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 ZE: Ni-Mn-Ga 5& MBS AR TIPS Z — ARAFF Ni-Mn-Ga & &R, B
NissoMnyjo,Gayy (x=0. 0.4, 1.0, BE/RGE)NAFXN R, FIHERFEA T G4 MR 4o RS EX
A EMWPRBPIRA S REER . SREKW: BEE Ni SR, Nis Mng ,Gayy A 41 5 IR AR AR IR B2 12 8
Fhea, i JE BRI AERNEE R, Y x=1.0 B, G4 HI T - . MRS, &4 0B AR
LT (| AShlmax) S B2 T (Wre)BE Ni & EHSEINTIE K. U#HECE 3 TR, &4 x=1.0 X5 8| ASwmlmax T Wre
BoK. 2108 8.2 T(kg' K)F1 53.61 T/kg, 435/ x N 0+ 0.4 /3.04. 2.28 £555 3.31. 1.67 f%. 0.58 GPa Z5EH X &
52 x=1.0 FI|ASwtlmax 52 T 2 AT, (H S5 85 K 1 S A R T30 56 & S AR X . BUES 6 Wre s T 43.82%.
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T~ R AR AR (B — 2 5 IRAA AR AR 5 — 4 J LA A [
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BRI, SRR, FHEEEH T ASulma
&4 %/ . DEVARAJAN 252805} Niy, Mn,,,Ga &4
MERE N AT 7 VR TE, 45 R, XT x=0 &
&, RIS FE | ASMImax HH 19.2 J/(kg K) (p=0 GPa) F#
% 6.04 J/(kg-K) (p=0.969 GPa); i %} T x=0.15 [) & 4,
|ASM|max H1 8.9 J/(kg-K) (p=0 GPa) /N2 1.27 J/(kg-K)
(p=0.74 GPa). HPBHAE G# R AR, ERME4m
|ASMImax LRI TP FIRF IR AL R ER, SFEE
X Ni-Mn-Ga & SRR NAFEA—FU 2 . 77
TR FAERT A, AR TiE— Pt 7.

N T4 Ni-Mn-Ga & & IR, AR H
2 43 VAT RN 5 T R 4 X 12 A R B A IR 78 B
T TR . SGRER, T NisgMnioGay,
(x=0. 0.4. 1.0)&<, FEA&E Ni SR, TuS Tc
BHTEEIT + | ASwlmax -5 TV T BE SNBSS (H)IZETHE K .
BT x=1.0 E4E, Tv=Tc, M HIE3 TH, 5&M
|ASMlmax A1 A5 20 591 4 8.20 J/(kg-K)F 53.61 J/kgo 2%
T | ASulmax(x=1.0) (R FE 1A W] ZBE AT, AFX il 74
HABIFBEIER . 24 p=0.58 GPa. H=3 THf, &
& x=1.0 I|ASulmax FHEIAEHIN 7.93 T(kg K)FN
77.10 Jkg: EFEAEHT, S&KHAEE N T
43.82%. W 7T 45 R X} Ni-Mn-Ga & S GRS AL
WA K& TAR N H B A B iR 5 E .

SEU6 3% 2 50 51N 99.98% 99.98%- 99.999%
()4 & BSR4 (N)  £6:(Mn)~ 85(Ga) R R, K WK2
HAEEFEmES IV, fEmaim SRy Rl X
ZH3 N NissuMnyo Gay, (k=0 0.4, 1.0)HIZ fbkE S
NAERE SRR 5], FTA FERIITER A E T N R E
TEWR 4 IR KIS a R L B EEE AR TS A
FEEH, 1073 K M5B K 72 h, REPOEHRA

