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ABSTRACT: Electron beam surface remelting is an advanced high-energy beam surface-modification technology that allows to
locally manipulate the microstructure and performance without affecting the matrix material. It has attracted much attention for
the fabrication of active and refractory materials, since a vacuum working environment can effectively avoid the introduction of
extrinsic contaminants. The work aims to address the problems of insufficient wear resistance and friction instability resulted
from the inherent microstructure of wire-feed additive manufactured titanium alloy through electron beam surface remelting to,
broaden its application fields.

The square specimens (15 mmx15 mmx4 mm) were extracted from the electron beam free form fabricated Ti6Al4V alloy
along the build direction. The polished specimens were treated by surface melting technique with an electron beam gun under a
vacuum of 10~ Pa, with fixed beam power of 180 W and moving speed of 5 mm/s. The overlap ratio between the two adjacent
passes was 50%. The variation of macroscopic morphology, microstructure and phase composition of the titanium alloy before
and after remelting were analyzed with stereomicroscope, optical microscope and X-ray diffractometer, respectively. The surface
nanomechanical properties and wear resistance of the remelted layer were investigated with nanoindenter and wear testing
machine, respectively. The worn features were characterized with three-dimensional optical profilometer and scanning electron
microscope.

A favorable remelted layer was successfully prepared on the surface of deposited titanium alloy via electron beam surface
remelting. Under the irradiation of electron beam, the as-received surface was melted completely into a molten pool, and then
was rapidly solidified afterwards by self-quenching. Therefore, the initial heterogeneous microstructure (basket-wave structure
and Widmanstatten structure composed of a+f) was transformed into homogeneous and fine acicular martensite (a') after
surface remelting treatment. The nanoindentation results showed that the remelted alloy provided a uniform and enhanced
nanohardness (3.8 GPa), which was over 15% higher than that of the un-remelted sample, exhibiting a superior hard elasticity.
The enhanced hardness was contributed to the formation of fine acicular martensite.

Due to the heterogeneous microstructure and insufficient hardness, a worn track with different degree of abrasion occurred
casily on the surface of as-deposited alloy during the wear process. It resulted in the increase of roughness on the contact area
between the alloy and counterpart, leading to the instability of friction and further deterioration of wear. As expected, a stable
friction coefficient and a better wear resistance were available after surface remelting. The average friction coefficient was 0.45
and the wear rate was 3.59x10""> mm®/(N-m), which was 19.6% and 22.1% lower than that of the un-remelted one, respectively.
The remelted layer possessed a superior tribological performance, which was attributed to its uniform microstructure and hard
phase. Shallow grooves, minor adhesive traces and oxidation generated on its worn surface. The wear mechanism was not
changed after the surface remelting treatment, and its dominant failure mechanism was abrasive wear, oxidation wear and
adhesive wear.

This study shows that the microstructure homogeneity of wire-feed additive manufactured titanium alloy can be improved
by electron beam surface remelting, and a favorable surface mechanical and tribological performance is achievable.

KEY WORDS: electron beam surface remelting; wire-feed additive manufacturing; titanium alloy; microstructure

homogeneity; wear resistance
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Tab.1 Chemical composition of wire and substrate used
for wire-feed additive manufacturing

wt.%

Al v (6] C N H Ti
Wire 6.05 3.88 0.11 0.01 0.006 0.005 Bal.
Substrate  6.12 3.95 0.12 <0.03 <0.02 0.009 Bal.
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Fig.1 Schematic diagram of sampling (a), schematic diagram of electron
beam surface remelting (b), macrophotograph of remelted layer (c)



