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Optimization of Titanium Alloy Narrow-gap TIG Welding Process Parameters
Based on Orthogonal Experiment

LILi", MIAO Lulu, YAN Yongcheng

(School of Intelligent Equipment, Shandong University of Science and Technology, Shandong Tai'an 270019, China)

ABSTRACT: The work aims to address the issues of poor sidewall fusion, high porosity sensitivity, and significant differences
in thermal cycles during multi-pass welding in narrow-gap TIG welding of 20 mm thick TC4 titanium alloy medium-thick sheets
caused by the narrow groove, by systematically investigating the effects of welding current, welding speed, wire feed speed, and
tungsten electrode oscillation speed on the weld formation and mechanical properties of the root and filler layers through a lay-
er-specific optimization strategy, and clarifying the regulation mechanisms and priorities of process parameters for each layer.
Multi-pass welding experiments were conducted using a narrow-gap oscillating arc TIG welding system. Orthogonal experi-
ments with four factors and three levels were designed for the root layer and filler layer, respectively. The cross-sectional area,
penetration depth, and tensile strength were taken as evaluation indicators. Range analysis and variance analysis were employed
to determine the primary and secondary effects and significance of each factor. Combined with metallographic observation, the
influence mechanism of heat input on the microstructure evolution in the fusion zone and heat-affected zone was revealed. For
the root layer, wire feed speed was the dominant factor affecting the cross-sectional area (R=89.82); welding speed had the most
significant effect on tensile strength (R=25.9, P=0.031), and tungsten electrode oscillation speed also showed a significant effect
(P=0.028); welding current was the main factor influencing penetration depth (R=1.4). The optimized parameters were welding
current of 180 A, welding speed of 120 mm/min, wire feed speed of 0.8 m/min, and oscillation speed of 60 mm/s, corresponding
to a heat input of 1 080 J/mm, achieving a tensile strength of 910 MPa. For the filler layer, tungsten electrode oscillation speed
had an extremely significant effect on tensile strength (R=38.97, P<0.001), and wire feed speed had a significant effect (P=0.015).
The optimized parameters were welding current of 200 A, welding speed of 120 mm/min, wire feed speed of 1.5 m/min, and oscil-
lation speed of 55 mm/s, corresponding to a heat input of 1 300 J/mm, achieving a tensile strength of 908 MPa. Metallographic
analysis showed that as the heat input increased from 775 J/mm to 1 178 J/mm, the microstructure of the root layer weld evolved
from fine acicular martensite to a mixed a+f structure and then to coarsened Widmanstitten structure, while grains in the
heat-affected zone gradually coarsened. The filler layer exhibited a similar evolution trend, but grain coarsening was more pro-
nounced due to different heat dissipation conditions. In conclusion, the layer-specific optimization strategy effectively resolves
the problems of poor sidewall fusion and porosity defects, clarifying that the root layer requires a balance between penetration
and strength, while for the filler layer, the focus should be put on molten pool stirring and filler metal matching. Heat input is a
key factor in microstructure evolution; tensile strength first increases and then decreases with increasing heat input, reaching
peak values at approximately 890 J/mm for the root layer and 1 040 J/mm for the filler layer. Within an appropriate heat input
range, welded joints with fine microstructure and excellent mechanical properties can be obtained, providing a systematic ex-
perimental basis and theoretical support for the process design of multi-pass welding of thick sheets.

KEY WORDS: titanium alloy; narrow gap welding; orthogonal experiment; process parameters; heat input
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Tab.1 Chemical composition of sheets wt.%
Al A% Fe C N H o Ti
6.49 391 0.19 0.021 0.005 0.0012 0.169 Bal.

