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Abstract: Titanium alloys offer the advantages of low density, high specific strength, and good corrosion resistance, making them
widely used in aerospace, ocean engineering, military medicine, and other fields. However, the high cost, low thermal conductivity,
and low elastic modulus of titanium alloys result in poor quality, low efficiency, and high cost of traditional processing, which
seriously restricts their application and development. Plasma-arc additive manufacturing technology provides a cost-effective solution
with high deposition and material utilization rates, which is crucial for the production of large and complex parts. However, owing to
the high energy density of the plasma arc and the low thermal conductivity of titanium alloys, the formability of titanium
alloy-deposited parts is compromised, resulting in the growth of coarse columnar grains. In addition, the characteristics of many

parameters and the difficulty in controlling plasma-arc additive manufacturing limit the rapid formulation of additive manufacturing
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process parameters that meet mechanical standards. The influence of plasma arc additive manufacturing of Ti-6Al-4V alloy process
parameters on formability, microstructure, and microhardness was investigated by orthogonal experiments, metallographic analysis,
and characterization of the relationship between the microstructure and mechanical properties. The experiment was conducted in an
inert argon gas environment using a plasma arc additive manufacturing system, which consists of a Kuka robot, main power supply,
plasma power supply, and wire feeding system. The main process parameters included deposition speed, wire feeding speed, pulse
base current, pulse peak current, pulse frequency, and duty cycle. The three main evaluation parameters of formability were evaluated
using the melting width, reinforcement, and aspect ratio of the deposited layer as indicators. In addition, the average grain size and
microhardness were used as indices to evaluate the effect of microstructure on mechanical properties. The results indicate that the
degree of influence of the plasma arc process parameters on the formability is as follows: base current (l,) > peak current (I,) > duty
cycle (lgey) > wire feed speed (Twes) > deposition speed (Ts) > pulse frequency (Fp). I, has the greatest influence on the deposited
width, deposited height, and formability of a single layer, with a more pronounced effect when I, is 50%-70% I,. The deposition speed
and duty cycle exhibited the following relationships: the faster the deposition speed, the smaller the width and height of the deposition
layer. The effect of the duty cycle on the width and formability of the single-pass deposited layers was positively correlated. The effect
of process parameters on the average grain size was T;>Fp>Tyes>1p>1,> Iy, With larger deposition speeds resulting in smaller
grain sizes. Pulse frequency was the second most influential parameter on average grain size, demonstrating that pulse disturbance
aids in grain refinement. Moreover, the degree of influence of the process parameters on microhardness was Ts> lyey > Tywes > 1>
Fp > I,. The deposition speed had the greatest influence on average grain size and microhardness, with I, having limited influence on
these two aspects. Although the influence of the deposition speed on microhardness was the greatest, the degree of influence was only
4%, indicating that the influence of the selected plasma-arc process parameters on microhardness was not significant. These findings
provide a theoretical basis for plasma arc additive manufacturing and additive remanufacturing processes and offer technical support
for the rapid repair of damaged parts in applications such as field mining machinery, marine ships, engineering equipment platforms,
and petroleum and chemical equipment.
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Table 2 Main parameters and value rang of experiment

Main parameter Range
Travel speed Ts/ (m » min™) 0.2-03
Wire feed rate Twes/ (M = min™) 2.4-4.0
Peak current I/ A 220-300
Base current I,/ A 66-200
Duty cycle lgey/ % 30-90
Pulse frequency Fp/ Hz 30-90
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Table 3 Main parameters and levels

Level
Main parameter
1 2 3
Travel speed Ts/(m » min%) 0.2 0.25 0.3
Wire feed rate Tyges/ (M *min~") 3.0 40 35
Peak current I,/ A 250 220 300
Base current I,/ A 70% I, 50% I, 30% 1,
Duty cycle lgey/ % 50 70 30
Pulse frequency Fp/ Hz 70 50 90
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Table 4 Experimental schemes

