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Research Advances in Magnetocaloric Effect of Ni-Mn-Sn-Based Heusler Alloys

WANG Menggian, GAO Tian
(Department of Physics, Shanghai University of Electric Power, Shanghai 201306)
Abstract: With the advancement of modern refrigeration technology, magnetic refrigeration based on magnetocaloric
effect has emerged as a promising alternative due to its high efficiency, energy savings, and environmental friendliness.
Ni-Mn-Sn-based Heusler alloys have become a research focus owing to their non-toxicity, absence of expensive ele-
ments, and superior magnetocaloric properties. The crystal structure, phase transformation behavior, and fundamental
theory of Ni-Mn-Sn-based alloys were systematically summarized, and regulatory effects of chemical composition and
preparation processes on magnetocaloric performance were emphasized. Finally, future research directions were pros-
pected, including the synergistic optimization of multi-element doping and microstructure design and exploration of
novel preparation techniques.
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Fig.1 Schematic diagram of crystal structure of Ni,MnSn
[14]

alloy

HaMNE 5% UG . KRENKE T
SEUR LA R T NigsoMnoso., Sn, £ 4x (9 T [ AR 25 14 B
Sn 7% Ht CEEZR 43800, R [A)D BE AR R LB ARE TOM 18 il & 44
G5 P 25 PRt 1AM IR A 235 4 2 78 R Dy 11 Al R
AR . TAO Q %S, 3 Mn & & & fff
Niso Mny,-, Sny & 4 % i 451 A 14M 5 [CHR % A8 11,
I AR B8 AR TR A A, B 3055 & 1 0 57 T Yy AR AT
o ZHENG H X 48 " i — 25 78 ik Ni-Mn-Sn &
B BEAN TR o/ a 32T, 2 T T IR A 2 40 (DU 2 1F
A2 VR AR5 KD — 10M—> 1AM —>L 1, (i 55 45 | i) 750 3
i B /2 T LR EE > Ak, Ni-Mn-Sn %

BEM RS AR Z A EiTEES, WZH & T
TR sl AW IEFA 7 BE 5ok R ST 5 04 R 78 52 i AR
Ko il T2 LA 41 Al ok A% 240 0F 51 AR = i
A B L AR R P I T AR Y B2 45 KR G, T
J S23B ] i H ) A A L2, SE A R AR T AR g
22 W) AT ELHE A0 AH 09T B, A PR B R AE 0 i L
P A AR S R Y. I, Ni-Min-Sn 3& 4 4
B PG F2 O L2, B IO 7 S AR S A T D EC A A ]
FEJH ] (40, 10M, 14MD FEE P8 6 (L1) 25/ A8 1k . 3l
i JE AL A R A TSV e/ a R F A 7 B, B
] R 2 A 4 1 R IR 5 4
1.2 Ni-Mn-Sn# Heusler § & TTA

Ni-Mn-Sn 3t & 438 % LB E &0 AHZTT N
NiMnSn A % A4 5 [CAR A A 895 2 (Mn) /2 (Sn) J&
Ni,Mny;,Sn,, & 4 U TE 2=>0.36 i & 4= o FCAR KT AR
Rl 2 24 Ni-Mn-Sn 3t & 4 M A8 MR A R B . 1
IR R A 4 v b 55 B 1 S B AR, Min Ji i 4
SEATHES , BRI R, A — RG-S R B AR B3 T
[CARFA AR | & 4 ) L LG AR A A A5, 1 B0 [ A TR [
TRAHTR A, SR 5 Bl % T BE T o 5 4 7 728 O Bk Mk R I
TR, B AR SEATHES o Bl R T — 2 T A A A
B LA R B, A T AR A A A M A LI
AR 4 7 BT R  ) BRL ER AR B I TR
Hop, 5 AR A5 B R H Z 0 B KRG 25 CAMD
Ry AR AT 3 RN B T A

® Mn . Ni, Co, Sn

® 0
oW CSERe e e
e il R fA AR
! "W Tk D T
>—4—9 .747\. — e

(a) FIMENETS ERIRAT (b) T FRARAAN B IRIAARILAT (o) BRMETE B IR fAAR (d) M B P A AR
M2 Ni-Mn-Sn & Heusler &4 Z i £28
Fig.2 Flow chart of phase transformation process in
Ni-Mn-Sn-based Heusler alloys "’

2  Ni-Mn-Sn & Heusler 44 9 Bk # M 48

e RSB S W P P A T A 5 1 o e v T R
AR BRI R, Ve BORAR B T BIE HEA . J
K HETE M S B FE G 2 CA Sy A XTI v 6 )
(Relative cooling power, RCP) 3% il ¥ 7| 45 & (Refriger-
ant capacity , RC) . % 28 J2& 7 & MCE 58 B 19 #% .0 45
i, AR AR IR AL BT 5 | R B0 AR A, e {3 o o B A A
7 it JEE BT, RT3 e A v 5 G AR X 1k o R B R
FE 5 1 5 W) 7B RO S A5 11 L TRV AR T Y
AAAE KRBT Jg— G G — FOoM 72 il T A A A

1461



Frfp il MR (05 &

2026 4EHS 46 45 10 1

[] ) 98 A%, 3R A5 3 K ASw ABAE AR A7 75 W] 12 19 #4/ 1%
iy s OO AR R U AR R S AT i R /N IHAS, I
fEHAHX 8K . RCP/RCAE N 254 Pt 8 45, RC 0l L il
B ASu-T M4 () T ARk 358 filf 1T 0 Y > 0 it
JEAE A R 1 1T BRI RCP A AS, W 5 2F i 52
(3 Trwnv) 1Y T AR, S B T 4 BH7E T8 U5 X B il ¥2 BE
J31 2 R B SE PR AE B p AN T SRE G B B EE L 51 A
% ¥ 57 25 & (Effective refrigerant capacity , RC ) A9
e, BDAE RC (Y BR[04 0T X8 7 79 4 4
R, DT B 422 305 b4 ORL 7 52 B 2 1) ¥ 118 26 v 1 A 280 v
BE T o BRI, BRAT I R v B4 RL T (R IR R R
(9 A Sy FITE I XA T« 32 35 5 00 A9 AH 22 36 L& 19
AM /IR 5 R FE | DA R R A i R e pE
21 M S5ARAE T REXEARMEENZ R
2.1.1 AR R

WFFE R, 3270 o A 98 4% J2 94 755 Ni-Mn-Sn & 4 4
AN S R AR R A AT B . HAN Z D %P R 3
Nis-. Mny: ,Snyy 1 Mn & 53 j]l]ﬁflg%ﬂfﬂ Ty [ A A A2 I
(Tw , 7 1 TR T 345 10.4 T/ (kg KD 1 795 2% .
MA L 457 Mn, Niy,, Sn, & R o & B Ty, Bl e/ a B AR M
TR LR 3. L2, BTG AR DR 2 K T A A 5 A LK X
1 FE A N ER g B e/ a B FEAR , 2% K T At 25 A FL UK
X, L2, B PG B e e, ) o ER AR AR A, TR AR
LA, $A BE Sn B 5 00 38 AT 2 M08/ | 7E o= 10 B $A s
JE A 6 K, [A] i BOA R Ak 22 AM =60 A-m*-kg !, 4
I BEAE L ¥ AR TR A T AR .