x2 BMBOLERS
Tab.2 Chemical composition of welding materials wt.%
Al \" Fe C N H (0] Ti
6.09 3.96 0.038 0.009 0.007 0.0030 0.138 Bal.
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Fig.2 Welding layer diagram
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Tab.3 Orthogonal test factors and levels for root layer welding and heat input
No. Welding Welding §p§led/ Wire fee(li igeed/ Tungsten electrode qslcillation Heat in}i)ll.lt/
current/A (mm-min ) (m'min ") speed/(mm-s ) (J'mm )
1 140 110 0.6 40 916.36
2 140 120 0.8 50 840
3 140 130 1.0 60 775.38
4 160 110 0.8 50 1 047.27
5 160 120 1.0 60 960
6 160 130 0.6 40 886.15
7 180 110 1.0 60 1178.18
8 180 120 0.6 40 1 080
9 180 130 0.8 50 996.92
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Tab.4 Orthogonal test results of root layer

NO. Appearance Cross-sectional area Tensile strength Tensile strength Penetration Fracture location
of the weld/mm? testl/MPa test2/MPa depth/mm

1 Good 145.76 856.6 861.2 5.5 Weld seam

2 Good 95.34 861.8 925.4 5.3 Weld seam

3 Good 87.38 875 872.4 5.6 Weld seam

4 Good 94.78 902.4 883.6 6.6 Weld seam

5 Good 106.74 782.6 961.2 6 Base material
6 Good 79.84 806.8 876 5.9 Base material
7 Good 175.74 909.4 876.8 7.4 Base material
8 Unformed

9 Good 133.76 855.6 876 6.4 Base material
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Fig.4 Weld defect map of test group 3: a) weld discontinuity;
b) porosity appears on both sides of weld
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Tab.5 Cross-sectional area range of root layer weld

b ARAERIHIH B
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Tab.6 Mean & SD of tensile strength of root layer weld

No. g RIS iy St
Testl/MPa
1 856.6 861.2 858.9 3.25
2 861.8 925.4 893.6 44.97
3 875 872.4 873.7 1.84
4 902.4 883.6 893 13.29
5 782.6 961.2 871.9 126.29
6 806.8 876 841.4 48.93
7 909.4 876.8 873.93 34.51
8 876.8 23.05
9 855.6 876 876 14.42

. Welding Wire feed Tungsten elec-
Welding e
Factor current/A speed/ speed/  trode oscillation
(mm'min") (m'min"") speed/(mm-s ")
K, 328.48 416.84 338.4 428.24
K 281.36 303.12 285.32 262.77
K; 464.25 369.86 369.86 315.92
ky 109.49 138.95 112.8 142.75
ky 93.79 151.56 95.11 87.59
I 154.75 123.29 184.93 105.31
R 60.96 28.27 89.82 55.16
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Fig.5 Variation curves of £ under different horizontal test parameters for root layer: a) weld cross-sectional area;

b) tensile strength; c) penetration depth
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Tab.7 Tensile strength range of root layer weld

. . . Tungsten elec-
Wire feed
Welding Welding speed/ re tee Tungstgn el;ctrode Welding Welding  Wire feed trode oscilla-
Factor S speed/ oscillation Factor speed/ speed/ .
current/A  (mm-min ) ‘min”)  speed/(mm-s ) current/A (mm'min) (m-min ") tion
(m'min ")  Sp speed/(mm-s ")
Ky 26262 2 625.84 259341 2596.59 ky 868.77 886.2 884.13 869.64
K, 260631 2 658.6 2652.39 2 608.92 ) 877.61 860.3 873.18 886.6
K; 263283 2 580.9 2619.54 2659.8 R 8.84 25.9 19.66 21.07
ky 875.4 875.28 864.47 865.53
x8 NERBENMBEBERELER
Tab.8 Tensile strength variance of root layer weld
Factor Sum of squares  Degrees of freedom Mean square F value P value Significance
Welding current 144.6 2 72.3 0.41 0.676 No significant
Welding speed 1 860.7 2 930.35 5.27 0.031 Significant
Wire feed speed 988.5 2 494.25 2.8 0.114 No significant
Tungsten electrode 1915.2 2 957.6 5.43 0.028  Significant
oscillation speed
x99 NRERERRBRELSR
Tab.9 Penetration depth range of root layer weld
. . Tungsten elec-
Welding Welding speed/ Wire feed Tungster} elqc- Welding Welding speed/ Wire feed trode oscilla-
Factor e speed/ trode oscillation | Factor e speed/ -
current/A  (mm-min ) 1 - current/A  (mm-min ) 1 tion speed/
(m'min ")  speed/(mm-s ) (m-min ") 2
(mm-s )
K, 16.4 19.5 17.1 18.9 ky 6.2 5.75 6.4 5.6
K, 18.5 17.25 19.3 16.8 ks 6.9 6 6 6.2
K 20.7 17.9 17.9 18.6 R 1.4 0.75 0.7 0.7
ky 5.5 6.5 5.7 6.3
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Fig.6 Comparison of fusion shapes of root layer weld: a) faulty fusion; b) normal fusion; c) back weld is fully penetrated
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Fig.7 Metallographic structure of fusion zone of root layer weld: a) welding heat input of 775.38 J/mm;
b) welding heat input of 960 J/mm; c) welding heat input of 1 178.18 J/mm
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a PR A 775.38 J/mm