% 1 Ni54+an19,XGaz7 /ﬁ\/ﬂi E"]éﬂéj\lggl EE{ZI:%/E/D%E

VKRR GV AT AR EE . R SYI-150 BURH 4
NI DIEINLEATRE a D)), e BORE i ) o T
MR 4 LIRS AR DL R GRS . i
(1) B S 40 3 B BT BE B € IO 1S 4 (Energy-dispersive
spectrometer , EDS) 1] 3 i ¥ ¥ & 1l %% (Scanning
electron microscope, SEM)IEATHfiE o A i 1 AH AL 3
Hi TA Instruments DSC 2000 %Y % 74534 #44 Hr 4%
(Differential scanning calorimetry, DSC)HIEAIE, W
HIE N 10 K/min. FFHYVEN & &40 (3E E Quantum
Design 24 & ) [ 9% 2l # it i 5% 11 (Vibrating  sample
magnetometer, VSM)JIEFE G FIHLYE, FHIFREZA
1.5 K/min . F 1% 3% (0.05 T) F I W4 1t 5% F&
(Magnetization, M)5 i & (T) 2 8] 1 5% 5 il 26 [M(T)]
Tff o B AR AR I B . B (To) LA S M 454
AR s TR S5 A Hh 26 M(H)AI Maxwell 5% 2 (T

G a IREREAE . R VSM B i8R 4t e 1Y s A
(Copper—beryllium clamp-type pressure cell)HE4THE i &5
R AE R BRI &, DU g S5 HoOR G AN
(R FZMA) o

2 FERE5H

2.1 AEMAESSHETHNE

NissexMn 9, Garr(x=0+ 0.4+ 1.0)&4: 1I~FI2H 43t
R1PR. R 1B E R, &84 AN FSEiRA
AR, FXTIRZEDNT 1.0%. B, AT ERS,
ECL R iR, KRG &R AT RR .

1 FT7R A Niss,Mnyo ,Gay, &4 DSC HiZk 5
%3%(0.05 T) F AL I ZE M(T), HAE 1(a)~(c)F~
B M(T) 2 B 1(d)~DH s A& 4 DSC #iZ.
Bt My My Ty B Ay A T 80IFRIE. Y
I HRAS AR IR RS S IR P S VR EIR s Tew 5
Tee 53 AIRIMAANA EIE A 4105 BIRE . &8

Table 1 Composition and martensitic transformation temperatures of Nis4.,Mn g ,Ga,; alloys

Reverse martensitic

Nominal Actual

Martensitic transformation

X - o transformation temperature temperature TA/K Tw/K
composition composition
AJ/K AdK MJK MyK
0 Ni54Mn19Ga27 Ni54_07Mn18,83Ga27410 257 273 265 250 265 257
0.4 Ni54,4Mn13,5Ga27 Ni54,45M1’113,42Ga27,13 277 296 288 272 286 280
1.0 Ni55Ml’113G327 Ni55.16M1’117.ggG3.26,95 307 325 312 297 316 310
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Fig.1 Low-field magnetization curves((a)—(c)) and DSC curves((d)—(f)) of Nis4,Mn,9 ,Ga,; alloys

AR FE YRR B 1)) in LR e, g fE
BT Tv=(MAM)2, Ta=(A+A4)/2 INUMEE ., A&
ST BT I G A i 1Y) S DA AR AR IR RE R AR WA T %
1 fiR. BB 1R 1ok, AL AR &g
TRFERE x B3GR R K. X — SRR T
Nisor.Mnos Gays [ = — 30, 5 A AR R
Fhi & T Ni 34> B 48 Mn 808 & 4 b AU
PR JEE 18 K 3 3 B

Bl 1(@~c)4 T A S M) M2 .
KL Enr, SFxN05 04 &S, BFRTR
HORAET 2 MBS, KO E RS —
B IRARAHAE . BEJG I FHEE FE A T — U B IR Ak
MRS — R E A, 5 x=0. 0.4 [IEEAH, x=1.0
&S TR R RE 7 1 /MEAE, BT
W45 FIRAE . X, x=1.0 &K R E
KWL JEAL,  HHANFAFNA HI M(T)R 3 26
dM/dT FIRR/MED AT, A4t e BIRRE N x=0
W, Tey=313 K. Tec=312K; x ] 0.4 I}, T=307 K.
Tec=306 K; x=1.0 I, Tec=Ty=310K, Te=Tx=316 K.

