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ABSTRACT The martensitic transformation behavior under coupling temperature and high mag-
netic field in TiNi paramagnetic shape memory alloy was studied by using the modified Landau model.
In order to introduce the effect of high magnetic field, the Fermi surface total density of state (DOS) of
TiNi alloy under different phase–transformed shear strain (order parameter) was calculated by using
the first–principles calculations, then the relationship between magnetic susceptibility and shear strain
was carried out. The calculation results from the modified Landau model involving the effect of mag-
netic free energy indicated that the martensitic transformation temperatures (Ms and T0) suddenly
increase. It can be mainly contributed to the parabola increasing of martensitic transformation driving
force under coupling temperature and high magnetic field. Also, it is found that the oriented growth of
martensitic variants occurs under coupling temperature and high magnetic field due to the increased
difference of free energy between variants, which is consistent with the TEM observation that some
vertical two–variants are present in TiNi alloy under 5 T magnetic field.
KEY WORDS martensite transformation, Landau theory, high magnetic field, magnetic suscep-

tibility, oriented growth, TiNi alloy
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- (!" (FSMA). +8&7/45 (>5 T) 7, 90
�!-):8+9Æ%8/-8:. 1)2;40<92
" R–Ba–Cu–O=1;907/45',,, -<",(
2;9>-<"34:;, =.?451<;54>,8
: [3]; Y1Ba2Cu3O7−δ 1;907/457267�, -
3?,�4;-/90 [4]; /@/45-8<0429�
"A<9B, @-1:4290<"A<A5 [5] +.BC,
/457"����!!�6D %#;2.

<=, E&=>!�"FG07'7?� !42
"!�!" [6−8] .$ Ni–Mn–Ga =42'- (!
" [9,10]. (8&042!" () TiNi) "%/454!
����!"FG93 [11]. =C1@&B !�!"#
Ni–Mn–Ga =!"7A(457B):HI45E�!
"45, (042!";7/457J):HI; CC1
@, 45/45&">?K9D6, .7<D8"@D=
L=$, >0"=L&794?@E, E-F@A?:;.

Landau %&<G7MA�!'-?DB, FH/?
3-+&CA�!, +8&F Falk[12] H/??IGBH
CE'- (!"%22����!"II. ÆJ7 Falk
H/II"�N=EE).+@, .1D)C!�%/4
4!&+7"����!; J++@?"IID>���
!�"-<">, =+?K@EGKE.

1 F�
1.1 GH�I

Falk[12] JO, L0'- (!" ()' TiNi, NiAl,
CuZn, CuAlNi, AgCd # AuCd +) &"����!P
&(*?� {110}@=? 〈110〉 1<"E@!'AD".
BC, Landau %&K"MQ(-- �E@!', -R
B)7:

F (E, T ) = α0E
6 − β0E

4 + (δ0T − γ0)E2 (1)

C', F  =$KN); E  E@*!; T  O@; ( α0,
β0, δ0 # γ0 L N90ÆDMA"/"SE.

8&45EC (1) '=$KN)"45, CT� *
)' Zeeman 0* [6]*F54/N0*#42FGPO
"�40* [7]. BC, 457KN)+!)7:

ΔF = ΔmT · H − (1/2) · χh(T ) · H2+

ε0(∂ω/∂H) · H · B0 (2)

C', ΔmT  ?�8����"4PU; H  ')45

/@; χh  F54/N, HLCE!42"� () Fe–Ni
!""?�); ε0  �4QM=E; (∂ω/∂H) · H  �4

QM(; B0  �I(.
(*8?K,G [6,7] "EK-5, C (2) 9NI, .

ER/23HSQ: H)J?� !42(���� 0

42. (E&T�P&042"KU, >!L"RVC)
7 [8]:

ΔF = −(1/2) · Δχ · H2 (3)

C', Δχ  T�4/NDU.
 GWC (3) PMC (1), R)VW4/N χ 8O@

T #E@*! E "8=. (, Curie–Weiss AX, χ 8
T DIK; (0490 χ N T "+!HS, J7Æ!�
'-KY. .71+(6+-E χ 8 E "8=T.LU.
1.2 O��GP�

(,4-%&, 36MG4P&:42".0, (0
42.)N36KV4PNW. X)45O, 36KV1
<�I"TQ-<"ON�+; CX45O8, KV4P
745'"-<)Z1 Fermi @=YL36"KV4P
+!1<. +!1<"36E