1000 A NigMny, Sn, A
A Mn,Ni,, Sn, v
800 -
’ vy 4
2 ook v
= e
/‘5;( . 5 %/'
£ 400 A uE
= AN
A o

o, o200F g

A /Q

A
OF J
| v 1 1 L I

!
78 19 0 81 82 83 84 85
M BT (e/a)

B3 MngNiy.,Sn, ## NigMn;, Sn, & K kA0 Z iR E 5 A& F ik
Boe/aty %

Fig.3 Relationship of martensitic transformation temperature
with valence electron concentration for Mn;,Nis,_,Sn, and
NisMng, , Sn,

55 4 AT R B AR AL Ni-Mn-Sn He4 4 1 A M fg

A R, A O R T i U R L T A A S

A SR R PR R AT O S RETERE . LA Co U

(¥ 3d k4 70 2R AL S o5 48 NI, 2 25 0 o R TG AR Y Bk

JF B i O BOOR B TR BE A8 i IS B9 AML, DT AR A5 5K
1462

V14 B 80 8 A\S e, AR A 8 I A A5 DX R i R A 39 R0
NiMny, Co,Sny &4 ¥V i it Co#B 44 v 16 1 T AR #E
W PR 2019 1/ (kg KO B K H#ERAE , 2 BT AM Wik
KX GG B . SHARMA J4E it — b e &
Mn ) MnsNisCosSne & & P A M5 T . T 5w K
ASyw=35J/(kg+K),RCP=209 J/kg, #t — #IE ¥ Co
B2 A R T SRR G wE o fy o (AR R,
BB 43 3d Bk IC R 4B A A AL R B AA /B [ Y
HIF,E 6% S R R A AR ok 6% Lk g 45 F B
AR o AE NiygMny, ;Snyo Cos, A 4 W %€ 3] L2,—~10M
F1 L2, 10M+6M P UK 3% 252 i - 25 /) e A8, fE 24 314 K
5T F R ASw=29.5T/(kg KD, ATewin=14 K FI
RV i 232 J/kg, 7E 42 30 & R A B TR IR X N ST
B WG PERE Y. Ui, Fe 8 28 AN 5 L [T
KB WA T, i 7E NigsMnys, SnysFess & 4 % S 1
40—>6M—>L2, 1% H [] By [ AR AH A K 3% 25 1) 3 BT W4 45
P i 75 A — AR DX B 34 10~15 T/ (kg KO
M) g A e, 7E S T 33 14 K T/E R X DL &
98.1 J/kg (A7 &4 il v 1, W35 ¥ 58wk FRLON 1 A AU
JE Y

AP M 555 8 M 00 28 4y BOIC B, D) 32 5 2o Ak
2R SR e/ a Uy R 98 1 WG M BE . WANG H B 485
FIH TiFl Ge &5 g, 7 500 55 WL oo 6 O 32 0e L il ik
2R STV T, BEAE AM R 53, A1 B8 A Bh 25 44 1 51 ik
TE B 18 W 3RAT 5 35 0 ASwo o Tl SR TR 7 & L Wi 4
7 A B D ROST AR 2 B 7 2l oK T 5 A LR DX A X
AL IR L2, BTG AAR A i A2 e M 4R i 5 [ AR A fifi
TuTteE 7 ECus 2k R XM b2 T 5 e/a i
RS S MB E . 7E NiyMny,Sn,,,Cu, 17 3& & Cu
B3 A S fuff QAR 742 VR 2 % A 1) e R S B O 4 0
S ) A7 ¥ T I/ R T P A - I R e T R ) |
AR INBENS , BLRH CutB 24 7E — @ R 8 1A AT/
I GRS 2 0 O $2 = A AR g Al it 5 T F, B [GfA
B 708 b 1) 30 R 78 T R BB 2R I I A Sy =7.5 T/ (kg KD
PR =058 10 A9 13.55 15.6 J/(kgK), %W Cu
5 2% 3 1 RS 46 R T Min-Min BB RO T
EFRALE o SR, T — B - 45 F A A2 AT SR s B
5 Z R 1 5 40 R AR AR I K, S BOH A R 8 1
KEEASG R4 T B2 T RB G4, KR,
Cu$s 2% Ni-Mn-Sn H 9K BB 76 — & B2 BE b i/ Juii OF
R ASy ABTE R BHRE T H AT 75 (] B 5 7 By 10 1 i 43
FE B OO A ROV £ 0 52 ), AR Ak R BAS W A
PRI s 801 1 v M BE

R 17 38 o 1 5 % A Y Bk TR T TOR AM 5 ASy
ZAh AR AR 5 ORE L9a /N O B R 2 IR fk



Ni-Mn-Sn 3t Heusler & & BEHG NV RO R THFE 5

Ni-Mn-Sn 4 #0E fE AY 8 E T 1. BISWAL S K%
K ST 43R Sn Al I — R AR (A R g
FRAZEAT Sy, BTG 00 720 W A AT, (EL BRGS0 3 i/
AR S o R BN aT 5, TS T SRR R . Ak
A W5 RN F & %5 58 B i 464 Ni-Mn-Sn 6
S T AT R . 7E (NiMng,Sni) - B. & 4
LB [R] R 4B A AT B R RE AR #2243 K FE
K22 13 K, I I 3 48 S P o B2 M 1, o= 3 B P&
58 JIE A 35 578 MPa, SIVE N A5 6.7% , R W] B & 72 A
FARAG I TN g 2 T S TR Y Ni-Mn-Sn & 4 .
45 4 5 — 1k ) PR BE 5 1 20 A, Ak B 4% Ni-Mn P
AR ] B g 4 K B TG AR / B [C AR B 4k 25 | [ {IK Bain W 28
H5 A% B B 4a I U/ R G R 2%, A B 0 G T R
B JE A0 K o i T A B8R 32 B b o A sk, (H H: S
it B A S A ST E /N B+ R 2B Y R
T B, X Ni-Mn-Sn B 40bBHE Z 08 28 T00 T /9 1
R A RS2 8 L,

