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Fig. 1 Experimental equipment for laser wire vacuum additive manufacturing. (a) Overall equipment; (b) equipment in vacuum

chamber; (¢) wire feeding system; (d) laser and wire arrangement
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Fig. 2 Additive manufacturing of thin-wall part. (a) Figure of
liquid bridge transfer; (b) sample
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Table 1 Process parameters of solution aging heat treatment

Sample Temperature /°C  Time /h Cooling method
950 1 Air cooling
SAT500 . ;
500 4 Air cooling
950 1 Air cooling
SAT600 . .
600 4 Air cooling
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Fig. 3 Polarization curves of different samples in NaCl solution

with mass fraction of 3.5%
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Table 2 Corrosion potential and corrosion current density

values of different samples

Sample E../V ivor /(LA /cm?)
AM —0.213 2.595

SAT500 —0.175 0.035

SAT600 —0.238 0.351
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Fig. 4 EIS measurement results. (a) Nyquist plots; (b)(¢) Bode plots; (d) equivalent circuit model
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Table 3 EIS parameters of equivalent circuit for test samples
Sl R./ CPE, / , R,/ CPE, / R,/ )
AP (qeem?) (Ses"/em?) n (10'Q-cm®) (S+s™/cm?) e (Q-cm?) x
AM 181.6 2.999x10 ° 0.4834 2.341 9.797x10 7 0.6234 758.300 3.024x10°
SATS500 172.4 3.323X10°° 0.8093 4.08 1.223X 10" 0.8303 1.461X10° 3.046 10"
SAT600 91.02 1.357Xx 10" 0.6867 3.975 3.042X107° 0.9199 9.328 7.323X107"
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Fig. 5 XPS full spectra of passive films formed on different

sample surfaces
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Fig. 6 High-resolution XPS spectra of passive films formed on different sample surfaces. (a)(d)(g) Ti 2p; (b)(e)(h) O 1s; (c)(D)(i) Al 2p
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Table 4 Results of peak fitting of high-resolution XPS spectra SATEO0
Binding energy /eV ) 80~ [T SAT600
Peak Chemical state ©
AM SAT500  SAT600 5
3
453.94 - 454.07 Ti g%
456.8 456.90 456.90 Ti,0, “E
= 40
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Ti2p <
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532.30 53152 53174 OH 7 A iR 42 1 6 A B T 78 2 25 A 5 0
Al 2p 74.6 74.63 74.6 ALO, Fig. 7 Valence distributions of Ti elements in passive films

formed on different sample surfaces

1A I Ny B Ll R = = = 7 = O A
SATS500 ik A 2 T B Ak B b 19 TiO, 7 & B mr , Hofii ik 33 WMARALSW
PR AL , 5 A 2 R &5 SR — 2 El 8 FE 94 M @R T AM.SATS500 Fl SAT600

2402305-5



% 50% £ 24 #1/2023 £ 12 B/ E#

B8 ARHXFEN IPF.(a)AM;(b)SATS500;(c)SAT600
Fig. 8 1IPFs of different samples. (a) AM; (b) SAT500; (¢) SAT600
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Fig. 11 KAM maps of different samples. (a) AM; (b) SAT500; (¢) SAT600

@ A Az

Vb
LRAN S A AN
AN °\\‘&”A\/‘ 4
grain q-\\“ n\'ﬁ'\! .\"
boundary Y 3 Wt

distribution

d) 0.4 e) 04
= LAGB of 0.351 &

HAGB of 0.649

b . L _1_ |

statistics
result

Relative frequency
e
[\]

Relative frequency
=}
Do

LAGB of 0.237
HAGB of 0.763

() 0.4

LAGB of 0.153
HAGB of 0.847

Relative frequency
(=}
[\V]

0 30 60 90 0
Misorientation angle /(°)

30 60 90

Misorientation angle /(°)

.
30 60 90

Misorientation angle /(°)

