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Laser powder bed fusion process and
magnetic properties of Ni-Mn-Ga alloy

GONG Shuhe, QIAN Mingfang, ZHANG Xuexi, SUN Liangbo

(National Key Laboratory for Precision Hot Processing of Metals, Harbin Institute of Technology, Harbin, 150001, China)

Abstract: Laser powder bed fusion (L-PBF) technology combined with optimized heat treatment strategies was used to explore a
new manufacturing scheme to achieve the controllable fabrication of functional Ni-Mn-Ga alloys and complex components. The
results show that defects including porosity, cracks, and lack-of-fusion are generated during laser processing, with cracks primarily
originating from significant thermal stresses induced by rapid solidification. Within the optimized process interval, parts with a
density of more than 97.5% are successfully prepared, and the materials showed L2;-ordered austenite structure at the ambient
temperature of 295~301 K. After homogenization, ordering, and stress-relief annealing treatments, the material demonstrates
improved compositional homogeneity, narrowed phase transformation temperature interval, elevated phase transition characteristic
temperatures by approximately 20 K, and significantly enhanced magnetization. At ambient temperature, the material exhibits a
mixed phase comprising L2,-ordered austenite and five-layered modulated (5M) martensite structures. Under a magnetic field with
a magnetic induction intensity of 5 T, the heat-treated material achieves a saturation magnetization of 65.8 (A-m’)/kg at 300 K. L-

PBF can fabricate functional Ni-Mn-Ga magnetic shape memory alloys.

Highlights: (1) The influence of L-PBF technology on the quality of Ni-Mn-Ga alloys was explored.

(2) The role of heat treatment in improving the performance of L-PBF-fabricated Ni-Mn-Ga alloys was clarified.

(3) The magnetic properties of Ni-Mn-Ga alloys processed by L-PBF-assisted heat treatment achieve levels comparable
to those fabricated via conventional methods.
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Fig. 1 SEM morphology of prealloy powder
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Fig. 2 Heat treatment process curve
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Fig. 3 Characterization of prealloy powder. (a)grain size
distribution curves; (b)XRD pattern; (c)DSC curve
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22 L-PBF I ZS#HMRURALEEG
SEASCHR [3] FSCHR [5] S8 06 T

PRFHAERE 25 Bl 12.5 ~ 41.67 J/mm’. L-PBF {J%

Ni-Mn-Ga &4 T 224, ik 1 s, THE AR

AR R

Pe = P/(vhr) (1)
Kb POAEOCIIE, Wi v R, mo/s; 2
AR, pm; ¢ 2R, pm.

#1 L-PBF B N-Mn-Ga &£ TEZSHEHEE
Table 1 Process parameters and relative density of Ni-Mn-Ga alloy formed by L-PBF

2 Wots# H%iﬂs‘%ﬁ J2JE ERETEINE 1ME§EE?§§ %Jﬁis HUHE
P/W v/(mm-s ) t/um h/um pe/(Jrmm ) pl(grem ) P (%)

1 100 1500 50 80 16.67 6.8683 86.90
2 100 2000 50 80 12.50 6.1433 77.72
3 150 1000 50 80 37.50 7.7094 97.54
4 150 1200 50 80 31.25 7.7225 97.70
5 150 1500 50 80 25.00 7.5686 95.76
6 150 2000 50 80 18.75 7.2311 91.49
7 200 1200 50 80 41.67 7.6519 96. 81
8 200 2000 50 80 25.00 7.5082 94.99
9 150 1200 50 100 25.00 7.6346 96.59
10 150 1200 50 60 41.67 7.6841 97.22

FE ST HURRE S G050 1 ~ 1005 BERE i g 5
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Fig. 4 Macroscopic of Ni-Mn-Ga alloy formed by L-PBF
L-PBF J¥ Ni-Mn-Ga 154 T. 2240 A BE
2 R A OB R RS2, AN 5 . iUB B

PAHE it R i 4 B B8 BE B, 38 ) 97. 7%, Hk
SJREN 3, FRUCRRES 10, TTLLAHTE iR T 2K
6] N, Bt PR R BE 12 25 B I T i, OB A it B B0
B TR HY. L-PBF §JE Ni-Mn-Ga & 4 1)
AR EIE S, WE 6 Fin. MIRBRE &% KT
20 J/mm’ B, [ T Z80RIFLAN, e 1L RER: 2
i 6 TRV ZARIE BB, B TR RE %
B S AR EUE 14 % Ni-Mn-Ga Fi& @8 AR KK,
T AERA AR A3 A A LT T S B ) 808

100 8.0

90 7.6
< g0l 7.2 i
QU M >
I~ 3
K70+ 6.8 &
) el

60 s 164

B 2 — B
50 - A 6.0

10 15 20 25 30 35 40 45
A REE % p/(J-mm ™)