BEAh 78 KRB 9T B 6l b 3 30 A B 5T 22 iR
WA — MR RO & SRR S . RS
— kSR BE 5 R — 2B 3 B 3d 3 P 9 E Z 48 2% Ni-Mn-
Sn3t G4 Y, KB 3d i P T R 73 i W) R i A AR e
PE B 22 FUAR RO R P e iR RE . Fe £ 2858
Mny,, f7 , i B G AR 5 5 PG IR IR 20 2 W R i 6 S, Bl 75 it
T a5 A AR B Bl ) A Ty 36 K (HAM BT F- 2 0, 35 o 4
e A S L DX R A R s e T g R B AR E T
WKL AE . Co BUR Nifiz )5 58 1k Ni-Co K& Mn-Mn
BRREFN Ay, 0 B T TR A R R T X6 T ER AR N
M i 2 18 K AM A R T AR5 KASy, (5[] s/ B
BLRE 25 HE K AR B 4 F B I B/ G CRMA TR & B 5 57
PIREE G 2Z L, 8 Kb R AN 5 e 24D, il B4 iy i Jife
RS bt 55 EEAE AT O AM A . Cu i)
HUAR M, , 55 1k 2 Bk 08 6 OF 3 2 4 w85 0 A 0, 3L v
AM $& T+ B A GE W b /I RO B I B I O 2l
VA DR BT S8 G AR S A Ak Ni-Mn-Sn J @ #4004 kL AT
W VG BA 5 A 1 R 45 T 2 1l Fe L Co WU 43 53] i 1) “ &t
FE VR AR AR T B B o . BVACR L Fe Co.Cu
53 T AE 32 5 A AR AR T R AM R K R AT B /i
8 AR P T R B A 45 B 2 4B 2 AN L X Ol TE
“TE AM I 2R R AR I 2R 7 =2 [ R AT 43 T S O
RETS%,

%t 315 fig th A 46 Ni-Mn-Sn & 4 19 1% $47E fig
5, HUANG L 25 2% 31 AL #: Snonl ik 36 JL AT A
FENE I8 B 31 K & 8 K, Co {8 Ni s o 2k i
JE 48K AM, WA 5 3 32 F+ MCE; 7 NigCoy MnySngAl
H1,5 T FASyik 31.6 I/(kg-K) . YANG J J4:1“58 5

Si g Co 48 75 45 #5858 K AM B [6] B AR #40s , Co B2 7
g Ak . St ] A . NiwCooMn,Sn,Si, 78 5 T T 3K 15
ASy=23.51/(kg-K) RC=402 J/kg, I X 5¢ 4= A 1 fy
by B oy G A AR AR 52 3L AT A Sy=23.4 J/(kg KD
ZHANG Y % U580 o 55 — M R 3545 1 78 Ni-Mn-
SnEE G 4 Co B 421G 38 B[RRI B E R AM,
7 76 B e AM FE i 51 A B SinT U4 A A s/ A R
Ak, AL S TR AR R ST AR T B IK
AR A 3k v A U e AR TR AR A, DT A R T R
oy 5 ek T T AR R AR s AM - AR S 1 P [R]
1, AT A Sk T 1) = I N A A R A . BISWAL S K
SEIF T & IR Nig s F €7.5,C 050 Mnyo 6550, 55 52 — B A 17
g B H MU 2, 7E 3 T FIASU=2.44 J/(kg-K) |
RCP=188.8 J/kg. & 1R ARRMES 4 0 i KU
A5 Ve R RE 4R A B 1 #E 3 o

F1 FEWLZESH Ni-Mn-Sn 5 & & 5 05 2550504 4 8

Q;E i..l. [27,30,32-36,38-39, 42-43,45)
Tab.1 Statistics of maximum magnetic entropy difference and
refrigeration performance of Ni-Mn-Sn-based alloys with different

chemical composiﬁons[ 27.,30,32-36.38-39, 42-43.45]

N [ASul/ A P fiE ApoH/
YN
i (J-kg K (Jkg™h T
Ni;;Mny,Sny, 6.8 — 1
NiguMny;Sny, 10.1 — 1
NisMnySny, 10.4 — 1
Mn;,Niy,Sn,Siy 2.54 225.27 (RCP) 3
Nigg s5F €7 27C 0, 09Mnyg 5550 56 2.44 188.8 (RCP) 3
M, Niy,Sny, 8.6 39.8(RCP) 5
M, NiggCo,Sny, 10.5 47.0(RCP) 5
M, NiggCo,Sny, 3.6 125 (RCP) 5
. . . 322(RC) 3
NiyosMny; 55n,0,Cog 29.5 223 (RC,) 5
Mnj;NizCogSng 2) 35 2) 209 (RCP) 5
. . 207 (RC) ;
Niy;Mny,Snyy 7.5 62 (RC,y) 5
. 114 (RC) ;
o _ [~
Ni;;Mn,,Sny, ;Cug 5 13.5 55(RC,,) 5
. . 58(RC) ;
Niy;Mny,Sn;,Cuy 15.6 32(RC,,) 5
MnNi,,SngGe, 19.2 — 5
Niy;sMnsSn, Ti, 8.6 — 5
NiysMnag 1 Snyy gFeg 5 14.5 98.1(RCq) 5
NiyCoysMnyeSnyg 14.9 — 5
NigyCoy MnySngAl, 31.6 — 5
. . 402(RC) 5
° [~
NigCogMn,,SnySi; 23.5 242 (RC, ) 5

2.1.2  HAE R
58 iR Ni-Mn-Sn A 4 1A E i 24 , 3 8 208 XUH
WG WY FH T 0 B ZE R 45 A R R AR 2R
At S5 mEAERE . WU Z 28 93 o 3 5 % [ E Ni-Mn-
Sn-Fe Hifill £ H #8412 FWR o A7 0 XU &5 4, y A2
1463



HER TS A G4 2026 4B 46 45 10 1

JEREALA 170 nm, 52 30 46 5% B2 4 1 950 MPa, B 24
AR 19.5% , IR R I REAERE 75 T FASy=
10.2 J/(kg-K) ,RC=181 J/kg. I {45 ¥ i 1 401k ife
£ Heusler M1 I 51 A 44 K B o A1, 43 2000 i 2 80
J | S B4 ) R AR DG A TR B 4R R T 2 S T g
PERE BB & A2 o 7 3 S AH B) 5 2 K-S B 6 R T3
K A% SR TC L 28 1 40 ) B AR e A2 fMCE . ZHAT Q
AU 3 BB, WL 4, NiygCogMny, Sny & 4 41
A L2 KL Fh R L2,/ AR i A, HA B I 3

§\‘ =
= 4| & =rccirz
2| S e Fccay
= ) i
g = N
& - >
= K3 o 1S
= - = =
= = .
- 5
L]

1 . .

50 60 70
20/(°)

(b) XRD i

L
40

|
80

FEAE . W RS R T HEA R R, i T L2 2k AR
wIHE L2 MIANEA: K L2, /y 2 B E A6 R A 1Y K-S
By 56 &, f TR S AR AR BUm) 6 R (111, / /1121,
<110, //<<210>>, B 2 e JE [ 22 6.84.% , 1K T 5 [G
A HE B T T 19 B R i A I AR (7% ) o 3 I i B 43
BB TEAAKE T MR RSN A 5 T R
Y F ASy=10.13 J/(kg-K) , [a] B £ £ 1 894 MPa iy Wr
BLoR 5 18.6% MY A, SEI T ) R RE Y
PR

e e 00000
' i e e 00 0 0 0
R o o oo o =1
a |, i 0Je® i o o o = [I2]L2
{111}12, <110>L2, SRS DRO OR;
° ‘\ K:‘\ d, .
° B e é [125]
J kJ (121}
{121} <210>,

(c) BRI by L2 AR I i PR 2 1) 56 R (d) P4 AE AT L (L2, /y 1 1

JEF-He B R

H 4 Ni48(:08Mn34SH1oiE;}\‘ﬂ%é\/5_A\{]@ iﬁiéﬂg}:\:“]