EFLE®RSH AER 1 KT m, WF
NissxMnjo ,Gayy B4, Zx MOBEZE 1.0 HF: 1) AR
8, Ta M 265 K #2316 K, Tep B 313 K BEZ 307
K. F3 % 316 K; 2) FFiREHRE, Ty H 257 K 2 310
K, Tec H1 312K F£% 306 K. FEFE 310 Ko 24 x=1.0

ij" TCC:TM’ TCH:TA’ ﬁfi\tﬂfﬂTﬁﬁ—%ﬂﬁlfﬁﬂﬁ
22 AERHBRSN

B G A GORE 1 DR /)N B S50 005 48 (ASw) S i ¥
# (Refrigeration capacity, Wrc)™SHUMLLFRAE. A
[F) SN, R AR U B A B O 25
22.1 HEMEIERHE

5 I G5 AR W] i A o B O &R A (Maxwell
relation) YA AR 4 i AR s 20 35

ASy = J':(MJ dH
H

oT (M

X M ONHIALSERE, A-mPkg: H NI, T,
T Ks M(T, H NS 28, 5 161 5 0 M(H) -
R TR THEM R SRR A, e i
TR R ZHR L I 2R o NisyMno Gay, & S A4S
B30 08 43T R P SR A T 2 0 B 2(a)~(e) BT «
R, &4 x 8 0. 0.4, 1.0 F 2RI 6 Bl 23 51 9
240~290 K. 270~310 K. 290~340 K, 177 0~3 T,
BB 2 K M — 2SR mEA it 26 . NI IR 2,
YOI B H B Sk B TR A T N AR Sl (A
=0 &4, BmEmiRERN 290 K), REFEHFEEE
DU R, FEINRESHAT IR . A T BONE #EHh BoR %
TR A S AR B A INHE A BB L, AR SO
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e T AHAR BRI R R A 262 T 1] 2(2)~(c)-
I 2(a)~b)rT 1, FEEANMRIEX, x 805041
B EH TR BT x=1.0 &4, BEET 320
K JG& & TN, BT 304 K & 44 T8k
WEAS, T 304~320 K [X [A] & 4 L HS UG 5 2k b 3L A
WA, XRS5 E 1(a)~(c) st F—2.
FIHAR) A A ENERBACIZE, RFFRET

Nisg e Mnyo Gay; B &SRR, W 3(a)~(c)FTR.
HE 3@)~(c)rT A1, 1) BEERY H WK, &euik
A5 IR B (—AS\)IZ I8 K . 7E Ty BHE AR KAE . 2)
BEE Ni & S AEHTG R, AR —ASy 1WA (R
|ASMImax)IZHTIE R . 3) M HEAZ 3T, &4 x N0,
0.4+ 1.0 XS |ASwlmax 77519 2.7+ 3.6+ 8.2 J/(kgK)-
T x=1.0 FIEERE T WM, H|ASw|max /&

(b) (©
60 |- 60 |-
- 272K
=i | 276 K soik
280K
= 284K
2 ~ Aor 288K |~
E E 30k E
< < J
= 3 =
20 H
10H 10H
0 | | 1 0 1 1 1
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Fig. 2
magnetic field): (a) x=0; (b) x=0.4; (c) x=1.0

Isothermal magnetization curves of Niss,Mnjg ,Gay; alloys (arrows indicating directions of increasing and decreasing

3.0(a)
—_— T

—3— 3T

(3]
I
—

>
=
T

Magnetic entropy change, ~ASy,/(J-kg™'-K™")
; t
|

Magnetic entropy change, ~ASy,/(J-kg™'-K™")

—_
=}
|

%

Magnetic entropy change, ~AS,/(J-kg™'-K™")

1 0 1 1

0 0

240 260 280 300 270
T/K

3 Ni54+XMIl19,XG327 %é—z\ﬁg%/ﬂ%‘lﬁﬁﬁ

Fig. 3

300 315 0 310 320 330
T/K T/K

Isothermal magnetic entropy changes of Nis4..Mn;o_,Ga,; alloys: (a) x=0; (b) x=0.4; (c) x=1.0



2529 4558 12

BRI, 58 Ni-Mn-Ga & SRS 2 50 181 5 S8 R 4% 2797

BRI, 2 alRE4 x 0. 0.4 11 3.04 f55 2.28 fif.