Travel ~ Wire federate  Peak Base Duty Pulse

No. speed Ts/ Twrs/ current current  cycle  frequency
(memin™) (m-+min?) I/A I/A liey/% Fp/Hz
1 0.2 3.0 250  70% I, 50 70
2 0.2 4.0 220 50% 1, 70 50
3 0.2 35 300  30% I, 30 90
4 0.25 3.0 220 50% I, 30 90
5 0.25 4.0 300 30% I, 50 70
6 0.25 35 250  70% 1, 70 50
7 0.3 3.0 250  30% I, 70 90
8 0.3 4.0 220 70% 1, 30 70
9 0.3 35 300  50% I, 50 50
10 0.2 3.0 300 50% I, 70 70
1 0.2 4.0 250  30% I, 30 50
12 0.2 35 220 70% 1, 50 90
13 0.25 3.0 300  70% I, 30 50
14 0.25 4.0 250  50% I, 50 90
15 0.25 35 220 30% I, 70 70
16 0.3 3.0 220 30% 1, 50 50
17 0.3 4.0 300  70% I, 70 90
18 0.3 35 250  50% I, 30 70
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Fig. 2 Test location of the sample

13 HERE

FE2) 1.5 cm A o R HT B oG A ke
&z 1 mL &R 42 mL figfR +50 mL 7K),
Jig b 5 PR R 21 23 8 O O B I AR A RN I (G A 4
21, PIBURFEM B A2 K 3 s .

P ‘_.,J;gr;ga‘t-l."_-lj: 4
B

e -,

Lo 2 =
B3 UBARE M) Bl
Fig. 3 Microstructure of deposited sample

KSR 7 Wi (TESCAN, LYRA3) Wi
SEI IR RE A e AR = RS, v s
Eb o SR FH 5o — 4 1% (Keyence, VHX-2000E)
MELHIM R AR H , THEES AR RS, B we/
FEAR EoRLE o R A BEAE VR ) 2 Ik B A
K H B S+ (FUTURE-TECH, FM-ARS9000)
XPARAEAN A ZH 2R X3 1 FAAR 2L BRI AR AL 2R
Bn I3 M 3 AN R T W A R R, R A
WE N 2009, Hngkintah 10 s,

2 HiRHiTe

21 BERRBEEMNEHR

IEAZ A 45 5 18 T FE YA B S, Wil 4
e MEIFRAT LA H, 4850 LU RE AR TR
PIHATERE . AP RTBARFETEHE, 5 B AT
2, VI#RFEEYUIBOIBTRR EANRETE o 1 TE
FUANTEL AT e e DU M RE oy B0 22 1 R I B )
TGS AR e e W8, 1#., 2#. 3#. S5#. 10#. 13#

Kl 4 18 iE s iE iR W IES
Fig. 4 Macrostructure of 18 single deposition



190 b B X @ L &

2023 4F

F 5 NG RE RIS 58 4 M ve B 45
M 5 %, PO RE & K 11.11 mm (10#),
/N 511 mm (44, HORUIR K 2.83 mm
(3t), H/PUTHEE N 1.48 mm (13#), Fimtl2

RALBIETEI SRS, 98 m Ly 7.11~2.08.