Fig.4 Microstructure of NiiCosMngy,Sny, hypoeutectic alloy

A BEAR Ni-Mn-Sn #: Heusler & 4 1% 3045 M 5 728 19
Y 9% 2y TR O £ TR S 0 44 0T FHPE , BRUNO N M
2 UTE NiggMny,CosSny, 5 41 H DA b R ~F 5 & B
(So/DFAE GBI RFEE , B Y S,/eih 0235 % 1.2
B 375 R A5 T QR A8 T 5 WG T AR 2 3 T, i R 7
T bR RN I G R 1 B A A R 2 A A BT Y %
R SR N AR B Y A A R R T R 3 v ARG
FifE o 1 SRR ST 3, 5 A A BRI, (A AR
T DX A DT FE B AR S A0 A5 BRI i A A2
CONG DY %5 i fofh: AU SnE Niy,CooMny,Sn, Al
BRI —F SN T 70 D AR RO 454 Cl AN TR
HE D JR A 1) 20 /N By [OAR 25 A L A2 A D o ALRE IR 2 55
A, T T [C AR Jm) 3 B A ) AT O O Ol B RIS W ¢/a
b PR S B Bl o il 22t DA O 55 25 40 8./ 5
AH AR DS BC , 3 T LA AR A M o R Y LA AR 2
PE AR AL B AR B 5, A R) B i 2% 7 28 X JA) - 42 A% TG
R B IRIR I B 2 F A8, 7E2 THES T i B & W5 AR
TR IX 5 PG 52 9 19,39 K ik A £ 5.5 12 K,
b 22 R 7 90 (A-m™ kg, LBLASy=23 J/(kg-K)#Y
390 R P KN, Sy ek A TR A R AR OR B 3 R T
SER R AR

Shy AV 5 AH 8 AH G 1 [ 95 5 40 T8 AR TR Y
Fl L, LING Y C 285006 S Yy 57 1) g A% A B 51 ARE 4% Ni-
Mn-Sn Heusler £ 4 Wi B, 42 JF LA 0 3% FRAK T IS 10 U
TG AR AR AR S Y LA A B T AR TR

1464

[47]

5K Ko R B4R VR R B R, &R 2% AR B R A R T
TE 5 KK AR A AR Rl &2, (AR AR 3o A8 0T 22, AT
I B G AR I AR I/ RE T IS o FE R 45 )2 T, A Al
JUART 5 SR A B A% 5 6 455 7 AR 19 25 (8] 47 I 2 B 0z A%
BB S, 1R W, P AR/ 4 L AR 2 AR I =X IR i
Ni-Mn-Sn i J5 7 846 , L Mn J5 7 %F S04 5Tk 5
S, DR A AR 2 X BR8P A3 A R 7R A R M
5 R AR o B T Ak N G AR B RR B . P T RE R A R
T A i 22110 FLIR e TR WG T G A B R S
B, W4 A0 B T R A A A A 0O W AZ A A el T A A
i LAk DL SO [l AR S i B, T AR I X5 3 4
WA B 2R 3.7 K, R AR 1 WA IR T & 260 K [R] I
oL ARG AL BE $E T3 71.3 (A-m®) kg, 7E5 TREH F Y
AUV Bk F) 340.6 T/kg.

25 b A 56 T Ni-Mn-Sn 54 4 U4 F4H 2%
Y BF 58 2 #A , Ni-Mn-Sn 3£ Heusler & 4 F 5 [ {4 40 28
Tk B 6 B o3 A8 Ak o UG S [ R T A S A 2N
SREWEAE AR TR A e T A A L R BT
B 45 2% T 3R, 0] 7E B T80 Bl N AN B R e/a
st L R K. Min-Min [ 5, DA I e 25 A4 R 2 R 1 22 4
VE R, 52 90 A0 A8 R B 55 w6 10 5 B2 o B Rl R 4% . L) Co.
Fe % 3d Pt oo R 0 09 85 AM B%ZR RB W8 10 28 0 K R
AR AR AT A B A B A 1 i R/ RS N . DA Cu,
Si. B &E 0 F R AR 3R 0 AR B LR AT R T /N AR R AR
Ak AT AN A B T S A AM



Ni-Mn-Sn #E Heusler & 4 G #AE0N A9 58 9 2

THET F

RGN AS , Z2 oo LB IR H I AM 5 i 5 77 1 SR th— &
|7 IR/ SRR s i e S L0y | B =2 S s o |
T B B U . A 21 1% Ni-Mn-Sn % Heusler
G G WAL R 0 R A BT 1 AE AR AR 3K Bl ) BT
ST B M 2 BRORT A T G B R AL [ B T Y A AR
B in e 22 22 [R) AT~ A LA . 38 SO R R S 3 A
i PR 2 H A S Ty 2% 5 MCE St , 8 1 & ok RO 508
S AR S SR 2 T 38 HE & 5 LA AR 2 P TR
Il 553 i i 0T B o AT P e 2 A B R PR R N S 4K
R [ AR 3 AT P SE R R E A Ak . D, RSk
Ni-Mn-Sn %A 4 1% 5850 3 10 B oK B0 — 1 G 48 7
e m 2 B AR UAL  AE PR UE — 22 R b 22 G 0 AR 1Y T $
TGN/ W R FREVE R e ORI R
FE 45 A5 — YRR T B AL g 2 > A Ok R K
AM AR5 F R AR A 4 .

22 HIEMITEXMNEAERENZIN

2.2.1  HLIRIE R

18 255 FL SIJ M T TR 9 R 5 A A SR B L)
ZAE I T2 . GHOSH A 25 PV R G fF 5% 7 38 K i )
XF NiggMngs sSnus s 55 S REPERE A 5E 0 . 25 R & B, K
B JCHF [R] i 4 B DA R A T R D R AR A
ARG EMAHE, UL 5, T LAWLEE 5] 24 hiB ksl BE 76 4 AR
3T 1.5 TARRE S T R R R ASw=5.15 1/ (kg KD,
T 12 bk B s B4 e ) VA 25 R, U BH O 45 4 G
T A7 R T 48 TR S BR A E . KOK M % PRI
B FEXT NisoMngsSny,Co, BUAR A & I FZ I, & AE 773 K
BF 25T B8 o g Ak a5 AR (E, & IR (973 M
1173 KO e 3k R 3% i 4204k it e R AL S 80 M BE R 1%
& B R 2000 32 32 3 X O A R AR O T

20 6
~ ~ ~ ~5 . _o—Yss
Mol 4 ; o
15 X Ly u ) O><* e
;‘D 10F 2 & 2 \fz =
= S 5 S 23 o 25 18
2 = 22 = W —o- putis z
Zos I = ) = i g —— AR 208
= RCZIMN18T ke = RCZj /9427 -+ ke & S =2 -
0 L L L ) 0 L L ! | 0 L 5 L L ) L L L L 15
280 290 300 310 280 290 300 310 280 290 300 310 0 5 10 15 20 25
pEEC |EE/C BAE/C ALK )/
(2)1BK0h (b) K12 h (¢) k24 h (d) EMIABEH LT, NiMn,, Sn,,, &40t