BE— BRI, SNBSS H AR 3T, &4
(1| ASMlmax FFATEBIHIAT, B ASilma BE H HIHE T3
m, Wi A@fs. WIS, ZERRE T A
B ASwlmax TN H 1155 2

x=0 I,

|ASMlmax=—0.217140.9029 H, R*=0.95 2)
x=0.4 I,

|ASM|max=—0.2682+1.2434 H, R*=0.98 ?3)
x=1.0 i,

|ASM|max=—0.0404+2.7393 H, R*=0.99 @)

A R NEMG IR FIHRQ)~@) Tk
TS 5 Nisge,Mn o Gay, & S IEA RSN T 18
KRS o
222 EEMIHIAE

B4 B A BT HEASY-T HZRULE 3(a)~(c))
T AL N LA B, BpReT)

W = [/ |08 (D) 4T 5)

Xt T D ilAEASW~T 2 m 5a e kil
B, Ko NEBSAT, AE&rflAEwE 4b)Fs.
LEREIR: 1) BEEW H K8, 5&HBRE Wi
MR, 2) M H=3 T, &4 x N0, 04, 1.0
X N A RSN 16.2 32.01. 53.61 Jkg. &4
x=1.0 FIHIA TS A2 x N 0. 0.4 B 3.31. 1.67 fi%,

9
(a)
gL
@ x=0
71 @ x=04
@ x=1.0

5| Linear fitting

Absolute maximum entropy change, [ASy|./(J kg - K™)
s

REHWHTEE x=1.0 K-S, 3) Lot
HHERWT

x=0 i},

Wrc=—0.2568+5.1721 H, R*=0.98 (6)
x=0.4 i,

Wre =—2.0664+11.0186 H, R*=0.99 (7)
x=1.0 i,

Wye =0.2646+18.0036 H, R*=0.99 (8)

FU(6)~(8) A Nisg,Mn o ,Gayy & & LA R SNINHE
AR AL AR T

ZE EOYMAT A, BT x=1.0 &S RE T HE-45H
FAAS, WAL 3T, H|ASylmax 5 Wre /25K
SINE 4 x N 0. 0.4 13.04. 2.28 5 331, 1.67 fi%.

23 ENXSHEHRN AR

HT x=1.0 K& BFERMBEIASL, i LA
WG B AT FERT B, WIS X LB AN () )
PIHL 10 mg 743 FIRE L, R SO -9t I Y 1 74
W, INJEZE 0.42 GPa 5 0.58 GPa, FlF¥iEE R4:
DR i ) SR A i 42, DU TS5 R T 1055 iR
A, HAE WA s@fs. BPEdEER: 1) M
) M —ASw TR WAL Tl 55 75 1 1140 184 10 7 S A5 9k
AN, X ICER[30-3 11145 REEAR —F, (Hi/MiE R
No N, WEIAEAL 3 T 1, 04 0.424 0.58 GPa X Ri—ASy
IR 735 8.2 8.01. 7.93 J/(kg'K): 5 0 GPa [

60
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Fig. 4 Relationships between absolute maximum entropy change, refrigeration capacity and magnetic field of Nis4,Mn g ,Gayy

alloys
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Fig. 5 Relationships between isothermal magnetic entropy changes, refrigeration capacity and magnetic field of NissMn,sGa,; alloy

under various hydrostatic pressures (0 GPa denotes one atmosphere)

HAEAALE, 0.58 GPa X N—ASy FIEER/N T 0.27
(kg 'K), BRIk NERE R 2o AT SFEIEH T &4
IR AR FEAAS, IX0 A4 1) TAE R A& R A R
170 2) S5E T RIE FHBUEARAR IR X KB %, A F
T (—ASw)~T 2RV i B i 95 A0 G A B IR
S(b) AT A E R 3 R A & S i H MK
WRFR . GREIR: 1) EFEERTRHREES 0
GPa HUH 1) 7 B FE B RESA H 3G IN T EE . 2
H=3 T, 0.42. 0.58 GPa Xf M HIHIA B HIEE T
63.01. 77.10 J/kg. 5 0 GPa #iEL, #IA BN T
17.53%5 43.82%, X 2555 HAEH T AR X 5324
AR TEMI SR, 2) 0.42. 0.58 GPa {EH FHIAE Wece
5 H BRI 2595
Wirc=—0.0511+21.2293 H, R*=0.99 )