Fs2k Hal

TEB, S T REROE 2 DUBUBR A SR i U AR B2 R 167 -

2 HR5IR

21 ERARKHMBAR

5 2 LRVER B 4 10 72 P 5 S 35065 il = 19 oW
HLE 2 iR, BE 2a /0L, 2RSS N
HBAETE R A S AR ) S SCAL B 2 A S50 . F IR 3 TR
) XRD A& a1, BS54 8 X 38 £ 2
FEFE o FHFN B AHAT S 06, A B 45 S0 IX S B AR AT
WIS, L ST T LR B, IR EEH o
F 2 AR IR L AH 32 2 ) 7 2H 2 4 s LI 2b ),
MRS EEH o FI)ZHX0RK BT G 2L
Al LI 2¢), 33 ORI A v A2 4 0 I I 1
Y o S EOEPGEBE AN, BT AR 2 TR R
PR B IR R B IR A A i B, S U
WS HIA X NS, FEEAE oo A8, TEHEAE
NSRBI LT i A S X 32 1 i SR
PG 52 PO/, H R A 2 K A A AN
IR ARAE, A R AR AR G AL, SR B 2R 8 X 5
ZHAEIEH I, R R R A SRR o A
R HAT S o MR AREEAERE B A B2 T B A,
BEIS , B0y o AHERITE B AR ELAK LA . B TR
W o AAEAE Z RS IR EUA MY, HOU R S0y 8,
T o A Z AT ML H A SURY R 240 21 FR T 75 X0
MR 2 AR 22 K, e Wiss N 2B
MRS 2580, & TRER G, DIBSLA &R mik 4
AU 5] HIREEZ) 800 um AU EWEZ, WK 2d Fis, G
TEIEIA SRS X ( DL 2e ) i J2: G 280 X 3k ( LI 2f ),

HUURESHL A MEPR DGR o'c XRD Z04714%
HOWE 3) tigsn, HEIEZEEEYAHR SRR o
FERTHIEAT, AL ALK IR L 2 TRk,
AT E AL PR HIE DR (>410 “C/s) UV, phAs
i AR A T AR A, B BT, F5 3 D A
oM. BEAh, M XRD K3E EALAIMELS], EHEH
Ti T8t 1 A s . — 5 I, BT ALJRF242(0.143
nm) FlV EFEE (0.132 nm) Z/NT Ti R T2F
# (0.147 nm), I AL, V5T [ 35 38 A I
g, b ADEE DS/, A5 AT S 16 v AR B D 1) A B
(20210 53 5 ThT, o e Ak TR B S 4 A 7 A 1 ) A
FH S 30CR 2 TR A AR, [RVRE S A7 S 06 1 55 3
75 s sh

2.2 MARERNFIERE

TS IS KA 4 3 1T AN () DX 33k 9 490 K e IR 28K fr —
PR L& 4 frs . E 4 0L, DUREKG 4G 45
SR FEARAML T B S a0 X0, (HEEZ I EA
TRAEAR, U6 R A A S VTRV & & R 2 W)
AR ) R . B BT th G R AR 1 ah
KR R R AR L 2, DU S B A GU R 25 80 IX
B AN AT BE 4350 A 2.8 3.3 GPa, 1 EEMEALFR)S
Wl WSS IX IR KA AR Y, 42+ % 3.7~3.8 GPa,
PIBRAS AL AWk o M5 fhT) B ARG AR, HLAs
5 3 25 B o A B (ELAHEE o T IHARGUNT o )2
FERE 580 S o Z ML, MR 41 Hall-Petch 2320 A] 0123,
DS 1 B e i A PR N 1 SA R s b R T
KF A SRBIX IR GORNE B, IS, -1 KW

Widmanstatten structure

50pm

K2 PURRERE S ZWIES (a), WIZE (b) MR ARSOESR (c).
I ZBEIES (d), BISRE (o) MEALSCEBHOWES ()
Fig.2 Macrostructure of deposited alloy (a), microstructure of bright bond (b)
and dark bond (c), and cross-sectional morphology of remelted layer (d),
remelted microstructure in bright bond (e) and dark bond (f)



- 168 - Fom AR 2023 4F 4 A
_ /h ®k2 ERWEAKEESREARRRXEMK D F SR
g Tab.2 Nanomechanical properties of different regions on
_ 8§ titanium alloy surface before and after remelting
5 S % A g H/GPa E/GPa _ HIE, IP/E2/GPa
i e —— Bright band 2.8+0.2 141+5 0.020+0.000 7 0.001 1+0.000 2
'z g 8 sl gRemeliedlover Dark band  3.3+0.2 136+4 0.024+0.000 8 0.001 9+0.000 2
Q < ShzlE S S
g s = 5 = Remelted
= J\ A=
- o Darkbond bright band 3.7£0.1 121£3 0.031+0.001 6 0.003 5+0.000 7
= : 8
= Remelted =5 ¢ 5 12324 0.03120.000 6 0.003 60.000 3
Bright bond dark band
30 35 40 45 50 55 60 . N .
20/(°) HAE (0.003 6) By, FRIW RAFAOAEHME, B0 E
- N YRR RENS B TRk & 4 7 Al Fi
B3 mFRERNEKS4SEEN XRD EiE WEZRE IR THDTRER & & R R B & . Rk, ] f

Fig.3 XRD patterns of surface structure over titanium
alloy before and after electron beam surface remelting
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(b) of samples before and after remelting
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