5

AS, FIFRCBHEIR R (A28 1L B

R R OK B R FARAR A 1.5 T #E ) T AL T 9 AS, MR JE 69 T 4w 248 B B 3 AL T NiggMng ;Snyy 584 89 AS, o 4 RC LR K

B ] A % e

Fig.5 Variation of AS,; of specimens with temperature under 1.5 T magnetic field for different annealing durations as well as AS,; and net

RC of NijMny; ;Snys ; alloy with annealing duration under constant field ©"

2.2.2 PR BEE A A

H5 VR P VAR R R Y i B R DR O O, R AR AR
Gy 457 (B G E U (R A B RE A S AR A AR AT
Ak RE . BABITA T4 V2 % 9 NigMnaeSny, 44 K
fhats MAE 1.4 TR#ES T S ASy=6.8 J/ (kg K) il i
AR Ry I WG 7w ) v B AR T B B . CHABRIT
A5 PUHE NiggMny, Sy PR B 3RAT 01— 12, 2544 L [G 14
L5 TG FRERZS 7.2 1/(kg-K),RC ik 30.4 J/kg.
T AP A B ) A 208 b TR S R SR
KA HAERR AL 2 e E % . XUAN H C 45 i i
PR P ) £ T Ni-Mn-V-Sn# 1, 3 & 308 K 4k 7
ERTE 3 DN 0 NS N (AT G U S ) @B
(14 320 R 7E S QR AR AR BE O 3 T IR 4% T~ e B i 7 3k
41.6 J/(kg KORYREN A sl T AR kit . ZHANG HH
28 PVHE Ni-Co-Mn-Sn fi 22 B8 55 v & B, 1 023 KB k
LhE s T2 A T 3R A5 e K AM R /s #0 D
K T TAE R BE 8 FA Tewny=20 K, NTITAE S T #3% F
FIASy=20.1 I/ (kg KO FI AT Rl % 7 197 J/kg. X

SR 5 FE 4 R TRV T A TE I3 | 1 R G A
BHf 28 7 T T o
223 HESH KRGS TZ

S R s O o o I T e O R Sl = W 2l [ e
MAKRILES MBI GEHE. ALVESAL
SR, AR BRI 51 A WAL TC Y e Ak
HIl 55 T NisoMngsSny, 1Y % 00, B[R A A2 T /9 # 16
By BRAT S 8 /0, 0 72 i R S s () 3 e e K . SR
RS 55 A b 35 A B A R 4 A A5 T R R AR 0 1 L
BHH RN . CZATA P %5 "fE Ni-Mn-Sn-Al Bk & 3
IR ST IR R HE R A T AR S5 A st i, $i s T A
75 ek BE I B8 0 ARV, o BB AR A Sy W 1 R 58 4k B F
J G K P A B0 R R L AR T S AR TR X
WANG X L 4™ if — 248 | Ni-Co-Mn-Sn # K 4
773 KB ki 5 T 3 N ASwik 27 1/ (kg KD A &l ¥
WO 171.3 J/kg, #5230 B AR K DB I8 24 3R ok TR B
BUBOIN T sy PERE Bt 2% o 5 AR L, /I RSB R
(<210 pm) BBRCSF R0 3 350 Ak 55 A PR g 35 F R

1465



e b g SA

G4 2026 45 46 B 10 4

KAMARAD J % COfF 58 26 W], LR AY i 5 BRI 2 2 &
By AR AR /)N, 40 ] Ni-Mn-Sn & 42 19 I [G 4R 5 48 3
g1 & RIS N . AR K (4~12 nm) K& ™
i 4 W A o | R R TR O R A A AT R
1173 KB KCAT A RO 52 H: AR 2540 5 0 Pk B, 36k 1
o T R R R O A AR TR R AR 11 O

224 HEHHIEHA

R ) 3 AR A B 52 2% TR AR G R AR TR
AR o BRAMT, 76 5 B v, AS T 3B G0 i 25 S BLFLBR (2
SR SIS 5] S e B, DT RRALG B 4 1 4 X 285 2 0
2 VERE 5 SR AL B A P e 0] B B, SUN W
FEUUCR M Bt B R K K Bl (L-PBF) B ) i A%
NisMny,Sn,, &4, 3F4 1 173 KX 24 h 3k B3 fd 24250 Fl
LR A A, WK 6. A &% T2 99.5% 41
FE5R EE TR 519 MPa, H S04 205 T Mn 4k ) 2
QIXER, TES THEG T %G 43515 10.2 T/ (kg KO BY #G
MAE . SUN K45 %t 5 Se 8 b B HEAT T 5%, & 90 4E
A P ] AT S S B i A0 3 S0 M O R AL A AR AR
it b TG AR AH 72 B 3T B9 A Sy HT 0.2 32 1 2 0.45 1/ (kg KO
(1T F D, I W T s o B Vi B 0 %) A 2 138 A 34
Ab 3 FE 1 S BE R N o AN [ HE B ] T 2R AR Y A

5 pm

(b) @A HIBSE SEM

6 o E
- . .
.
o -
R
S 4 -
! -

0 50 100 150 200 250
R /um

(e) FLBR RS 43 #ii O 1 173K, In#ke hESEL

WFEHM . RITTINGHAUS S K% L5 7, 7 K
IRIEHR (PBF-EB/M) 5 UG KRG R (PBF-LB/M).
T30 A A0 SR s T A5 B (BUB R4 99.5% ) HE
o i) IRE 5 5 B R R AR, AR S i S
R 2L, 1 PBF-EB/M H R T R A B 2 il 38 G 44/ 5
PRI A o A0 Ak 3 AT (i 25 B 00 235 A w0 A8 5 348 58 o A
BN, H PBF-LB/M il A J B BE RN 29 12 Ko P
765 T F (1 ASy 43 %l K 3.95 F1 2.07 J/(kg-K) , Hih
PBF-EB/M7E 1 T T RIEA, Wox AR T 2LEHT
ANE#EF R . ZHONG S T4 53 — 2 i 4k L-PBF
T2, R %R T L-PBF il & &1 5 %€ [ Ni-Mn-Sn-Co &
4, K AE L-PBF il £ & 48153 38 {001} 2144 (FE AR #
B oK W B8 [ AR I HE & A 5 1 [ AR S5 4 (4~7 )2 BEHL
HEB ) o IR AR ST R [ S T A R AR B R
TR T AT RG-SR A R BB
FERE R B TR ALR KCTROR R 3R A R A BT
T g S5 R A A R R AR A N, A A TR BURK
SHRAT, 1% Ni-Mn-Sn-Co & & 7E R LA BRRRE T F
5 THEM FEM i KASY) 14 1/(kg-K) \ TAEIRIX 22 K
K2y 81 (A-m»/kg I AM o ZMF5E 3 B, 38 32 K i 42 161
L-PBF 2%k, v] B4R 15 @ Pk g 2 2 JUAT TR AR 1) 1 3%
R, SBT3 — AR Ak