x5 AHMER. fakEstt

Table 5 Fusion width, deposited height and aspect ratio of
the test samples

No. Fusion width W/ mm Deposited height H/ mm Aspect ratio W/ H
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Table 6 Effect of process parameters on formability
Factor Travel speed Wire feed rate Blank Peak current Base current Duty cycle Pulse frequency
Td (M » min™Y) Twes/ (M« min™) item C I/ A /A licy! % Fp/ Hz
Ky 54.32 50.87 48.37 4855 58.55 5259 50.97
Ko 5158 49.83 50.77 4421 46.79 55.45 49.29
Ks 43.25 48.45 50.01 56.33 43.81 4111 48.89
Fusion width ke 9.05 8.48 8.1 8.09 9.76 8.77 85
W /mm ks 8.6 8.31 8.46 7.37 78 9.24 8.22
ks 7.21 8.1 8.34 9.39 73 6.85 8.15
R 11.07 2.42 24 7.78 14.74 11.48 2.08
Infl
Heores Iy > laey > Ts > I > Tus > C > Fp
Ky 12.74 11.06 11.36 11.32 10.61 11.77 11.76
Ky 11.85 11.78 12,01 1271 12.82 11.18 11.22
Ks 10.97 12.72 12.19 11.53 1213 1261 12.58
Deposited Ky 2.12 1.84 1.89 1.89 1.77 1.96 1.96
height ks 1.98 1.96 2.0 2.12 2.14 1.86 1.87
H/mm ks 1.83 2.12 2.03 1.92 2.02 2.1 2.1
R 177 1.66 0.83 1.39 221 143 1.36
Infl
tegres. o> To > Twes > laoy > I, > Fp > C
K. 267 28.97 26.78 26.05 33.89 26.8 26.49
K» 27.48 26.15 26.43 2117 22.74 3073 27.18
Ks 2457 23.63 25.54 3153 22.12 21.22 25.08
Asoect ratio ks 4.45 4.83 4.46 4.34 5.65 4.47 4.42
N h ke 458 436 441 353 379 512 453
ks 41 3.94 4.26 5.26 3.69 3.54 4.18
R 291 5.34 1.24 10.36 11.77 951 2.1
Influence

degree

I, > |p > Idcy STwes> Ts>Fp>C
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Table 7 Grain size and microhardness

No. Width / mm Glila(ifls Grain size/mm  Microhardness/ HV
1 10.95 26 0.42 330.3+23
2 8.7 22 0.40 332.0+22
3 7.4 17 0.44 346.3+19
4 5.11 16 0.32 330.4+12
5 9.11 22 0.41 308.8+27
6 10.11 33 0.31 337.8+17
7 7.07 19 0.37 3439411
8 6.47 16 0.40 342.3+19
9 7.65 28 0.27 345.7+10
10 1111 29 0.38 339.7+10
11 6.2 21 0.30 328.8+12
12 9.96 27 0.37 3325413
13 10.52 28 0.38 336.5+12
14 8.81 24 0.37 309.9+16
15 7.92 23 0.34 296.8+19
16 6.11 20 0.31 316.5+11
17 10.54 34 0.31 305.9+15
18 541 17 0.32 332.0+8
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Table 8 Influence of process parameters on grain size and microhardness
Factor Travel speed Wire feed rate Blank item  Peak current ~ Base current Duty cycle Pulse frequency
T/ (Mme-min)  Tyes/ (M« minh) [ I,/ A I,/ A ey Fp/ Hz
K, 2.31 2.18 1.96 2.09 2.19 2.15 2.27
K, 2.13 2.19 2.25 2.14 2.06 2.11 1.97
Ks 1.98 2.05 221 2.19 2.17 2.16 2.16
. ky 0.39 0.36 0.33 0.35 0.37 0.36 0.38
Grain size /
mm ks 0.36 0.37 0.38 0.36 0.34 0.35 0.33
ks 0.33 0.34 0.37 0.37 0.36 0.36 0.36
R 0.33 0.14 0.29 0.1 0.13 0.05 0.3
Influence
degree Ts>Fp>C > Twes> Iy > Iy > lay
K, 2009.6 1997.3 1937.9 1982.7 1985.3 19437 1949.9
K, 1920.2 1927.7 19857 1950.5 1989.7 1956.1 1997.3
Ks 1986.3 1991.1 19925 1982.9 1941.1 2016.3 1968.9
Microhardness / ky 334.9 332.9 323 3305 330.9 323.9 325
HV ke 317 3213 331 325.1 3316 326 332.9
ks 331 331.9 332 3305 3235 336 328.2
R 89.4 69.6 54.6 324 48.6 726 47.4
Influence
degree T5> Idcy > TWFS >C> Ib > Fp > Ip
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Fig. 8 Effect of deposition speed on grain size and microhardness
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