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Fundamental Study on Influence of Oxidation and Nitridation on Mechanical Properties of

Commercially Pure Titanium Fabricated by Wire-Arc Additive Manufacturing

by

Eisuke KUROSAWA* and Zhuyao CHEN**

Recently, additive manufacturing has been receiving considerable attention as a cost-effective technology compared

to traditional manufacturing methods for its capability of fabricating complex parts directly from feedstock materials.

In order to investigate possibilities of wire-arc additive manufacturing of commercially pure titanium by metal inert gas

welding under atmospheric condition, fundamental experiments mainly focusing on contamination during welding

process and its influence on mechanical properties of welded metal were conducted. From such experimental results, it
was clarified that nitridation attributes largely to hardening and embrittlement of welded metal. Moreover, it was shown
that promoting retention of shielding gas from welding torch or after shielding nozzle may be an effective solution to
lower such risk of contamination or embrittlement problem.
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Fig. 1 Schematic diagram of setup for MIG titanium welding.

Table I Welding conditions.
Welding After shield gas

Current Voltage

Case @A) W) ( ssf;;) fgmt)e
1 191 244 0.55 35
2 151 246 0.55 35
3 197 243 0.55 35
4 195 276 0.55 35
5 198 325 0.55 35
6 195 355 0.55 35
7 187 26 0.24 35
8 198 219 0.41 35
9 176 234 0.55 0
10 179 232 0.55 10
11 190 230 0.55 20
12 176 236 0.55 30

Measurement points
to obtain
mean hardness

- Smple for
composition
analysis

s

Fig. 2 Position of hardness testing and sample for inert gas fusion

analysis.
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Fig.3 Hardness distribution obtained by each welding condition.
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Table 2 Hardness and oxygen or nitrogen content of weld metal.

Mean Oxygen Nitrogen
Case hardness content content
(HV/1kef) (wt %) (wt %)
1 188.5 0.13 0.033
2 185.9 0.13 0.031
3 190.8 0.14 0.061
4 189.5 0.13 0.040
5 2102 0.15 0.076
6 209.1 0.15 0.095
7 161.2 0.12 0.007
g 164.2 0.12 0.005
9 2117 0.14 0.065
10 2163 0.15 0.083
11 2157 0.15 0.076
12 1822 0.14 0.045
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Fig. 4 Relationship between mean hardness, oxygen or nitrogen
content of weld metal and heat input.
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Fig. 5 Relationship between mean hardness, oxygen or nitrogen
content of weld metal and after shield gas flow rate.
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Fig. 6 Relationship between oxygen and nitrogen content of weld
metal.
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Fig. 7 Relationship between oxygen or nitrogen content and mean
hardness of weld metal.
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Fig. 8 Schematic diagram of additional setup for multi-pass MIG
titanium welding.

Table 3  Gas shielding conditions.

Case After shield gas Additional wall for
flow rate (L/min) gas retention
A 0 Without
B 35 Without
C 35 With

Parallel portion of
tensile specimen

Measurement
line of hardness

Fig. 9 Cross sections of multi-pass welding samples.
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Fig. 10 Hardness distribution of each cross section.
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Fig. 11 Sampling location for inert gas fusion analysis.

Table 4 Oxygen and nitrogen content of each sample.

Case Samp_ling Oxygen content Nitrogen content

location (wt %) (wt %)

Al 0.19 0.037

A2 0.19 0.027

A3 0.28 0.045

A4 0.27 0.055

A A5 0.24 0.043
Ab 0.25 0.058

A7 0.42 0.090

A8 0.39 0.087

A9 0.50 0.120

Bl 0.15 0.030

B2 0.14 0.019

B3 0.14 0.020

B4 0.15 0.040

B B3 0.17 0.041
B6 0.22 0.055

B7 0.16 0.040

B8 0.16 0.052

Cl 0.12 0.005

c2 0.11 0.005

c3 0.11 0.008

C4 0.13 0.009

C Cs 0.13 0.008
C6 0.12 0.014

c7 0.15 0.012

C8 0.15 0.018

C9 0.16 0.029
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Fig. 12 Relationship between oxygen and nitrogen content of multi-
pass welding sample.