B 5 L-PBF & Ni-Mn-Ga &M ZE L%
Fig. 5 Relative density curves of Ni-Mn-Ga alloy formed
by L-PBF
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Fig. 6 Cross-section morphology of Ni-Mn-Ga alloys formed by L-PBF. (a) sample 1; (b) sample 2; (c) sample 3; (d)
sample 4; (e) sample 5; (f) sample 6; (g) sample 7; (h) sample 8; (i) sample 9; (g) sample 10
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Fig. 7 XRD of Ni-Mn-Ga samples. (a) fabricated; (b)
heat-treated
B, XA R T B R AR AR R X L Ni-
Mn-Ga 55 43 R Fl] £ 250 i 1 o3, R W L-
PBF i id B A#7E Mn JTER 1K, 15 ZHONG 45
MY RIFFE 45 SRR

x2 RBUEBEERERITN (EFHE, %)
Table 2 Compositions change before and after heat

treatment
B BEZ Not®R Moo Gax®
& AR SFEE 48.38 29.88 21.74
& AR P22 0.31 0.40 0.24
3 SFEE 49.03 29.18 21.79
3 P22 0.47 0.26 0.42
HT3 FEE 49.01 29.49 21.50
HT3 brifE2E 0.22 0.26 0.37

Ni-Mn-Ga & 4 19 5 [CIR A4S S M 454 £
2R (7 M) FEHEJEHIZEH (NM) 4. HECZKO
g NPV WR SR g5 M R W, SE S B YR Z X Ni-
Mn-Ga & 4 B9 5 [C /R 45 09 H A W 3 52 .
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Z=[10ani+7ayn+3acal/ 100 )

K agg I Ni TR IE T 545G ayy N Mn TR
JEF% ag, N Ga TCEBYJE T35

M Z/NT 7,68 B, 13BN 5 [CARS5H R 5 M;
TE7.68 ~7.72 B R 7 M; (=T 7.72 B8 NM. AR
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ZB 5T B Ni-Mn-Ga & & 1 5 [RIRZ5H8 5 M, 5
& 7(b) ' XRD MIZE SR AHY) & . ENTERRREIREE T,
FEah HT3 R B L2, A7 BG5S M SRS [T
TRPIFRILAE, XA )T 528 Ni-Mn-Ga & 4 76 = il
BT A .

FE A 3 78 AL BT 5 B #R1 2 20 DSC i
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Fig. 8 DSC curves before and after heat treatment
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—E M AR B AR A
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Table 3 Transition temperatures before and after heat treatment

. R SRR EIRE DRSS REE RRRRATHREE  RRERESHORE R ERE
e Dk
M,/ K M/ K 4,/ K A/ K T,/K
3 DSC 258 241 261 276 369
3 VSM 264 256 265 272 368
HT3 DSC 275 265 285 297 381
HT3 VSM 282 278 284 289 377
F 4 HRAEINEMNETEERRTE 15
N N IRV RS H = 0.
Table 4 Phase transformation temperature width and s . EﬁfﬁzF WA 1 = 0,021
thermal hysteresis before and after heat }3 121 a
treatment &
< T
- Wi DRAFARRTE BRI AR A S S
Mok AMy /K AM, /K ATy /K o6
3 DSC 17 15 19.0 )
& 37
3 VSM 8 7 85 L e
HT3  DSC 10 12 21.0 50 200 250 300 350 400
LR T/K
HT3 VSM 4 5 6.5 () AT ik
i ok R S B — 2 Y S A O ) s A TR '8
998 K {43 2 h A& 973 K 43 10 h DR sE K FEA 6
JPEE R TE S RRE , 48 @ MOBHR Y B SRR TE ; L
773 K P 20 h 5 BEY 2 H LI AN 51, B2 g '
b B PRS0 g 3 FPHLE P FIAVE e AH AR 12
Ry 622 e TS Rl e, 45 VB M, (0578 bR =
AR L E DX ] £ rh HAHAR FAE L E £ =5 29 20 K.
PALFEFTFSFE 150 ~ 400 K ik B2 i 1] P e sk 080 255 260 265 210 275 280
N N N W T/K
I SR 0.02 T HRE S T FE G 3 104583 M-T Ml (b)l§l{9(gJ?J%Kﬁ5zjt
2, WE 9 FraR. BHBHE 150 K B g A 5 F ik BO HAMERISE ML
N . X ; . B SR M-T #hZ
S5, THRLIE R B e AR S R AR B IR, Bl K . R
Fig. 9 Before and after heat treatment M-T curves. (a)

ARG WG AR % 78, BV FLAR AR . ARSETHI, B
R AL B AR 0.