0 1 ) s
A7 /pm | &; e Ry
(c) 1 173 KiE k75 minf{yBSE ) “RHTEE

-

(2) 1173 K, In#k12 higsiisEik (h) 1173 K, Jn#24 hiE 3k

B 6 L-PBF Ni-Mn-Sn&-4 ZL 408 K B 1) 69 i 40t

Fig.6 Crack evolution in L-PBF Ni-Mn-Sn with annealing duration

g b ARl A T2 A A A A < B8 o 2 A
R ST R 2 B B Bk B 2 R FEAR R BB E T
Ni-Mn-Sn & G 0 A7 AL 17 FURE P B[4 i, 5 26
T2 B 2R mT LA A Ni-Mn-Sn 3E 4 45 19 — 4125 14 I 75
SR o HL I RV R IE 5 IR SR f W I T

1466

[61]

2, ARSI ST R W] 3B Kl B2 AR [ n] LA AE — %2 L R A
P v T AR B O T R AR AR R B O A 0 A
il o 22 () A Ay TR A A R T gl b
a2 o SR A T R e RS e AR R T A
ARAT Ay, AEL R PSR o i I 5 T B S A R R R Y



Ni-Mn-Sn 3t Heusler & & BEHG NV RO R THFE 5

PR T, e 2800 B K BEAT I BR o By A v 4 A ER A
TR AN G A BT bR O A i A 2 L A g A
FERE, AN I BR B 51 A 55 20 A% T 22 R 40 K i 2R Al 2>
Hl 55 B QA A, b AR 1B KR B LG B BR 3
B i R LR 4R R A B A B 2% LA IR A g v 4
AR AL B | 2 SORI o i A 25 TR TS 3 i T 2245 44
Ak BEAIE A i A i

ML A8 BE R, i 48 T ZAE IR 55 T AR Bk
I ASw ¥ 75 B b ER 6 5 IR EURTE SR N
LSRR L RO TS AR SN R . A DR R
WA, T 25 A B A B L P 2 4% 2 B 4P B T B A G B
VLR . —J7 T AT AR & A R e A
PR AT AR 5 o5 — 5 THIAT B T30 BR A B2 0 Lo/ L B A
B0 ANTR] ] A T2 A0 B Al B2 ROk 2 2R T e
A ISR E £ SENEEPNE S LE - S/ RVAITEL A
B S N 1 1 ] 1 S 0 N R V0 = TR B S G B
PifFAE 22 5 NI S8 R R T TR G T 2
VOB A — & WME . 4 J5 Al LA S 48 48— 1 il A
WARAET R TL Rl 8 ] 2 T2 K #A b 31 2 B0 AT X
o, 858 ks ROT (28U LB 38 55 20 SURRE |, X 7% 975
AR i AT PR AR AE 1 = T B B AR AR T E R Y, A
PAT 7 PN TR AG FE A -, 45 Y B3 AT A T 2 BB R AR B
T B 08 A [ 07 e K 3k BB 3 ) o] 6 I

3 MALRER

Ni-Mn-Sn 3 Heusler £ 5 15 2t HL 1 I (9 7 ) 1%
FHRE, 3T 4R Rl R o B S T AR T E
TG .l BT ] R B AU R, AR
TR RS AR RS T, AT 3 R T AR A A
TR AR T A AL I SO R AT O o A AU SR
T NS 25 R R AR AT RO e O £ T I 7 g BT ]
P, SIS Ty AR RE DR RO AL o i ) 5 D T, AR Ak
B AP AR I A B T 3 A B AR i 9 4
O3 I SI P OB RS R R B 2 A B e AT A2 R )
IO, HGrb O 2 PR A PR Ay OGBS Ak BT B, R S T T
A ¥ BE RN g e 5 BB T T K AR AU AE I

AT 78 E ph 50— 38 K ey B 008 7 e 17) 23 5 - 10
IAERE A VERE S H R AT O8 BT AF AE R AS FE B #2
R/ T 7R I P A0 A A 5 S 00 ) BR A A RO
6 2 73 1, L AR B2 A 2800 v B RRR E RS R A
[ . R R AR Al AN AR JLT7 T HE 2t - O FE 2 o048 %
5GBTS L, WY A% 2O g A 25 IS A A
PERE RS IR, 780 AM 5 AR o 2 1] 55K P, 4 i e
H RGN EIAR . OEIAREIS T 1 1ERE

PEH L I R U T S s ] 8 T Y 220 BRI £ bR
TE BB 7 5 h i . @& & T g 2P
e 5 A S HE R TR 7R R S BT A AN R A L g Xk
Tl - S5 MR 5 S J5 AT R RS2 R, Sl I S I A T
T E A T O BEAR . DR S — P R A
S B S AL AR 2% T 4 Ay - T2 - R TN A
AR L . © & & 3 A 5 e 2R OB B
B Ni-Mn-Sn 5 5 G T T 58 1 30 58 B T 00 B9 B ol v
el
Z £ X W

(1] Phartl, PhIUR, EXRE, . @RS O BRI IR 58
2008, 36(9): 17-23.

[2] TIAN L, MO Z, SUN H B, et al. High-performance magnetic
refrigeration materials: Prediction and realization [J]. Journal of
Alloys and Compounds, 2024, 991: 174 519.

[3] WANG Y J, PAN H P, LIU S. Research progress of high effi-
ciency magnetic refrigeration technology and magnetic materials[J].
Journal of Superconductivity and Novel Magnetism, 2025, 38: 86.

[4] BROWN G V. Magnetic heat pumping near room temperature [ J].
Journal of Applied Physics, 1976, 47(8): 3 673-3 680.

(5] WIMS, SRWeW], E4%, & . FLILEC AL R4 9043 7 8 v A ORHIF 5T
BERLT] AT SRR, 2020, 49(12): 2 383-2 388,

(6] ZR&Mg, o, M. UL IRBEH v A S0 Rk 0 BT 7 2 Ji K it
AT, bR RAR, 2021, 35(11): 11120-11 126.

[7] FRANCO V, BLAZQUEZ I S, IPUS J I, et al. Magnetocaloric
effect: From materials research to refrigeration devices[J]. Progress
in Materials Science, 2018, 93: 112-232.

[8] LAWY, MORENO-RAMIREZ L M, DIAZ-GARCIA A, et al.
Current perspective in magnetocaloric materials research [J]. Jour-
nal of Applied Physics, 2023, 133(4): 40 903.

(9] J%nar, iR, WINEE, & . MMM R IF e ke (7] 32
2, 2016, 65(21): 217 502.

[10] CHABRI T, VENIMADHAV A, NATH T K. Interplay of aus-
tenite and martensite phase inside martensite transition regime and
its role on magnetocaloric effect and magnetoresistance in Ni-Mn-Sn
based Heusler alloy[ J]. Intermetallics, 2018, 102: 65-71.

[11] PARAMASIVAM S, SANKARAN E M, KIM I. Investigation of
magnetic, magnetocaloric cooling, magneto transport properties and
critical behavior of Cu-doped NiMnsSn,, alloys [J]. Journal of
Magnetism and Magnetic Materials, 2025, 614: 172 737.