Wirc=—0.6668+25.7921 H, R>=0.99 (10)

5@ MR HMEL, 0.58 GPa [ /1 F Wee Xt H 1)
UKL T 7.789 J/(kg T)-

2 FHTIAT] %0, 0.58 GPa F 45 [ X NissMn, sGay;
BN RRERAZ RN, AT ZAIEAT . (Hl 55
Fr R ROR S T A MAARRX, KEERA T 54
(v B DRI, SR 00 R PN A G il SR
B BOREEAE

3 Z5ip

1) BEE Ni =M, 64 NisoMng Gay S
PR AR 5 B A AR e il 20 T T v s e L 7 )
SN K. Y x=1.0 I, &4IE. DR
Vel Tv 5 Ta 0l SRR THEMERREHRS, &
& IR AR AR

2) MFEAMINEESS T 5 A 4 NisgMnyo Gayy 15K
TG I35 78 (1) A5 NHE | ASt|max -5 VA B Wie B NI 2 & (1)1
i . SN mEis H % 3 THE, &4 x40,
0.4+ 1.0 X BEF¥I|ASulmax S A E > AN 2.7 3.6. 8.2
J(kg'K)5 16.2. 32.01. 53.61 J/kg.

3) WF x=1.0 &4, 0.58 GPa 255 hxf Hie K
S22 | ASwi|max SETHEL/AN, AT ZBEANTE o H B TS5 5 1)
A RS T A AR, BUEESrmA =
Were P& T 43.82%.

4 AFEFEMTENE, XHPAETE&%
|ASMlmax~ Wre 5 H IR R T x=1.0 FE&4,
S %) L FH AT S 2 A R VA B Wre RHAMINEG S H (1)
BUREE . AR TR & A SN .

REFERENCES

[1] YUBF, LIUM, PETER W E, ANDREJ K. A review of



2529 4558 12

B, 5

‘‘‘‘‘

2799

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

magnetic refrigerator and heat pump prototypes built before
the year 2010[J]. International Journal of Refrigeration, 2010,
33 (6): 1029-1060.

VELAZQUEZ D, ESTEPA C, PALACIOS E, BURRIEL R.
A comprehensive study of a versatile magnetic refrigeration
demonstrator[J]. International Journal of Refrigeration, 2016,
63: 14-24.

BRUCK E, TEGUS O, CAM THANH D T, TRUNG N T,
BUSCHOW K H J. A review on Mn based materials for
magnetic  refrigeration: ~ Structure and  properties[J].
International Journal of Refrigeration, 2008, 31(5): 763—770.
O ST, OB, RO, KA, iR #, M
Bk. MnCoo.0sCuoosGe & 42 [RIREE e HL RGN [T]. H
048R, 2018, 28(8): 1597-1602.

GAO Tian, QI Ning-ning, SUN Chao, WU Mei, LIU
Yong-sheng, XU Yan, ZHOU Tao. Magnetic properties and
magnetocaloric effects in MnCog9sCugosGe alloy[J]. The
Chinese Journal of Nonferrous Metals, 2018, 28(8):
1597-1602.

JTHCHE, TyRUE, EENE, HER, KEK. Na B L
KB Lag7Sro3--Na,MnO; 1451 KA 52 []. A [E
A48 4R, 2009, 19(5): 894-899.

QI Shu-yan, MA Cheng-guo, DONG Li-min, HAN Zhi-dong,
ZHANG Xian-you. Effect of Na doping on structure and
magnetic entropy of perovskite Lag;Sro3Na,MnOs doped
with Na'[J]. The Chinese Journal of Nonferrous Metals,
2009, 19(5): 894—899.

B, B OB L R, BO#, mEE, HAE, A%
B.OEIRME A ORI S R[], AR, 2017,
66(11): 110701.