b BB A960 J/mm

200 pm

c MR AL 178.18 J/mm

K8 ITIRIZARAE PG IR X A 4L
Fig.8 Metallographic structure of heat-affected zone of root layer weld: a) welding heat input of 775.38 J/mm;
b) welding heat input of 960 J/mm; c) welding heat input of 1 178.18 J/mm
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T, P AR S TR, TR AT BRI B £ )
P A CE TR R R s T, A BT D — SR
P AR R b, I BCRFLSF o X e o B Ik 3 06 (E
910 MPa ZE 45 I, FEEE I A K 886 J/mm, ILHFTR
V2 B 4 AR 2035 AR X BRARCIRZS: o s b 1404 ) 1 i
HEITCRINY BORB]—FTf ., SR, B A 4k
SEHem, hrARTREI G IR, JEEUE, FTR)ZE 2 200
Pt 2, o m A ST IRE I Aok e 5 A
(anfEl 8c 7R )o dbkiAE T T 4 R R 455 B i AS W A=
Koo BLKB SR REAR T A A A AL, D8 T fb X 7
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S 11 I R KT B AN A CIBA SIS R N 4 O F L B
5TIR)Z NI & A B 2 B A i B 5% o e i iR
BAR, AT BEAR A — 2 Y REAH A 5% AE sl AR 1 A B o
ST AR T RE TR S U P X R R A — o I T
A o o (e ik - 3R AT % T DR T R AT IC 2 1 B
SRR 2 3 W P (KR ER , A0 B £ 1) S Y B
RAE . AR I A K/ INRIRAS 5 8 R P i 2 A~
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B AN A28 R O SR R R A A R I AR A B ) A
/N, R Bl R S AR RO R A AR A A,
Bl T TR0 T PR e v Gl R AT, LAARTIE SR
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Fig.9 Curve of relationship between root layer welding quality factors and heat input:
a) tensile strength; b) penetration depth
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®10 EHABRBRBREXIRKBERKERABAN
Tab.10 Orthogonal test factors and levels for filler layer welding and heat input

Welding speed/

Wire feed speed/

Tungsten electrode oscillation

Heat input/

NO.  Welding current/A (mm-min ") (m-min ") speed/(mm-s ") (J'mm Y

1 160 120 1 50 1040

2 160 130 1.3 55 960

3 160 140 1.5 60 891.43

4 180 120 1.3 60 1170

5 180 130 1.5 50 1080

6 180 140 1 55 1 002.86

7 200 120 1.5 55 1300

8 200 130 1 60 1200

9 200 140 1.3 50 1114.29

®11 ERBEEXREER
Tab.11 Orthogonal test results of filler layer

NO Appemamce  Copsetemioss Tomlesmsh Tt o oo

1 Good 195.62 903.4 880.6 Weld seam

2 Good 193.86 869.8 840.2 Weld seam

3 Stoma

4 Good 234.54 872.4 885 Weld seam

5 Good 223.82 900 917 Base material

6 Good 184.98 806.8 876 Weld seam

7 Good 253.52 867.8 891 Weld seam

8 Good 230.14 872.6 872.8 weld seam

9 Good 203.54 886.2 898.2 Weld seam

®12 HERBEEHERREER
Tab.12 Cross-sectional area range of filler layer weld
pacor Yelding Weldingspecd/ 28 G (oS i | pacor Veding Weldingspecar "I qB e,
(m'min ') speed/(mm-s ) (m'min ") speed/(mm-s )

K 588.42 683.68 610.74 662.98 ky 214.45 215.94 210.65 210.79
K, 643.34 647.82 631.94 632.36 ks 229.07 194.26 238.67 232.34
K 687.2 582.78 716.01 697.02 R 34.33 33.63 34.89 24.68
ki 194.74 227.89 203.78 207.66

Weld cross-sectional area/mm?