[12] HERNANDO B, SANCHEZ LLAMAZARES J L, SANTOS 7,
et al. Magnetocaloric effect in melt spun Nis, ;Mng;;Sny,, ribbons
[J]. Applied Physics Letters, 2008, 92(13): 132 507.

[13] KIRAT G. Improving the magnetocaloric performance of NiMnSnB
Heusler alloys with V substitutions[J]. Journal of Superconductivity
and Novel Magnetism, 2022, 35(11): 3 323-3 331.

[14] KANOMATA T, FUKUSHIMA K, NISHIHARA H, et al. Mag-
netic and crystallographic properties of shape memory alloys
Ni,Mn,  ,Sn,_[J]. Materials Science Forum, 2008, 583: 119-129.

[15] SUTOU Y, IMANO Y, KOEDA N, et al. Magnetic and martens-

itic transformations of NiMnX (X=1In, Sn, Sb) ferromagnetic shape

1467



Frfp il MR (05 &

2026 4EHS 46 45 10 1

[16]

[17]

[18]

[19]

[20]

[21]

[24]

memory alloys[J]. Applied Physics Letters, 2004, 85(19): 4 358-
4 360.

KRENKE T, ACET M H, WASSERMANN E F, et al. Martens-
itic transitions and the nature of ferromagnetism in the austenitic and
martensitic states of Ni-Mn-Sn alloys[J]. Physical Review, 2005,
B72(1): 014 412.

TAO Q, HAN Z D, WANG 1J J, et al. Phase stability and
magnetic-field-induced martensitic  transformation in  Mn-rich
NiMnSn alloys[J]. AIP Advances, 2012, 2(4): 042 181.

ZHENG H X, WANG W, XUE S C, et al. Composition-
dependent crystal structure and martensitic transformation in Heusler
Ni-Mn-Sn alloys[J]. Acta Materialia, 2013, 61(12): 4 648-4 656.
POPA F, CEBOTARI V, MARINCA T F, et al. Crystallo-
graphic and magnetic analysis of ordered-disordered Ni;Mn,Sn,;
Heusler alloy obtained by mechanical alloying and annealing [J].
Journal of Alloys and Compounds, 2023, 964: 171 275.

CHEN F, TONG Y X, HUANG Y J, et al. Suppression of y
phase in NigCo,Mn, Sn, alloy by melt spinning and its effect on
martensitic transformation and magnetic properties [J]. Intermetal-
lics, 2013, 36: 81-85.

YE M, KIMURA A, MIURA Y, et al. Role of electronic structure
in the martensitic phase transition of Ni,Mn,, ,Sn, , studied by hard-
X-ray photoelectron spectroscopy and Ab initio calculation [J].
Phys. Rev. Lett., 2010, 104(17): 176 401.

G . Ni-Mn-Sn @ iR PEIC IS S BHRESE D] /R : 1
JREEBLT R, 2022.

PLANES A, MANOSA L, ACET M. Magnetocaloric effect and
its relation to shape-memory properties in ferromagnetic Heusler
alloys[J]. Journal of Physics: Condensed Matter, 2009, 21(23) :
233 201.

GSCHNEIDNER J R K, PECHARSKY V K. Magnetocaloric
materials [J]. Annual Review of Materials Science, 2000, 30(1) :
387-429.

TISHIN A M, SPICHKIN Y I. The Magnetocaloric Effect and Its
Applications| M ]. Boca Raton: CRC Press, 2016.

CHABRI T, BARMAN A, CHATTERIJEE S, et al. Effects of
transitional hysteresis on the large magnetocaloric and magnetoresis-
tance properties of Ni-Mn-Co-Sn Heusler alloy [J]. Journal of
Alloys and Compounds, 2021, 863: 158 485.

HAN Z D, WANG D H, ZHANG C L, et al. Low-field inverse
magnetocaloric effect in Nig,  ,Mny, ,Sn;; Heusler alloys [J].
Applied Physics Letters, 2007, 90(4): 042 507.

MA L, WANG S Q, LTY Z, et al. Martensitic and magnetic trans-
formation in MnsNiy,  Sn, ferromagnetic shape memory alloys[J].
Journal of Applied Physics, 2012, 112(8): 083 902.

WEBSTER P, ZIEBECK K, TOWN S, et al. Magnetic order and
phase transformation in Ni,MnGa [J].
1984, B49(3): 295-310.

SHARMA J, SURESH K G. Investigation of multifunctional prop-

Philosophical Magazine,

erties of MngNi,, ,Co,Sn;, (x=0~6) Heusler alloys [J]. Journal
of Alloys and Compounds, 2015, 620: 329-336.

HAN Z D, WANG D H, QIAN B, et al. Phase transitions, magne-
tocaloric effect and magnetoresistance in Ni-Co-Mn-Sn ferromag-

netic shape memory alloy [J]. Japanese Journal of Applied Physics,

1468

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[44]

[45]

2010, 49(1): 010 211.

SHARMA J, ALAM A, SURESH K G. Large magnetocaloric
effect and exchange bias properties in Mn-Ni-Co-Sn full Heusler
alloy[J]. Journal of Alloys and Compounds, 2024, 983: 173 908.
ZHANG X X, ZHANG H H, QIAN M F, et al. Enhanced magne-
tocaloric effect in Ni-Mn-Sn-Co alloys with two successive magne-
tostructural transformations[ J]. Sci. Rep., 2018, 8(1): 8 235.
ZHANG H, ZHANG X, XIAO Y, et al. Peculiarity of magnetoca-
loric and magnetoresistance effects in Ni-Mn-Sn-Fe alloy with suc-
cessive metamagnetic structural transitions [J]. Intermetallics,
2022, 149: 107 651.

WANG H B, LIY, YAO Y, et al. Effect of Ti doping on the
phase transitions, magnetocaloric effect, and exchange bias in
NigMnyeSny, , Ti, Heusler alloys [J]. Journal of Magnetism and
Magnetic Materials, 2020, 498: 166 216.

WANG H B, XU C C, WANG L S, et al. Effect of Ge substitu-
tion on the magnetocaloric effect and exchange bias in Mn-Ni-Sn-
Ge alloys: The role of Mn-Mn distance [J]. Journal of Alloys and
Compounds, 2020, 837: 155 280.

KOKORIN V, OSIPENKO I, SHIRINA T. Phase transitions in
alloys Ni,MnGa,In,_ [J]. The Physics of Metals and Metallogra-
phy, 1989, 67(3): 173-176.

VARZANEH A G, KAMELI P, AMIRI T, et al. Effect of Cu sub-
stitution on magnetocaloric and critical behavior in Ni;;Mn,,Sn;;Cu
alloys[J]. Journal of Alloys and Compounds, 2017, 708: 34-42.
BISWAL S K, PANDA S K, MALLICK J, et al. Establishing uni-
versality in entropy change and critical behavior for magnetocaloric
effect in Si-substituted Mn,Ni,,Sn,, inverse Heusler alloy[J]. Jour-
nal of Applied Physics, 2024, 136(12): 123 901.

XIN XY, XUY R, GAO L, et al. Improved phase stability and
mechanical properties in Ni-Mn-Sn-B Alloys: Experiments and
first-principles calculations [J]. Journal of Alloys and Compounds,
2024, 986: 174 090.