LI Zhen-xing, LI Ke, SHEN Jun, DAI Wei, GAO Xin-qiang,
GUO Xiao-hui, GONG Mao-qiong. Progress of room
temperature magnetic refrigeration technology[J]. Acta
Physica Sinica, 2017, 66(11): 110701.

IR, R, BIREE, hRSR, TRORAR. LRSI
BT Tt e [T]. MBS, 2016, 65(21): 217502.
ZHENG Xin-qi, SHEN Jun, HU Feng-xia, SUN lJi-rong,
SHEN Bao-gen. Research progress in magnetocaloric effect
materials[J]. Acta Physica Sinica, 2016, 65(21): 217502.
ROMERO G J, FERREIRO G R, CARBIA C J, ROMERO
G M. A review of room temperature linear reciprocating
magnetic refrigerators[J]. Renewable and Sustainable Energy
Reviews, 2013, 21: 1-12.

JAMES D M, MORRISON K, PERKINS G K, DEBORAH
L S,LOGRASSO T A, GSCHNEIDNER K A,
PECHARSKY V K, COHEN L F. Metamagnetism seeded by

nanostructural features of single-crystalline GdsSi,Ge[J].

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Advanced Materials, 2009, 21(37): 3780—3783.
PECHARSKY V K, Jr GSCHNEIDNER K A. Giant
magnetocaloric effect in Gds(Si,Ge;)[J]. Physical Review
Letters, 1997, 78(23): 4494—4497.

FUIJITA A, FUJIEDA S, HASEGAWA Y, FUKAMICHI K.
Itinerant-electron  metamagnetic  transition and large
magnetocaloric effects in La(Fe,Si;—);3 compounds and their
hydrides[J]. Physical Review B, 2003, 67(10): 104416. 1—12.
CHEN X, CHEN Y G, TANG Y B, XIAO D Q. Effects of
solidification rate and excessive Fe on phase formation and
magnetoclaoric properties of LaFe,; ¢.Si; 4[J]. Transations of
Nonferrous Metals 2017, 27(9):
2015-2021.

LYUBINA J, NENKOV K, SCHULTZ L, GUTFLEISCH O.

Society of China,

Multiple metamagnetic transitions in the magnetic refrigerant
La(Fe, Si);3H,[J]. Physical Review Letters, 2008, 101(17):
177203.

TEGUS O, BRUCK E, BUSCHOW K H J, DE BOER F R.
Transition-metal-based magnetic refrigerants for room-
temperature applications[J]. Nature, 2002, 415 (6868):
150-152.

LI Z B, ZHANG Y D, SANCHEZ-VALDES C F, SANCHEZ
L J L, ESLING C, ZHAO X, ZUO L. Giant magnetocaloric
effect in melt-spun Ni-Mn-Ga ribbons with magneto-
multistructural transformation[J]. Applied Physics Letters,
2014, 104(4): 044101.

L1Z, XUK, ZHANG Y L, TAO C, ZHENG D, JING C. Two
successive magneto-structural transformations and their
relation to enhanced magnetocaloric effect for
Niss sMnyg1Gage 1 Heusler alloy[J]. Scientific Reports, 2015,
5:15143.

WADA H, TANABE Y. Giant magnetocaloric effect of
MnAs;Sb,[J]. Applied Physics Letters, 2001, 79(20):
3302-3304.

WADA H, MORIKAWA T, TANIGUCHI K, SHIBATA T,

YAMADA Y, AKISHIGE Y. Giant magnetocaloric effect of

MnAs;Sb, in the vicinity of first-order magnetic
transition[J]. Physica B, 2003, 328(1/2): 114—116.
BABITA I, GOPALAN R, MANIVEL R M,

CHANDRASEKARAN V, RAM S. Magnetostructural
transformation, microstructure, and magnetocaloric effect in
Ni-Mn-Ga Heusler alloys[J]. Journal of Applied Physics,
2007, 102(1): 013906.

DUANJ F, LONG Y, BAO B, ZHANG H, YE R C, CHANG
Y Q, WAN F R, WU G H. Experimental and theoretical
effect  of

investigations of the  magnetocaloric

Niz1sMnggs«Cu,Ga (x=0.05, 0.07) alloys[J]. Journal of



2800

T EA O8RS

20194F 12 A

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

Applied Physics, 2008, 103(6): 063911.