BRI L, ARG ABURREIC K DR - 2R
FEOHT % F2hit L 72 A5 543 Table 4 38 KO8 Fig. 12 1R
Fig. 9 B LU Fig. 10 2 R5 &, HA— /L REMHFA DK
T 7 F—v—L RO EETICHEE A D 125812
i, B RERSCERBIE Il - B LRI
LR EE LT EIRA L < B S, Wi fE R © D T
FEVME GRAK 261 HVL, BEDD 10mm E TOF) 206
HV1) Z7RLTWe., —F, F&MEBBIUC~E TR
—L RHEZRE D DI LT, YREERA D LT
HERFDERR STz, MR I DUV T B4R B Tl
K23 228 HVI BLOEEDDH 10 mm F£ TOYEA 179
HV1 Tho7Dizxt L, FfC Tidm KR TH 180 HVI,
FIEH10mm £ TOFEINR154HV]I Tholo. S HIT
Table 4 & 1.5 & & A~C DWTNOEBAITE N TS,
FRBINCAT <IZ U7ed o TSk « &38R AN~ 216
I L TWBZ ERbnd. LLaenb, Fig 121
IRTEICH A=V REERED D Z L TigE - EHE
JEITR KHEICI R B, FRCSEME C CiEafr Licnd
FLOFEL B HIT & o 2 T JIS HKSEPAR (525525 2000
ppm LA T3 X OVEFE N 300 ppm LLTF) IZE->TNDH D
LR CE L. LLEX Y, SRR v —
v RHADOWEOMEHEE B & LAV A BN CaRIT 7
Z L, B ROl - kI L OV D 2R
FEEHOIMHNIRKE S FLGLTND I EAMEGR ST,
RIS, BT R A R 5 12012,
H A=)V REME A BELOBIC &0 8E L - Bk
DR (Fig. 9 \ORTH#R M ONLE) LV JIS14A 5
FRBR T IS YEL U 72 AT AR 6 mm, PATHRR & 33 mm B
FOVEERHA R27 mm OAMEER A 2 1 AT DL,
71 Ao~y REMGEE | mm/min & U7 SRIREREE TR0
ZRIERBRICHE L7z, 73, I8 — O3 BRI ORI
FEBEil S T A OGHT X D BN FHANR R %, MEmELR
L 02%IM ) OFEINITOT Al — N L L3RR %
e, LLEOSBERERKE R4 Table 512, 672G
—OFTHMR % Fig. 131073, b—F HRIZKDH—



#iF 2 2 74 Y 7 — 7 BREEEM OB RS RIE TR - SCEICB S 2 ST 129

Table 5 Results of tensile test.

Young' s 0.2% proof Tensile .
Elongation
Case modulus stress strength (I; )
(GPa) (MPa) (MPa) ’
A 111.64 534 607 8.0
B 112.70 435 502 24.4
JIS
— = - =
Gr.2 =215 340-510 =23
700 r
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600 |--------=2 / TN U S | ———————
q |
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Fig. 13 Nominal stress versus nominal strain curves.

RO E L5 A TiE, B X OSERENE L,
TEMEDMEVER T o712, 2, Bk X 51T, ey
D —)b REEARRIC L0 EEEE RN OISR B L OEER
BENKIEC LR/ L2 LTk L Cunafm e a5 L
TWab. —J, 7 72— —L Ry ERi L7244 B T3,
M3 LS REED ARz 6Ty, EHEICD
WTHHEGEL TWA Z LR TE D, E, fiTFx 2
FED AP I3 D B AR JIS JikS & ik LT,
SIEME R L OMMONRZENENTE ETIRICIEEN S O
D, M6 E O THEOFHENICIE >TND Z ERbD
MND. B, WEEEICEBT D v —v KT ADME %
B L7255 C OBAITHOWTIEEBERERIC X 5 21 %
FEhifi L TR b oo, Fig. 10 B L OV Fig. 12 (RT X 9
IR L OMESR - SERIRIENEME B ICHATERL Wk
WA BTN Z Enh, K0 &E L5 0sh Rk
DESND O EHELEESND.

DL EOSEFRFERFE NS, MIG BT 0F 204
YREEZIZOW TS, KRFHR T CHIEEsiTts; o
AL —)b RYEICEE 2D 2 & T, RO & 3
= =3 OaEER KOS OB RFE O M (R 1 7]
HETHDZ LR SN, L LS, X BEHERY
WROREEIEN 2 ¥ N TEATHIE, v=Eal—
HZRRY Y aF—IZ XDl & OMEEEEE LI A
)b RRIEREEMRO BN LEThH . I HIL,
A7av 2 EZALT 5 ETHE, EEHONEBLEDR
TEALITINZ. T, JEARRERE OREROAFENE & DOl SL b Fe

2725 EESND. R, SHEEEEhO ) 27, %N
THRFCHAET AER B L O B & O 558 &\ o
TBRETEET D L, BRI % Rz, =6
WIEEYNICHEI CE D LI R D L b EEEEZ BN
L. ZIUDH O FITOWTIEME L TRt At TS T
ETHD.

