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Abstract: NiTi alloy has garnered significant attention due to its unique functional properties, and laser
powder bed fusion has become the mainstream additive manufacturing technique for producing NiTi alloy
components. However, the surface roughness of as-fabricated parts is generally too high to permit direct
assembly and application, and it is difficult to reduce via conventional machining. Laser remelting, as a non-
contact surface treatment technique, can modify the surface morphology and microstructure of materials.
This work aims to reduce the surface roughness of NiTi alloy fabricated by laser powder bed fusion through
laser remelting, and to elucidate its effects on the mechanical and functional properties of the alloy. Based

on experimental data, a regression equation relating the laser remelting process parameters to surface
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roughness is established. The optimal parameter combination is determined through response surface

optimization. The differences in mechanical properties and superelasticity of the alloy before and after laser

remelting are evaluated, and the underlying mechanisms are analyzed via microstructure characterization.

The results show that the optimal parameter combination for laser remelting is a defocusing distance of

175 mm, a spot diameter of 0.1 mm, a pulse frequency of 250 MHz, a laser power of 60.2 W, and a

scanning speed of 1966.4 mm/s. After remelting, the roughness of the alloy decreases from 8.04 pm to

0.763 pm, the tensile strength increases from 588 MPa to 656 MPa, and the stable recoverable strain in

tensile superelasticity improves from 2.1% to 2.8%. The enhancement in strength can be primarily

attributed to grain refinement in the remelted surface layer, while the improved superelastic stability and

recoverable strain result from the synergistic effects of grain refinement and the precipitation of T1,Ni phase.

Key words: shape memory alloy ; additive manufacture ; laser remelting ; response surface optimization
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Fig.1 Experimental material and fabricating process used in this work

(a)morphology and composition distribution of NiTi alloy powders; (b)particle size distribution of NiTi alloy powders;

(c)schematic diagram of scanning strategy during LPBF process; (d) LPBF-NiTi bulk samples

1.2 EWHE

LPBF-NiTi B4 1) 2 i 0's 3594 % F M7 B ik b
JELF oL AR T A S5 vl P B WL 2 1,
AbFE R A 2 (a) BT , IR S R I RTEC Up
S-Dual &I 3D H2¢ 48 BEALIN a2 B FE e OALRE B o et
WOLTE IS S B0 e 7 ik ok B e, BT E ot
T SO0 I AR DB ELAR O R AR S S
O LPBEF-NIT1 2 [ T8 50 A9 52 M, A i 19 PR TR EL I

JE 51 % FH Leica DM 15000M BI5G2 i (55 WL, i it
T 2 45 B G BE B 0 AR B A0 L T R i e
Ju [l 5 B 5 , 38 1 Box-Behnken Design (BBD) i 3k Bt
FE T T L PR R AR O T 3 R L K A
)5 LPBF-NiTi 3R 1 FEURE B2 9 S0 KAl , 405 b 2 57 DA
WOLTER (L) I (V) KR () A A S5,
LA T HEL A T Sy W) 7 15 P90 W) 7 T 5 e Jey LA 7 {1 5 /)
R ARG AR T i AS B B I B0 RIE

F1 M7ERAAFHABFN T ZESHRAEERE

Table 1  Process parameters and adjustable range of M7 pulsed fiber laser

Wavelength/nm  Pulse width/ns ~ f/MHz

Defocusing distance/mm

Spot diameter/mm ~ L/W V/(mm-s™ ")

1064 2 250,500 165-185

0.05-0.25 0-100 0-2000
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Fig.2 Schematic diagram of laser remelting on sample surface(a) ,and dimensions of tensile specimens

used for mechanical and functional property testing(h)
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Fig.3 Surface morphologies of LPBF-NiTi after single track laser remelting treatment with different

defocusing distances(a) , spot diameters(b) ,and laser powers(c)
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Table 2 Experimental parameters and corresponding surface roughness of laser remelted samples

Sample L/W V/(mm-s™") J/MHz R,/pm
LPBF-NiTi 8.04
#1 40 1000 250 5.38
#2 40 1500 250 2.37
#3 40 2000 250 1.58
#4 40 1000 500 4.23
#5 40 1500 500 3.18
£6 40 2000 500 2.13
=7 60 1000 250 4.37
£8 60 1500 250 1.65
=9 60 2000 250 1.38
#10 60 1000 500 2.88
11 60 1500 500 2.48
#12 60 2000 500 1.76
#13 80 1000 250 3.64
=14 80 1500 250 3.12
#15 80 2000 250 1.88
#16 80 1000 500 3.37
=17 80 1500 500 3.08
£#18 80 2000 500 2.86