—eo Welding current — Welding speed

Wire feed speed

250

Oscillation speed

200 //

150 -
100 -

50 -

~

Average tensile strength/MPa

kb ko ks b kb ks K

a JRAERTETE A
K10 HFEEAFEKFIRRSECT kA2

Fig.10 Variation curve of k under different horizontal test parameters for filler layer:
a) weld cross-sectional area; b) tensile strength
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® 13 HEARRBRENAEEHEMREE
Tab.13 Mean & SD of tensile strength of fill layer weld

N Tensile strength Tensile strength Mean Standard N Tensile strength Tensile strength Mean Standard
o testl/MPa test2/MPa ca deviation o testl/MPa test2/MPa ca deviation
1 903.4 880.6 892 16.12 6 806.8 876 841.4 48.93
2 869.8 840.2 855 20.93 7 867.8 891 879.4 16.4
3 877.49 16.49 8 872.6 872.8 872.7 0.14
4 872.4 885 878.7 8.91 9 886.2 898.2 892.2 8.49
5 900 917 908.5 12.02
x14 HRRBRENAEBEERELER
Tab.14 Tensile strength range of filler layer weld
Welding Welding  Wire feed Tungstep electrode Welding  Welding speed/ Wire feed Tungstel? elep-
Factor speed/ speed/ oscillation speed/ | Factor ) speed/ trode oscillation
current/A . R 71 current/A  (mm-min ) - 3
(mm'min ') (m-'min ) (mm-s ) (m'min ')  speed/(mm-'s )
K, 262449  2650.11 2 606.1 2692.71 ks 876.2 878.73 875.3 858.6
K, 26289 2636.19 26259 25758 ks 881.43 870.36 888.46 876.3
Ky 264429 2611.08 266538 26289 R 6.6 13.01 19.76 38.97
ki 874.83 883.37 868.7 897.57
RMIBEH, BEAE B A NS, Y shd  F R e 2 R R

FERGRET, k ESEHKIGIN . YIEHRIT 200 A
JEBEH A 120 mm/min | 3K 22354 1.5 m/min, #54%
BEEHEE N 55 mm/s B, ko, DAREUER KA 48 hir
R ey Hiw, AL WERZEETZSHN, |
7200 A JEEEH 120 mm/min %223 1.5 m/min .
AR TR 55 mm/s, A 7 SEEAMSE, Bt
LR A K 1300 J/mm, 3E 35 )2 BAgh fR5m ) iy
ZIHREINER 14 PR, R AR P
KT 0.05, FErR I v I R AR 2% 0 B oSBT J 2 R e T
R BE B AN 2 3 IR 2R P /N T 0.05, #
71N 24 T JRE G S T S K A A 5 B 1 R ) L A

222 HRREEHRBANESHEARNN

BTS2 i A8 /ME 960 J/mm [ 2 S4B
WEE . P AE T rRRIE 1 080 J/mm Y 5 SRR
FEFERKAE 1 300 J/mm ) 7 SR80, BWARIERT
JE IR AT A SRR, BUR BRI &
DX A ] DX A A58 X G E AT T A AR AL 4
A X ESMHAL A mE 11 por, 54782
FHEG, FTIR )2 2 B SO ME R 5, LSV 41/ N8
BTS2 51 R 5 AR B ROT AE XTI 2 1 R — 2 (A
1la TR )0 i J2 KR 3 70 2 52 BB b4 53804 V8 AR X