N ′ = (1/2) · N(E0
F) · μB · B (4)

C', N(E0
F)  Fermi @="�[@, μB  Bohr 46,

B  4P*/@.
B\Q36"KV4P+! 2μB, BC+!"R

4P

M = N(E0
F) · μ0 · μ2

B · H (5)

C', μ0  S]4;N. ZD�4+!"4PR 4//
@, J4/N

χ = N(E0
F) · μ0 · μ2

B (6)

[C (6) -S, 4/N8 Fermi @="�[@D
/K8=, ( Fermi @"�[@8E@*!�8. \+
CASTEP (Cambridge serial total energy package) P
TD> B2 ,-" TiNi !"?�7]QE@*!O"
�[@, B2 "�YD? Ni @6, #TSE 0.3014
nm [13], E@!'7 {110}@=? 〈110〉 1<@E. D
>'1+1PUR (ultrasoft pseudopotential), =+�
�/@US (general gradient approximation , GGA)
.^%VW�8)YL, VW�8R"XC\+ Perdew–
Burke–Ernzerhof (PBE)[14] YO"'C. ^@_�TZ
`) 310 eV, _T,S k #U? 8×6×6, -IaD
>"�[@A_II 1%. D>,G)V 1 WB. [V-
S, Fermi@^"�[@NV@*!"W,:[Z2!/,
-`!D8&@*!" 6 bC. E' 6 b*5 b# 4 b[
"=EKEH[, 2 QE(A.=, J-KYEH[, X
Fermi @^"�[@

N(E0
F) = −A · E6 + B · E5 − C · E4 (7)

C', A, B # C L `!"/=E, L890�8.
6C (7) cMC (6) ?I4/N, YZ!C (1) #C

(3), ?I+@?"IIXC)7:



� 1 � [ de : Landau �a\b TiNi Xf\]Y/cfg\\]hdZ[^i 396

F (E, T, H) = αE6 − ηHH2E5 − βE4 + (δ0T − γ0)E2

(8)
C', α = α0+αH ·H2,E' αH = (1/2)·A·μ2

B ·μ0 ·NA,
NA  Avogadro SE; β = β0 + βH · H2, E'
βH = (1/2) ·C ·μ2

B ·μ0 ·NA; ηH = (1/2) ·B ·μ2
B ·μ0 ·NA.

F*7\^%, -.?IKN)*E*!*O@$5/"
]/'C:

⎧⎨
⎩

fre = α2

β3 F ere = (α
β )1/2E

tre = αδ0
β2 T − αγ0

β2 − 1
4 hre = η

1/2
H

α1/4β1/4 H
(9)

Æ 1 TiNi �� Fermi ���^���_�����^_
Fig.1 Relationship between total density of states and

shear strain (E) on the Fermi surface of TiNi alloy

XC (8) -+`)7:

fre(ere, tre, hre) = e6
re − h2

ree
5
re − e4

re+

(tre + 1/4)e2
re (10)

2 ` ab!c"
2.1 d#$%e&f

V 2 L8BO7]Q]/45/@7" Landau K
N)]Z. [V-S, a45 (hre=0.00) 7, =$7
tre=3/4 OL;CQKN)gSA# (R ere=0 "?�),
=O?�-bAj7; O@_h tre=1/12 O, TQKN
)`SA#7icTkElO8, E*&TQ���!�,
^S7�O@7����-dbO8; jI tre=0,TQ�
��!�"KN)_mI 0, =OT�KN)�+ (E*
O@ T0), ����!e_ (E*O@ Ms); ae_
O, ����"KN)k.kS, (?�"KN)�E!
,, R?�`b; n tre=−1/4 O, ere=0 =Q`SA#f
`, La7TQicEl"gSA#, R����!,b
(E*O@ Mf). A?lg"&, �IIX)f\�!%
m, EJB" Ms 8 T0 �+, =&B II'@E@!
"5�To KNR@, g;VW hp���'-+!
(;2��''D"*!).

n')45 (hre=0.25, 1.00, 1.25) O, 7 tre=3/20

Æ 2 
������ TiNi ���n
����
Fig.2 Reduced free energy (fre) curves of TiNi alloys under different reduced temperatures (tre), shear strains