N YIRS EIN VL Bt R (DR B R DHURE 2 5C T T 252 B o 1o (o] 51 3500 5 7
A RS P A L DB . RO Wal(2).
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Table 3 Analysis of variance for surface roughness after remelting
Source of variation Sum of squares DF RMSE F-value P-value Significance
M 18.51 8 2.31 14.25 0.0003 Significant
L 0.14 1 0.14 0.83 0.3851
\% 12.57 1 12.57 77.38 <<0.0001
f 0.11 1 0.11 0.70 0.0423
LV 0.14 1 0.14 0.84 0.0384
\%4 1.94 1 1.94 12.92 0.0072
Lf 1.65 1 1.65 10.14 0.0111
L? 1.49 1 1.49 9.18 0.0143
v’ 0.52 1 0.52 3.20 0.0107
Residual 1.46 9 0.16
Lack of fit 1.46 8 0.18 228.26 0.0711 Unsignificant

R=20.01234 — 0.26389L — 0.01005V + 0.00005LV +
0.00476Lf 4+ 0.00008 V£ =+ 0.00153L* 4 0.00001V? (2)
W =X (2) 21l ik vp 3 % 43 531 > 250 MHz i1 500
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Fig.4 Contour maps and response surfaces of roughness affected by laser power and scanning speed under different pulse frequency conditions

(a), (b)pulse frequency is 250 MHz; (¢), (d)pulse frequency is 500 MHz
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Table 4 Response optimization constraints and solution results

Response

L/W V/(mm+s™")  f/MHz R,/pym

optimization

Goal Inrange Inrange Inrange Minimize
Lower limit 58 1800 250 1.38

Upper limit 62 2000 250 2.88
Importance 4 5 3 5

Solution 1 60.226  1966.417 250 1.059 (predict)
Solution 2 61.624 1940.621 250 1.175 (predict)
Solution 3 59.979 1832.658 250 1.306 (predict)

A P . TS PR 7 i A S B A L PN BB RS LA R
BT S g A5 AR, HL25 H 0 s R A 45 2R (Solution 1)
15 3 1Y 2 TR KRS B AH b LPBF-NITi B 1 29 90 % ( MA
8.04 pm & % 0.763 pm) , 15 E GB/T 1031—2009 X 5
TR BCA T R EIE SR (R,<<0.8 pm) .

R5 ERAMMMEILERERLIEE LPBF-NITi B R EHREE

Table 5 Surface roughness of LPBF-NiTi after remelting treatment using response optimization results

Parameter combination L/W V/(mm-s™")  f/MHz Defocusing distance/mm Spot diameter/mm R,/pm

Solution 1 60.2 1966.4 250 175 0.1 0.763 (test)
Solution 2 61.6 1940.6 1.105 (test)
Solution 3 60.0 1832.7 0.961 (test)
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Fig.5 Surface morphology (1) and roughness(2) distribution curves of LPBF-NiTi remelted with different parameter combinations

(a)Solution 1; (b)Solution 2; (¢)Solution 3

a
700|@ 656 MPa
« 600 F—T, 588 MPa
% 500F—T,
1))
g 400 'OSIM(TJ)
% 300 [
% y SIM(TO)
g 200f /92
F 100}
0

Tensile strain/%

o 1 2 3 4 5 &

270(®) k)
< 260F | H\ ;
z l "
ﬁ 250 |[ZAZAEBZAN Remelted
.E ‘ layer
S 240\ T
[e) r
g 2304\}
220 0 >

5 50 75 100 125 150
Depth/um

6 WOLH A AL BHT IS R J1 27 VERE
() B RAL A O 7 - IO IHT 26 5 (b ) 480 T S okl

Fig.6 Mechanical properties of specimens before and after laser remelting treatment

(a)tensile stress-strain curves at room temperature ; (b)microhardness of cross section
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Fig.7 Phase transformation behavior and tensile superelasticity of samples before and after laser remelting treatment

(a)DSC curves of samples T and T,;(b)10 cycles of tensile superelastic stress-strain curve of sample Ty; (¢)residual strain of

sample T, after superelastic cycling; (d) 10 cycles of tensile superelastic stress-strain curve of sample T ; (e)residual

strain of sample T after superelastic cycling; (f)recoverable strain of two samples in each cycle
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Fig.8 Microscopic surface morphology of samples T, and T}

(a)-(c)different regions of T, surface; (d)-(f)remelted surface of T, under different magnification ratios
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Fig.9 EBSD images of samples T,and T, (a)fabrication surface of T; (b)laser remelted surface of T,
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