0

B2 AR B o A NGS5 2R (2) (d) AME; (b) () SAT5005 (¢) () SAT600
Fig. 12 Grain boundary distributions and statistics results in different samples. (a)(d) AM; (b)(e) SAT500; (c)(f) SAT600

TRRE Y 7 4% 98 i B 5 T SATS500 Al SAT600 R AE , [H
I AM R A LAGB ol 5
4 et

BT B Ak AR A XPS 2 87 5 58 K B, 18 5 5k
Aab BRI G 2 B ORI 22 B S BB TI6A14V Y it i
PERE , JE R A 45 F [ 375 o 204k B 5 M RHROW 41 2 1Y) AR
o BLARFRB N, [ o 2 ah 385 R b g AH 1 i
W Z | R AR AT plotE BE A T AR oA . BE AL, BT o TR AH
(1) 7 A HL A 22 10 5 | % T e b 8 e L e T 5 i sk 4
PG TI6ALAV o1 B o I AH Y PR FH LU R A, 5 08 1l i
FL gt IS AR R B B 194 AR X T R L U0 8 5 ok ek
VLR v R R (HR A 9 B, =AM Y
BAH F Xy A /b, TR M A N B A 5 2 T i ok 4 B 1) 2

BN, SEAMRE ST —8. B 11 BoR, BiE K
Ab S AT R R S S WIS AN R R T 7 A R S A R
AR LA A v A Ak A T M F k2 Dl S A e b &
AR R /N A A R A R T S R R R RE L DD A1,
il A TR MR A W, — I, SR S G
THOULJE ok, 55708 f BE A SRR B, K B R AT ) 2 2
ol T o RS A L S A A R o R ) L 9, 5 Bt
PMERE TR, (A — 5T, AL T RAEA L E S N
Bl T IR A A, i R Al A BT B, AT 4R g T el B
CEA TR AT A A R W | [ I A A B T R v ok
PERE , 150 B & AR N T 2 a5 08 1 B S T it 1) 1 ) 22
KT HIE g EN . 5 SAT500 LR e, SAT600
WORE RO K M R RS, (kM L
SATS500 0 FE 22, F 2R FE JE SAT600 K EEH 1) o F 2

2402305-7



% 50% £ 24 #1/2023 £ 12 B/ E#

5T PP 2

5

2k 7
T8 a5 X [ 3 B SR A PR I IO I 22 LA B B

1 TI6A14V k& 4 A JE Dl AT SR R 0L 4 2 i3k 17 %) |
Whoe 453 AR 4548

1) (2] 95 Pk 250 K Ak T ok 222 JA i 3R, 494 5 i ok

fE. 5 SATS500 K AEAH L, SAT600 R ALY o« Fr B 728
&, S RE AR £

o

yiili

[1]

(2]

(3]

(6]

(8]

(9]

[10]

[11]

[12]

2) [ 4 I 24 T B ¢ LB 9 THO,
U 0 2 ELBI B R S B o 3
3) [0 3¢ A S Sk 0B IR o B, K
S P LA, 5 e 4

Z % x M

Nguyen H D, Pramanik A, Basak A K, et al. A critical review on
additive manufacturing of Ti-6Al-4V alloy: microstructure and
mechanical properties[J]. Journal of Materials Research and
Technology, 2022, 18: 4641-4661.

Attar H, Calin M, Zhang L. C, et al. Manufacture by selective laser
melting and mechanical behavior of commercially pure titanium[J].
Materials Science and Engineering: A, 2014, 593: 170-177.

Gibson B T, Bandari Y K, Richardson B S, et al. Melt pool size
control through multiple closed-loop modalities in laser-wire
directed  energy  deposition of  Ti-6Al-4V[J].  Additive
Manufacturing, 2020, 32: 100993.

Liu S, Brice C, Zhang X L. Interrelated process-geometry-
microstructure relationships for wire-feed laser additive manufacturing
[J]. Materials Today Communications, 2022, 31: 103794.