WEBSTER P J, ZIEBECK K R A, TOWN S L, PEAK M S.
Magnetic order and phase transformation in Ni;MnGal[J].
Philosophical Magazine Part B, 1984, 49(3): 295-310.
KREISSL M, KANOMATA T, MATSUMOTO M,
NEUMANN K U, OULADDIAF B, STEPHENS T,
ZIEBECK K R A. The influence of atomic order and residual
strain on the magnetic and structural properties of
Ni,MnGa[J]. Journal of Magnetism and Magnetic Materials,
2004, 272/276(part 3): 2033—-2034.

KHOVAYLO V V, BUCHELNIKOV V D, KAINUMA R,
KOLEDOV V V, OHTSUKA M, SHAVROV V G, TAKAGI
T, TASKAEV S V, VASILIEV A N. Phase transitions in
Niz,Mn,,Ga with a high Ni excess[J]. Physical Review B,
2005, 72: 224408.

ALBERTINI F, PARETI L, PAOLUZI A, MORELLON L,
ALGARABEL P A, IBARRA M R, RIGHI L. Composition
and temperature dependence of the magnetocrystalline
anisotropy in Ni»+,Mn,+,Gays. (x+y+z=0) Heusler alloys[J].
Applied Physics Letters, 2002, 81(21): 4032—4034.
CHERECHUKIN A A, TAKAGI T, MATSUMOTO M,
BUCHEL’'NIKOV V  D. Magnetocaloric
Niz+wMn;,Ga Heusler alloys[J]. Physics Letters A, 2004,
326(1/2): 146—-151.

ZHOU X Z, L1 W, KUNKEL H. P, WILLIAMS G. Influence

effect in

of the nature of the magnetic phase transition on the
associated magnetocaloric effect in the Ni-Mn-Ga system[J].
Journal of Magnetism and Magnetic Materials, 2005, 293(3):
854-862.

HU F X, SHEN B G, SUN J R, WU G H. Large magnetic
entropy change in a Heusler alloy Nis;¢Mnys Gayss single
crystal[J]. Physical Review B, 2001, 64(13): 132412.
DEVARAIJAN U, ESAKKI M S, ARUMUGAM 8§, SINGH
S, BARMAN S R. Investigation of the influence of
hydrostatic pressure on the magnetic and magnetocaloric
properties of Ni>Mn;Ga (x=0, 0.15) Heusler alloys[J].
Journal of Applied Physics, 2013, 114(5): 053906.
KAMARAD J, ALBERTINI F, ARNOLD Z, CASOLI L,
PARETI L, PAOLUZI A. Effect of hydrostatic pressure on

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

magnetization of NiMn;,Ga alloys[J]. Journal of
Magnetism and Magnetic Materials, 2005, 290/291(part 1):
669—672.

ALBERTINI F, KAMARAAD J, ARNOLD Z, PARETI L,
VILLA E, RIGHI L. Pressure effects on the magnetocaloric
properties of Ni-rich and Mn-rich Ni;MnGa alloys[J].
Journal of Magnetism and Magnetic Materials, 2007, 316(2):
364-367.

MANDAL K, PAL D, SCHEERBAUM N, LYUBINA J,
GUTFLEISCH O. Effect of pressure on the magnetocaloric
properties of nickel-rich Ni-Mn-Ga Heusler alloys[J].
Journal of Applied Physics, 2009, 105(7): 073509.

DONG G F, GAO Z Y. Effect of heat treatment on the crystal
structure, martensitic transformation and magnetic properties
of Mns3NipsGay, ferromagnetic shape memory alloy[J].
Journal of Magnetism and Magnetic Materials, 2016, 399:
185-191.

ENTEL P, BUCHELNIKOV V D, KHOVAILO V V,
ZAYAK A T, ADEAGBO W A, GRUNER M E, HERPER H
C, WASSERMANN E F. Modelling the phase diagram of
magnetic shape memory Heusler alloys[J]. Journal of
Physics D, 2006, 39(5): 865—889.