ZHANG Y, BAIJ, GUO K L, et al. An alloying strategy for tun-
ing magnetism, thermal hysteresis, and mechanical properties in Ni-
Mn-Sn-based Heusler alloys[J]. Journal of Alloys and Compounds,
2024, 979: 173 593.

HUANG L, CONG DY, REN Y, et al. Effect of Al substitution
on the magnetocaloric properties of Ni-Co-Mn-Sn multifunctional
alloys[ J]. Intermetallics, 2020, 119: 106 706.

YANG J J, LI Z B, YANG B, et al. Effects of Co and Si co-
doping on magnetostructural transformation and magnetocaloric
effect in Ni-Mn-Sn based alloys [J]. Journal of Alloys and Com-
pounds, 2022, 892: 162 190.

ZHANG Y, BAI J, GUO K L, et al. Enhanced magnetocaloric
effect in Ni-Mn-Sn alloys by synergistic manipulation of magnetiza-
tion difference and lattice volume [J]. Applied Materials Today,
2025, 42: 102 589.

BISWAL S K, PANDA S K, DATTA S, et al. Hysteresis-free
reversible  magnetocaloric  effect and critical behavior  of
Niyg ssF€; 5,C0, o;Mny 6550, 55 full heusler alloy[J]. Physica Scripta,
2024, 99(4): 045 926.

WU Z, LIANG Z, ZHANG Y, et al. A eutectic dual-phase design

towards superior mechanical properties of heusler-type ferromag-



Ni-Mn-Sn 3t Heusler & & BEHG NV RO R THFE 5

[49]

[54]

netic shape memory alloys [J]. Acta Materialia, 2019, 181:
278-290.

ZHAI Q, BU F, CHENG Y H, et al. A strategy for improving
inherent brittleness without significantly sacrificing the magnetocalo-
ric effect in a Ni-Mn-Sn Heusler alloy[ J]. Journal of Magnetism and
Magnetic Materials, 2025, 629: 173 246.

BRUNO N M, HUANG Y J, DENNIS C L, et al. Effect of grain
constraint on the field requirements for magnetocaloric effect in
Ni,sCosMn,Sn;, melt-spun ribbons[J]. J. Appl. Phys., 2016, 120
(7): 075 101.

CONG D Y, HUANG L, HARDY V, et al. Low-field-actuated
giant magnetocaloric effect and excellent mechanical properties in a
NiMn-based multiferroic alloy [J]. Acta Materialia, 2018, 146:
142-151.

LING Y C, ZHANG C Y, YU X, et al. Quasi-second-order mar-
tensitic phase transition by flexomagnetic coupling[J]. Nano Lett.,
2025, 25(41): 15007-15 015.

GHOSH A, MANDAL K. Effect of structural disorder on the mag-
netocaloric properties of Ni-Mn-Sn alloy [J]. Applied Physics Let-
ters, 2014, 104(3): 031 905.

KOK M, AYDOGDU K, KANCA M S, et al. Effects of aging on
magnetic and thermal characteristics of NiMnCoSn magnetic shape
memory alloys [J]. Tranian Journal of Science and Technology,
Transactions, 2021, A 45(6): 2 191-2 199.

BABITA I, RAM S, GOPALAN R, et al. Dynamic inverse-
magnetocaloric and martensite transition in NiMn,Sn,, nanocrys-
tals in low magnetic fields [J]. Philosophical Magazine Letters,
2009, 89(6): 399-407.

CHABRI T, VENIMADHAV A, NATH T K. Magnetic and lat-
tice entropy change across martensite transition of Ni-Mn-Sn melt
spun ribbons: Key factors in magnetic refrigeration [J]. Journal of
Magnetism and Magnetic Materials, 2018, 466: 385-392.

XUAN H C, ZHANG Y Q, LI H, et al. Enhancement of the mar-
tensitic transformation and magnetocaloric effect of Ni-Mn-V-Sn
ribbons by annealing treatment [J]. Physica Status Solidi, 2015,
A212(9): 1954-1960.

ZHANG H H, ZHANG X X, QIAN M F, et al. Martensite trans-
formation behavior and magnetocaloric effect in annealed Ni-Co-Mn-
Sn microwires [J].
B274: 115 477.
ALVES A L, PASSAMANI E C, NASCIMENTO V P, et al.

Materials Science and Engineering, 2021,

Influence of grain refinement and induced crystal defects on the mag-
netic properties of NigyMn,sSn, Heusler alloy[J]. Journal of Phys-
ics, 2010, D43(34): 345 001.

CZAJA P, PRZEWOZNIK J, FITTA M, et al. Effect of ball mill-
ing and thermal treatment on exchange bias and magnetocaloric prop-
erties of NigMny,-Sn,,sAl, ribbons [J]. Journal of Magnetism and

Magnetic Materials, 2016, 401: 223-230.

[63

e R A St A

[59] WANG X L, SUN F, WANG J M, et al. Influence of annealing

temperatures on the magnetostructural transition and magnetocaloric
effect of Niy,Co;oMn,,Sny, powders[J]. Journal of Alloys and Com-
pounds, 2017, 691: 215-219.

[60] KAMARAD J, KASTIL J, FRIAK M, et al. Magnetization and

exchange-bias effect in powders of the Heusler Ni,MnSn-based

alloys[ J]. Journal of Alloys and Compounds, 2024, 976: 173 157.

[61] SUN W, LU X, WEI Z Y, et al. Multicaloric effect in Ni-Mn-Sn

metamagnetic shape memory alloys by laser powder bed fusion[J].

Additive Manufacturing, 2022, 59: 103 125.

[62] SUNK, LIS, MOHAMED A E-M A, et al. The effect of thermal

post-processing treatment on laser powder bed fusion processed
NiMnSn-based alloy for magnetic refrigeration[ J]. Journal of Alloys
and Compounds, 2023, 961: 171 063.

RITTINGHAUS S K, SHOKRI H, SHKODICH N, et al. Com-

[t}

parative insights into microstructure and magnetism of Ni-Mn-Sn
Heusler alloys manufactured by electron beam and laser beam pow-
der bed fusion [J]. Additive Manufacturing Letters, 2023, 7:
100 159.

[64] ZHONG S J, QIAN M F, ZHANG J R, et al. Microstructure and

magnetocaloric effect in nonequilibrium solidified Ni-Mn-Sn-Co
alloy prepared by laser powder bed fusion[J]. Additive Manufactur-
ing, 2024, 79: 103 941.

(4%5 5K IES)

x

EMBEREREESSRE
THILXHEE
£ B —. 5 RILE A

ZFRESR NEF ALK
$LF 2 A iE) - 2027 4E 5 A

8 ZH6s
PREH:H K RPBTRE
LTI 2 B 18] - 2027 45 6 H

T @ =M A by R
EREH:E B WELERY
EAREL RIgACHE KE
A R 4 e
P E Bt | : 2027 4E 8 H

T @ M ATHERE

FRER IR PR
B RIBHE RS

AT E B i8] : 2027 4 11 H

O e S O S s e S e st st g

1469