FuY L, Demir A G, Guo N. Additive manufacturing of Ti-6Al-
4V alloy by micro-laser metal wire deposition with pulsed wave
emission: processability and microstructure formation[J]. The
International Journal of Advanced Manufacturing Technology,
2023, 126(5): 2693-2711.

Sun W Z, Shan F H, Zong N F, et al. A simulation and experiment
study on phase transformations of Ti-6A1-4V in wire laser additive
manufacturing[J]. Materials & Design, 2021, 207: 109843.

Brandl E, Palm F, Michailov V, et al. Mechanical properties of
additive manufactured titanium (Ti-6A1-4V) blocks deposited by a
solid-state laser and wire[J]. Materials &. Design, 2011, 32(10):
4665-4675.

Mahamood R M, Akinlabi E T. Corrosion behavior of laser
additive manufactured titanium alloy[J]. The International Journal
of Advanced Manufacturing Technology, 2018, 99(5): 1545-1552.

Ibrahim M Z, Sarhan A A D, Shaikh M O, et al. Investigate the
effects of the laser cladding parameters on the microstructure,
phases formation, mechanical and corrosion properties of metallic
glasses coatings for biomedical implant application[M]// Almangour
B. Additive manufacturing of emerging materials. Cham: Springer,
2019: 299-323.

Yao J H, Wang Y, Wu G L, et al. Growth characteristics and
properties of micro-arc oxidation coating on SLM-produced TC4
alloy for biomedical applications[J].
2019, 479: 727-737.

Ramasamy P,

Applied Surface Science,
Sundharam S. Microhardness and corrosion
resistance of plasma sprayed bioceramic bilayer coated Ti-6A1-4V
implants[J]. Journal of the Australian Ceramic Society, 2021, 57
(2): 605-613.

LiJQ, Lin X, Wang J, et al. Effect of stress-reliefl annealing on
anodic dissolution behaviour of additive manufactured Ti-6A1-4V
via laser solid forming[J]. Corrosion Science, 2019, 153: 314-326.

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[26]

[27]

[28]

[29]

2402305-8

Ettefagh A H, Zeng C Y, Guo S M, et al. Corrosion behavior of
additively manufactured Ti-6A1-4V parts and the effect of post
annealing[J]. Additive Manufacturing, 2019, 28: 252-258.

XuY Z, LuY, Sundberg K L, et al. Effect of annealing treatments
on the microstructure, mechanical properties and corrosion
behavior of direct metal laser sintered Ti-6Al1-4V[J]. Journal of
Materials Engineering and Performance, 2017, 26(6): 2572-2582.
SR, SR, ARG, AR B B EO X A O TC1L
B S 2R RE AU (7). PO, 2021, 48(6): 0602117,

Dou E H, Xiao M L, Ke L D, et al. Effect of heat treatment on
microstructure and mechanical properties of selective-laser-melted
TC11 titanium alloys[J]. Chinese Journal of Lasers, 2021, 48(6):
0602117.

Liu Z, Zhao Z B, Liu J R, et al. Effects of solution-aging
treatments on microstructure features, mechanical properties and
damage behaviors of additive manufactured Ti-6A1-4V alloy[J].
Materials Science and Engineering: A, 2021, 800: 140380.

Sul L, Xie HM, Tan C L, et al. Microstructural characteristics
and tribological behavior of an additively manufactured Ti-6A1-4V
alloy under direct aging and solution-aging treatments[J]. Tribology
International, 2022, 175: 107763.

TR, TR, REA, & UL B LMD TC44H 4L J1 244
fiE 245 1 SRR 2 [T]. |06, 2021, 48(10): 1002116,
Wang P Q, Wang Y Y, Wu M J, et al. Effects of heat treatment
on microstructure, mechanical properties, and anisotropy of laser
melting deposited TC4[J]. Chinese Journal of Lasers, 2021, 48
(10): 1002116.

Caballero A, Ding J L, Bandari Y, et al. Oxidation of Ti-6Al-4V
during wire and arc additive manufacture[J]. 3D Printing and
Additive Manufacturing, 2019, 6(2): 91-98.

