-rong, GAO Jian-jun. The technology for processing the 15-39.

precision low expansion alloy die[J]. Die &Mould Industry, [22] TILLER W A, JACKSON K A, RUTTER J W, CHALMERS B.

2002(5): 56-59.
K FH. RHLUE M S Invar 808 B T 240L0F53 D).

The redistribution of solute atoms during the solidification of

metals[J]. Acta Met, 1953, 1(4): 428—437.

Weld appearance and microstructure of
Invar alloys hybrid multi-layer welded joints using laser-MIG

CHEN Jie"?, ZHAN Xiao-hong', CHEN Ji-cheng', WANG Yu-bo',
YAN Dong-xiu?, WANG Yu-hua?, LIU Hong-bing’

(1. College of Material Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;

2. Shanghai Aircraft Manufacturing Co., Ltd., Shanghai 200436, China)

Abstract: Invar alloy plates with thickness of 19.05 mm were welded with Invar M93 filler wire by laser-MIG hybrid
welding. The effects of welding parameters on weld appearance including beam penetration, weld witch and
depth-to-witch ratio were analyzed. The features and the forming mechanism of the microstructure on different regions of
the weld were investigated. The results show that the weld depth-to-witch ratio gradually decreases from 2.6 to 0.86 in
average and the witch of HAZ obviously increases from back weld to cover weld, leading to the weld appearance
changing from nail-head shape to goblet shape. Narrow Austentic columnar dendrite crystals in longitudinal direction and
oblique diagonal cellular dendrite crystal are formed in weld center and off-centered area, respectively. The grain size in
different regions of the weld increases layer-by-layer. In addition, HAZ is also found at the boundary of adjacent weld
layers, where appears epitaxial solidification.

Key words: Invar alloy; laser-MIG hybrid welding; weld appearance; microstructure; crystal form
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