(ere) and magnetic fields (hre)
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R-O8db���!�, .45k/X���O8"O
@kF. )7 tre=3/4 O, CT45/@ (hre=0.25) 7,
P&?�Zqj7; (7/45 (hre=1.25) 7, =$.
) ����. =^S/457�="�!+o;CQc
!. LU����!O@N45/@"!/ ()'���
dbO8O@ M ′

s, �!e_O@ Ms, T�^bO@ T0

.$�!,bO@ Mf), )V 3 WB. [V-S, N45
/@W,, Ms # T0 [Z2dF, ( Mf ar]!. 2�

Æ 3 ����������ij��
Fig.3 Martensite transformation temperature (tre) vs re-

duced magnetic field (hre) (M ′
s—starting tempera-

ture of metastable martensite, Ms—starting temper-

ature of martensitic transformation, T0—equilibrium

temperature of austenite and martensite, Mf—

finishing temperature of martensitic transformation)

.^, �=d*s-.L TYL: n hre <1.00 O, Ms

# T0 2hdF; n hre >1.00 O, Ms # T0 cedF.
BC, -.W hre=1.00 Ak CE0490/45Hd
"]/A, 7�457�!O@6cidF.

 Gef/457�!e_O@"c!, VW45P
O"T�KN)U, (,C (3) #C (6) -.?I45g
f"�!hB+ (RT�KN)U) )7:

⎧⎨
⎩

|ΔF | = (1/2) · |ΔN(E0
F)| · μ0 · μ2

B · H2

|ΔF |′ = |ΔN(E0
F)| · μ0 · μ2

B · H
(11)

[C (11) -.jI, �!hB+ |ΔF | &45/
@"MbWgE, =.N45W/X�!hB+"!/N
|ΔF |′ 3Z2W,. BC, 7/457�!hB+"W,
!k, .=aSQ"c!#. =&B ÆII1+"&K
Nh@, W.E,&le!/".
2.2 d#$e$'()p

V 2 "C'CQ+o&: N&'45E�!"45,
���TQ!�"KN)]Z]YEl; (.45k/,
]El2R8?kSQ. ,G61TQ!�"KN)]�
Q, 7�!*s'm.ij, KN)9m"!�)bAj
7, (KN)9F"!�^&db-�.

V 4 BO]Q]/45/@7TQ���!� M+
# M− "">KU. [V-S, a45 (hre=0.00)7, �

Æ 4 ����� M+ � M– �
�n
��������	�
Fig.4 Orientated growths of martensitic variants M+ and M– under different magnetic fields (hre) (TM−—starting

temperature of variants M–)
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��TQ!�QO7M ′
s O@O8,E*&E@*!( ere

[ 0 c5iq icTQElA, (.7�!*s'_r
arEl, BC!�"-D&+Q", E*&jlKU (R
0Q!�jQOO8#">, =(*Kh&"1Cij,
=Q8:$l Kh& (self–accommodation) ���!
�">E [15]). (')45 (hre=0.25, 1.00, 1.25) ?,
TQ!�]YQO">, 7/45 (hre=1.25) 7mES
Q. 2�.^, 45k-t@!� M+ ">, R8 N4
5/@W,, M+ e_O8"O@dF# M+ WE*"
*!(W,; @-n< M– "O8, M– O8 (TM−) ?k
.kk, *!(3k.kS, +8&7/45 (hre=1.50)
7, TM− Ol7�!,bOJO8, =.E*"*!(s
S& M+ !�. =C8:.)tK���!�m%+-
="]El2. NC-S, %//454!7&"����
!O, !�m]Y&.Kh&1CQO">, (&R8 
YL!�">G">, @R-<">.

3 *+ab
CE=\"���!�-<">E , J+ TEM:

HG+@6K TiNi '- (!"7 5 T /457�!

"D"���'n. ?K90o+> 50 mm*o 
5 mm #n 1 mm "+@6K TiNi !"%uu9. p
p<G7 850vS]�l 1 h,mw. E�l?"pp@E
" DSC Ln,GQB, �90"����!# : Ms=

45 v# Mf=32 v, RoO p����:;. 6�l?
"pp?>@1<Ao7pC3q' (3q?& JMTS—
10 T 100 I45&"r'Y). 6pp)%h 180 vOq
) 5 T /45, N?2h6ÆhoO1E&"����
!. Y6F')45#a45%^%?"ppFqq!
s#3ert?<D3uxvpp, 7 Tecnai–G220 I
TEM 7:HE���'�.