Bermingham M J, Thomson-Larkins J, St John D H, et al.
Sensitivity of Ti-6Al-4V components to oxidation during out of
chamber Wire -+ Arc Additive Manufacturing[J].
Materials Processing Technology, 2018, 258: 29-37.
Ding W W, Wang Z W, Chen G, et al. Oxidation behavior of low-
cost CP-Ti powders for additive manufacturing via fluidization[J].
Corrosion Science, 2021, 178: 109080.

Sallica-L.eva E, Caram R,

Journal of

A L,

improvement due to martensite ' decomposition in porous Ti-6Al-

Jardini et al. Ductility
4V parts produced by selective laser melting for orthopedic implants
[J]. Journal of the Mechanical Behavior of Biomedical Materials,
2016, 54: 149-158.

Hanawa T, Asami K, Asaoka K. Repassivation of titanium and
surface oxide film regenerated in simulated bioliquid[J]. Journal of
Biomedical Materials Research, 1998, 40(4): 530-538.

Wu B T, Pan Z X, Li S Y, et al. The anisotropic corrosion
behaviour of wire arc additive manufactured Ti-6Al-4V alloy in
3.5% NaCl solution[J]. Corrosion Science, 2018, 137: 176-183.
Xu Y, Li Z P, Zhang G Q, et al. Electrochemical corrosion and
anisotropic tribological properties of bioinspired hierarchical
morphologies on Ti-6A1-4V fabricated by laser texturing[J].
Tribology International, 2019, 134: 352-364.

Metikos -Hukovic M, Kwokal A, Piljac J. The influence of
niobium and vanadium on passivity of titanium-based implants in
physiological solution[J]. Biomaterials, 2003, 24(21): 3765-3775.
EA R, B, RTA, F KT ERREIRBEZRE S8
L2 I iR IS [T, E WO, 2022, 49(14): 1402806.

Wang Z D, Wang S B, Wu E K, et al. Study on electrochemical
corrosion characteristics of titanium alloy repaired by underwater
directional energy deposition[J]. Chinese Journal of Lasers, 2022,
49(14): 1402806.

Gong X J, Cui Y J, Wei D X, et al. Building direction dependence
of corrosion resistance property of Ti-6Al-4V alloy fabricated by
electron beam melting[J]. Corrosion Science, 2017, 127: 101-109.
Dai N W, Zhang L. C, Zhang J X, et al. Distinction in corrosion
resistance of selective laser melted Ti-6A1-4V alloy on different
planes[J]. Corrosion Science, 2016, 111: 703-710.



% 50% 5 24 #1/2023 £ 12 B/ E#

Effect of Solution-Aging Treatment on Corrosion Resistance of Ti6Al4V via
Laser Wire Vacuum Additive Manufacturing

Ding Xueping', Zhang Qi*, Ma Honglin’
'School of Material Science and Engineering, Chongqing University of Technology, Chongging 400054, China;
*Chongqing Key Laboratory of Additive Manufacturing Technology and Systems, Chongqing Institute of Green
and Intelligent Technology, Chinese Academy of Sciences, Chongqing 400714, China

Abstract

Objective Laser wire vacuum additive manufacturing (LWVAM) is a highly promising metallic additive manufacturing technology.
However, Ti6Al4V alloys fabricated via LWV AM have inferior corrosion resistance due to the higher fraction of acicular o’ phase and
larger residual stress from rapid melting and solidification in the laser additive manufacturing process. Previous studies have shown
that annealing treatment can improve corrosion resistance in Ti16Al4V parts fabricated by laser additive manufacturing, but their
strength and hardness are reduced. As is known, solution-aging treatment (SAT) can not only improve the strength and hardness of
titanium alloy, but also its ductility and toughness. Therefore, this study investigates the effect of solution-aging treatment on the
corrosion resistance of Ti6Al4V via laser wire vacuum additive manufacturing to explain the underlying reasons for the changes in

corrosion resistance based on microstructure analysis.