JIANG C B, MUHAMMAD Y, DENG L F, WU W, XU H B.
Composition dependence on the martensitic structures of the
Mn-rich NiMnGa alloys[J]. Acta Materialia, 2004, 52(9):
2779-2785.

WURR,BAO LF, HUF X, WANG J, ZHENG X Q, LIU Y,
SUN J R, SHEN B G. Effect of substitution of In for Co on
magnetostructural coupling and magnetocaloric effect in
MnCo,-In,Ge compounds[J]. Journal of Applied Physics,
2014, 115(17): 17A911.

ZHANG X. X, QIAN M. F, ZHANG Z, WEIL S, GENG L,
SUN J F. Magnetostructural coupling and magnetocaloric
effect in Ni-Mn-Ga-Cu microwires[J]. Applied Physics
Letters, 2016, 108(5): 052401.
TANJORE V J, LAURA B, JEFFREY E S. Near
room-temperature magnetocaloric properties of Gd-Ga
alloys[J]. Journal of Magnetism and Magnetic Materials,

2014, 363: 201-209.



29 B 12 1 BRI, %%: Ni-Mn-Ga & &4 4140V 5 15 25 55 I 1 4% 2801

Composition adjustment and hydrostatic pressure control of
magnetocaloric effect in Ni-Mn-Ga alloys

HU Fen-¢""2, CAO Yi-mingl, WEI Sheng-xianl, TAO Changl’ 3 HE Xi-jial, KANG Yan-ru!, LI Zhe'

(1. Center for Magnetic Materials and Devices, Qujing Normal University, Qujing 655011, China ;
2. College of Chemistry and Environmental Science, Qujing Normal University, Qujing 655011, China;
3. College of Physics and Electronic Engineering, Qujing Normal University, Qujing 655011, China)

Abstract: The optimization, regulation and control of magnetocaloric effect (MCE) in Ni-Mn-Ga alloys are one of the
main research hotspots in refrigeration engineering. In order to optimize the MCE of Ni-Mn-Ga alloys, the phase
transformation properties and the effects of composition and hydrostatic pressure on MCE in Nisg.,Mn ;g ,Gay; (x=0.0, 0.4,
1.0) were experimentally studied and discussed. The results from heat flow data and magnetic measurements show that
the martensitic transformation (MT) temperatures gradually increase with increasing the Ni content. However, the Curie
temperatures first decrease and then increase with increasing Ni content. Importantly, a first-order coupled
magnetic-structural transformation (MST), i.e., a simultaneous occurrence of the first-order MT and of the second-order
magnetic transition, is observed in Ni-Mn-Ga alloys with x=1.0. Besides, absolute value of the maximum magnetic
entropy changes (JASu|max) and refrigeration capacity (Wyc) increases with the Ni content increase under the same
magnetic field change. Furthermore, |ASy|max and Wye are as large as 8.2 J/(kg'K) and 53.61 J/kg for the alloy with x=1.0
under a magnetic field change of 3 T. Such values in |ASy|max are approximately 3.04 and 2.28 times of those of alloys
with x of 0 and 0.4, respectively. Meanwhile, the amplitude of Wyc for x=1.0 are about 3.31 and 1.67 times of those of
alloys with x of 0 and 0.4, respectively. Much importantly, the hydrostatic pressure of 0.58 GPa has a marginal effect on
[ASm|max in the alloy with x=1.0 while Wyc is enhanced by 43.82% resulting from the application of hydrostatic pressure
to broaden the temperature window of phase transformation. For the sake of comparison and engineering application, the
dependence of the external magnetic field on |[ASy|max and Wyc is obtained by using the linear fitting method. These
relationships can be used to rapidly estimate |ASy|max and Wye in Nisg,Mn g ,Gay; (x=0.0, 0.4, 1.0) alloys under various
magnetic fields. The results are very meaningful for the optimization, adjustment and control and engineering application
of magnetocaloric effect in Ni-Mn-Ga alloys.

Key words: Ni-Mn-Ga alloy; magnetic refrigeration; martensitic transformation; magnetocaloric effect; hydrostatic

pressure
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