RO PAA/NT 0.01, RSPk sid ERES . #, W ERE . BRI AR I, SRR
*x 156 HEZBRRBRENMEBEEFEER
Tab.15 Tensile strength variance of filler layer weld
Factor Sum of squares  Degrees of freedom  Mean square F value P value Significance
Welding current 146.7 2 73.35 0.81 0.474  No significant
Welding speed 514.7 2 257.35 2.85 0.110  No significant
Wire feed speed 12555 2 627.75 6.95 0.015  Significant
Tungsten electrode 1915.2 2 2346.15 25.98 <0.001  Highly significant
oscillation speed
*16 HEZRBRENAEERELER
Tab.16 Tensile strength range of filler layer weld
. . Wire feed Tungsten electrode . . Wire feed  Tungsten elec-
Factor " eiding Welding sp < d/ speed/  oscillation speed/ | Factor Welding - Welding sp < & speed/  trode oscillation
current/A  (mm-min ) ] i current/A  (mm-min ') O] 1
(m'min ) (mm-s™) (m'min )  speed/(mm-'s )
K, 2 620.5 2 658.5 2 645 2 667.6 12 883.2 872.7 872.9 874.4
K, 2 649.7 2618.2 2618.7 2623.2 ks 881.8 882.7 889.2 875.7
K; 26454 2 648.1 2 667.6 2627 R 9.7 13.5 16.3 14.8
ky 873.5 886.2 881.7 889.2
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200_um

a JREEHA A 960 J/mm

S 200um

b A1 080 J/mm

c MR AL 300 J/mm

B 11 BRI A X AR S
Fig.11 Metallographic structure of fusion zone of filler layer weld: a) welding heat input of 960 J/mm,;
b) welding heat input of 1 080 J/mm; c) welding heat input of 1 300 J/mm
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T2 T [QRARAE , 17172 22 20 2 E Al 1] T I0 i A )
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PR TR, PO R B SITIRE AR,
YRR ARXT RN (AnEl 11b B ). e A il
ZUp B R B IC IR BURFIE , o AHERRLR 9 Rtk
R RAR CInE 11e s ). SITIRZ MGG A T
FALE, BRI RO, Bt , VAT ™ o

P X 1 e ALV I 12 Bs, Bl A
F BB, FTREJE PG X Z R 295, 41ZUH AL
FIPEREE AL TR EANXT B/, TR A R X h 52

200 um
a JE:HAR A 960 J/mm

b JEEHE AL 080 J/mm
U ey 3 r = / -

| 200 pm

¢ JEIEHET AL 300 J/mm

12 S5 2 RS B e X AH 4 41
Fig.12 Metallographic structure of heat-affected zone of filler
layer weld: a) welding heat input of 960 J/mm; b) welding
heat input of 1 080 J/mm; c) welding heat input
of 1 300 J/mm
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2.2.3 HFEREEREWNIT AL EH R0

W 13 Fos, STRIZZEL, 4% A 996 J/mm
AR/ 11 VA (Y= N 3 O 3 1 R 100 =3
JREE XSRS A P AT B, A R R, K sk
&R e BE R PR AN A AR ALY (CAnfEl 11a i
7)o AR, SRS AE B Tl & £ T R i ke
PR, TC4 8k & En (AL FIEL (V) 4
4 T R AE A B AP A R RN 45 B[] B HOAS 7247
REMETEMRAE TP ORFF BN B 5T 0 40 A, A R T4 v A
(SR EPERE . RlE A AR IR 1 040 J/mm, $i7fH5s
JBE IR BN AF, JELTT 23 F 4 1) Fol U 285 4 2k 3R X S IR
A (I 11a FR ). DL, B iR H s fiG 4
TCE MY HOE B — R, REETIE R T RIS otp
PIARALSUEL I RIEZS, o AR B AR AY BRI a6 44 )
BB IR SZ BRI PIN T, FEIX A AL P, K4
PG R 1 70 )2 T 1B 2H 20 B9 ARG i s Ak T AR R B
PIFERE , WA S B A SURAL R TERE TR (AniE
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Ko, TE BRI SRLE5#a , DI REAIS T 4 Ak B B fifr
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Fig.13 Curve of relationship between average tensile
strength of filler layer weld and heat input
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