4 ¥ F

KREFEFLR T O MIG BB L5 F % U A YHEEE
T AOFERBMEERFT 72018, TA—/V RED
RENAEER O o v X I 32— 3 VOERRREERD
BEARA RN RAE 35 B BT 2 SRR A & JE 0 L 72 At
B, LTS %2157,

(1) #FEEPAICOR Y — REEHACKI LT, BHEAR
WEB DRSS & ek - SRR OFPI A FTRA L, — k17
TR L~V OB 2 TR 3 D120, FRICERIRE
O EFOMEINHRETH D Z ERH LN E T

Q) HAV—)V RIFIEZEER L COZBREEREICLY
FUE U= FEE R BRI L C b RIERORA 2 0 L 7=
FORER, REFHLAT ThoTHT7 74— —/L NI
MMz, REEETEICIRE L2 Ty —L R ADHHE %
IEHET DG 2 BN TCTRRIT 5 2 & C, WEERFD o # 3
F—a B L OEBROEBNEEOSILD ) AT &
KIBIIEKBTE 5 2 EARB STz,

s & X #®
1) F. Wang, S. Williams, P. Colegrove and A.A.
Antonysamy,  “Microstructure and  mechanical

properties of wire and arc additive manufactured Ti-
6A1-4V”, Metallurgical and Materials Transactions A,
Vol. 44, pp.968-977 (2013).

2) T. Nakano, “Additive manufacturing for titanium and
its alloys”, Journal of Japan Institute of Light Metals,
Vol. 67, No.9, pp.470-480 (2017).

3) B.Dutta and F.H. Froes, “The additive manufacturing
(AM) of titanium alloys”, Metal Powder Report, Vol. 72,
No. 2, pp.96-106 (2017).

4) B.Wu, D. Ding, Z. Pan, D. Cuiuri, H. Li, J. Han and Z.
Fei, “Effects of heat accumulation on the arc
characteristics and metal transfer behavior in Wire Arc
Additive Manufacturing of Ti6Al4V”, Journal of
Materials Processing Technology, Vol. 250, pp.304-312
(2017).

5) M.J. Bermingham, J. Thomson-Larkins, D.H. St John
and M.S. Dargusch, “Sensitivity of Ti-6Al-4V
components to oxidation during out of chamber Wire +
Arc Additive Manufacturing”, Journal of Materials
Processing Technology, Vol. 258, pp.29-37 (2018).

6) B.Wu, D. Ding, Z. Pan, D. Cuiuri, H. Li, J. Han and Z.
Fei, “The effects of forced interpass cooling on the
material properties of wire arc additively manufactured
Ti6Al4V”, Journal of Materials Processing Technology,
Vol. 258, pp.97-105 (2018).



R R.

.

B. Wy, Z. Pan, D. Ding, D. Cuiuri and H. Li, “Effects of
heat accumulation on microstructure and mechanical
properties of Ti6Al4V alloy deposited by wire arc
additive manufacturing”, Additive Manufacturing, Vol.
23, pp.151-160 (2018).

T. Nakano and T. Ishimoto, “Additive manufacturing of
titanium and titanium-based alloys”, Materia Japan,
Vol. 58, No. 4, pp.181-187 (2019).

S. Liu and Y.C. Shin, “Additive manufacturing of
Ti6Al4V alloy: A review”, Materials and Design, Vol.
164, 107552 (2019).

T. Artaza, A. Suarez, F. Veiga, 1. Braceras, I. Tabernero,
0. Lannanaga and A. Lamikiz, “Wire arc additive
manufacturing Ti6Al4V aeronautical parts using
plasma arc welding: Analysis of heat-treatment
processes in different atmospheres”, dJournal of

Materials Research and Technology, Vol. 9, No. 6,
pp.15454-15466 (2020).

H. Suzuki, T. Hashimoto and H. Matsuda, “Effect of
welding atmosphere on commercial pure titanium
welds”, Journal of the Japan Welding Society, Vol. 31,
No.4, pp.308-319 (1962).

T. Otani, “Titanium welding technology”, Shinnittetsu
Giho, Vol. 385, pp. 81-85 (2006).

N. Yamamoto, J. Liao, T. Murakami and K. Nakata,
“Fundamental study on fiber laser-MIG arc hybrid
weldability of pure titanium”, Journal of the Japan
Institute of Metals and Materials, Vol. 77, No.2, pp.39-
43 (2013).

J. Kotaki, “Characteristics and fabrication-welding
technologies of titanium & its alloys”, Journal of the
Vacuum Society of Japan, Vol. 50, No. 1, pp.36-40
(2007).