Methods Ti6Al4V samples are fabricated by laser wire vacuum additive manufacturing. The solution-aging treatment parameters
are shown in Table 1. To simplify the description, the as-fabricated sample and solution-aging treatment samples are labeled AM,
SATS500 and SAT600, respectively. The microstructure of samples is observed by scanning electron microscope (SEM) with electron
back-scatter diffraction (EBSD). The electrochemical tests, including electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization, are conducted in NaCl water solution with mass fraction of 3.5%. An X-Ray photoelectron
spectroscopy (XPS) surface analysis system is used to analyze the elemental composition and valence state of the passive film.

Results and Discussions The potentiodynamic polarization results show that the corrosion current density value of the AM
sample is about 74.83 times and 7.39 times higher than that of the SAT500 and SAT samples, respectively, indicating that SAT is
conducive to improving the corrosion resistance of the sample fabricated by LWVAM. Compared to the SAT600 sample, the
SATS500 sample has better corrosion resistance. These conclusions are also borne out by EIS test results. XPS results show that the
intensity of T10, is much stronger than that of T1,0,and TiO, suggesting that Ti0O, is the primary component in the passive film. In
addition, it is found that in solution-aging treatment samples, there is more TiO,than in the AM sample (Fig. 5). Previous studies
showed that high-valence oxides had stabler and better protection. Therefore, solution-aging treatment is helpful to obtain better
corrosion resistance. The SAT500 sample has the highest TiO,content, indicating that the SAT500 sample has the best corrosion
resistance. EBSD results show that after solution-aging treatment, the acicular o’ phase in the AM sample changes to the lamellar «
phase. Compared to the SAT500 sample, the a lath is coarser for the SAT600 sample (Fig. 6). It is also suggested that after solution-
aging treatment, local misorientation is significantly reduced and the dislocation density and residual stress decrease significantly
(Fig. 9). In addition, it is found that the number fraction of low angle grain boundary (corresponding to the misorientation angle of
2°-15°) decreases from 0.343 (AM sample) to 0.203 (SAT500 sample) and 0.105 (SAT600 sample) (Fig. 10). As is known, acicular o’
phase is a high energy phase with inferior corrosion resistance. After solution-aging treatment, the decrease of o« phase is thus
beneficial to improve the corrosion resistance. In addition, the dislocation density is prone to corrosion due to the high activation
energy. The decrease of dislocation density is thus useful to enhance the corrosion resistance due to the solution-aging treatment.
Moreover, it has been suggested that grain boundaries are prone to corrosion due to higher lattice distortion than in the grain interior.
Furthermore, the high angle grain boundary energy is higher than that of the low angle grain boundary. The high angle grain
boundaries are more vulnerable to corrosive solution attack. In fact, owing to the higher energy, grain boundaries are preferential sites
for the nucleation of protective layers. Therefore, a higher number fraction of high grain boundary is found in the solution-aging
treatment sample with better corrosion resistance. In addition, it is found that in the SAT600 sample, the « lath is coarser than in the
SATS500 sample, leading to the inferior corrosion resistance of the SAT600 sample.

Conclusions In the present study, the effect of solution-aging treatment on the corrosion resistance of Ti6Al4V via laser wire
vacuum additive manufacturing is investigated. Results show that after solution-aging treatment, the corrosion current density of the
samples decreases and the passive film formed on the solution-aging treatment sample consists of more high-valence oxide
TiO,, which has stabler and better protection. The reason is due to less acicular «' phase and more high angle grain boundary in
solution-aging treatment samples, showing solution-aging treatment to be conducive to improving corrosion resistance. Moreover,

compared with the SAT500 sample, the o lath is coarser in the SAT600 sample, leading to inferior corrosion resistance.

Key words laser technique; laser vacuum additive manufacturing; Ti6Al4V alloy; solution-aging treatment; corrosion resistance
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