TARE PSR Al G A BB g . DR IR D PR At
R TR IR AR (8 & 4 I T IR A R 1 b A4
g, I T AR R BE R AL . AT R HES3E A Mn-Mn
PR R AL, ST B B oy W SN 3 T ) — B
5, I R ALImEE. Ah, SAEHRAR T ok N
073, A5 W 1) % 50 R R ) M) B 25 5y AT, B
1R T WAk B b O R BEBE 42, GERE AL R o .

M9 Hra T LA B, ] o A AR i B G M Bk
i BNFRG e A8 PRI B DR 370K 704 B AR B A A
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HOSE LAY i PN ) 2 5 BRSSO, (R PR
A5 MRIE ARG KRR S TR, e

M-T curves; (b) partial enlarged view of Fig.9 (a)
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TR B, PSS &6/ RS, N
N 775 3 FE 43 R, W SR S A R IR s . A
iR Re R R G TP 22, FEURBIETH . K19
ARAT R AHOCTREE A5 8., 0% 3 Bis. AL VSM
B (RGN R 0.02 T BEH N Y M-T i£%) e
AR AR i B 5 DSC 5 iR B A P 25 5. X
i 22 S 55 AN [R] D 3A 5 R 35 28 1Y) R B0 55
HERA K.

ANTARE T Ni-Mn-Ga £ fy HT3 0% i 14k
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T SIARAE, 29 20 ~ 100 Oe, 5 THEAL AR #E, LB



% 4

B A, % Ni-Mn-Ga & & 8 C 0 R R A gk ik 7P T % Fomh I 59

R ARk iEPE . BEE R P THE, FE S HT3 A9
FIREACTR B M, B8R, FE S HT3 7E2RRE 5 [G
AR (R E R 250 K, 5N 558 o 5 T %
WM, B35 77.7 Am’/kg; TE:RE D [C AR 8 [G 4
RERET (RJE N 286 K, REEN 58 Ky 5 T
%)My, J3 70.6 Am’/kg; 1580 B IRIRR ST (&
FE R 300 K, BE RN 9 FE R 1 T W3 )My, PT 3k
63 Am’/kg; TE TR 300 K, BLEN B K 5 T #E
BF My, h 65.8(Am’)kg. Bl i BE 0 — 25 Tt
=, TR A R ZL ) Iz B B R T R
A FE, MEALR T 25 AR

100

75t
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E 25t b
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Fig. 10 Sample HT3 M-H curves at different temperatures

MILLERET % A " 5% F L-PBF il & % Ni-
Mn-Ga H S FEREIRR N SR BE N 1 T IRG Y, IR E
T M, 4 48.5 Am’/kg. ITUARTE 25 A" % H
L-PBF #4511 Ni-Mn-Ga FESTEREEV RN 1.2 T
W35, R ER BETEZY 295 K R M, A 56 Am’/kg.
ACIERNO %6 A" S H] BI #1145 1 Ni-Mn-Ga B 5
TEREIEN SR N 1.5T #EYy, RELIRE R0 My, N
58 Am’/kg. TAYLOR %5 A" % il DIW #il % £ Ni-
Mn-Ga ¥ S FEREIRR N SR BE R 1.5 T IRES, IR R
300 K F 9 My, )9 56.4 Am’/kg. DUAN % A 1
K FAA% G0 F U0 15 i) 48 19 Ni-Mn-Ga FF i 75 1
JEIN SR A 1. ST W45, RN 298 K F Y My, A
50 Am’/kg . HU 25 A U7 SR I G5 v s o v o 4%
f) Ni-Mn-Ga F & 76 RGN 58 B8 1.5 T W37, iR
£} 300 K F 9 My, B 61 Am’/kg. SCH M, S5HT
WA HFARLE, A7 —& 27, UESE T L-PBF T
LA S REYE Ni-Mn-Ga REYETEARICAZ & 4 )38
FHE.

3 %k

(1) L-PBF BJE T. 2244 Ni-Mn-Ga & 4+

B BEAT BRI IR . 3R T BUBBE 97.5%
LA (R .

(2) $Ab BT LR B B R R 2 A0, A
RIS T B v, IS S5 3 AR AIG . HAAD 38 75 e 7 B
R E R F B L2, ARG 5 M kY
IREALL.

(3) FAAh FB 25 ARG A B R R 725, R S A T
K 300 K, REEN 5 BE N 5 T ®E3s B i Fimg Ak om B
% 65.8(A-m’)kg. L-PBF 7 ffi 1% Uy fig #5 Ni-Mn-
Ga REMETEARICIZ A4 1 BT R R 2.
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