U+@6K Ti–Ni !"?� B2 ;M,- (CsCl
I1#T), #TSE a=0.3014 nm. 9 Ayrs"U
+@6K Ti–Ni !"��� s! B19 ,- (Zr B19′

���),t& P21/m]mu,E#TSE a=0.2898 nm,
b=0.4108 nm, c=0.4646 nm; β=97.78◦ [16]. TiNi !"
����!5�-!� [15,17] RS,  1�!O�4!/
gS._m*!), (S�!O 3 Q���!�"�*
ts@Stv?�" {100}B2 `#vt, 'Dju'K
h&'�. V 5a BO TiNi !"7ZzO@5&+7"
D���" TEM 'n, -S���!�0.ju'"K
h&1Cj7; Eow36ux (SAD) vp (V 5b) Q
B, ���!�"d,- 〈011〉II Iw5; V 5c BO
TiNi !"7%/44!yT7W'D"��� TEM '

n, -S7CyT7Cv���!�]Y.ju'Kh&
"'Cj7, (:8O9 SQ"�w{jL|"T!�
'C, RS TiNi !"7%//454!&+7, ���!

Æ 5 Ti–50.6%Ni ���w��x�y����������xxxz}wy{
Fig.5 TEM martensitic morphologies and SAD patterns in Ti–50.6%Ni (atomic fraction) alloy without (a, b) and

with 5 T magnetic field (c, d)
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�"">1C&"GCAs@"-<">, E?G=\%
&D>",G; E SAD vp (V 5d) QB, %/44!y
T7W'D���!�"d,-| 〈011〉II Iw5, R
S%/44!�!]j+!���w5d,-">I.

4 ax
J+~C@%D>,G`!G TiNi !"7]Q�

!E@*!7" Fermi @�[@, (,04904/N
8 Fermi @�[@"/K8=, ?I4KN)"RVC,
W450*PMI Landau %&II'. ,GRS:

(1) n]/45/@ hre >1.00 O, �!e_O@
Ms #�^bO@ T0 O8c!2"gF, -zB&45
E=$KN)"+!:Mb]Z=d{X. C', 7/4
5&+7, N&���!�m"KN)USQW,, 1?
KN)9S"!�>GO8, R8 !�-<">.

(2) J+ TEM :HG TiNi !"7 5 T /457

�!"D"���!�'n. QB���!�]Y.Kh
&"j!�1Cj7, (y!D9 SQ":�w{jL
|"T!�'C, E?G���!�7/457"-<"
>+o.
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[2] Duerig T, Pelton A, Stöckel D. Mater Sci Eng, 1999;

A273–275: 149

[3] Less M R, Bourgault D, Braithwaite D. Physica, 1999;

191C: 414

[4] Beaugnon E, Touriner R. Nature, 1991; 349: 470

[5] Farrell D E, Chandrasekhar B S, DeGuire M R, Fang M

M, Kogan V G, Clem J R, Finnemore D K. Phys Rev,

1987; 36B: 4025

[6] Satyanarayan K R, Eliasz W, Miodownik A P. Acta Met-

all, 1968; 16: 877

[7] Kakeshita T, Shimizu K, Funada S, Date M. Acta Metall,

1985; 33: 1381

[8] Joo H D, Kim S U, Shin N S, Koo Y M. Mater Lett, 2000;

43: 225

[9] Tickle R, James R D, Wuttig M, Kokorin V V, Shield T.

IEEE Trans Magn, 1999; 35: 4301

[10] Guo S H, Zhang Y H, Li J L, Qi Y, Wang X L. Acta Metall

Sin, 2004; 40: 972

(|}}, |z~, y�}, z ~, {|{. �~#�, 2004; 40:

972)

[11] Liu X P, Wang Y N, Qi M, Yang D Z. Chin J Nonferrous

Met, 2006; 16: 2005

(|}}, {�~, � �, ~��. �����~#�, 2006; 16:

2005)

[12] Falk F. Acta Metall, 1980; 28: 1773

[13] Wang F E, Buehler W J, Pickart S J. J Appl Phys, 1965;

36: 3232

[14] Perdew J P, Wang Y. Phys Rev, 1992; 45B: 13244

[15] Otsuka K, Ren X. Prog Mater Sci, 2005; 50: 511

[16] Kudoh Y, Tokonami M, Miyazaki S, Otsuka K. Acta Met-

all, 1985; 33: 2049

[17] Madangopal K. Acta Mater, 1997; 45: 5347


