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Nucleation barrier for phase transformations in nanosized crystals
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The nucleus of a new phase is considered as an inclusion embedded into a small grain of a polycrystalline
matrix. The calculation of the nucleation barrier of dilatational phase transformation in nanosized crystals is
carried out based on the concepts of surface stress associated with phase equilibria suggested by Cahn and
Larcheand the interface equilibrium given by Gurtin and Murdoch. As an example, the licc allotropic
transformation in Fe is calculated. By further addition of the shear energy using the Eshelby’s shear energy
equation, the nucleation barrier of martenstic transformation in nanosized crystals for Fe-30Ni alloy is calcu-
lated. The results indicate that the nucleation barrier and critical size of phase transformation in nanosized
crystals are predominantly dependent on the strain energy, interphase boundary energy from phase transfor-
mation, and the grain size, however, the effect of grain size can be ignored when grain size is more than 100
nm. In the basis of these results, the different behavior of martenstic transformation between nanocrystals of
Fe-Ni and NiTi alloys is reasonably explained. The factors influencing the nucleation barrier and critical sized
of structural phase transformation in nanocrystals are discussed in detail.

DOI: 10.1103/PhysRevB.65.174118 PACS nunider64.70.Nd, 81.30.Kf, 64.66:i

I. INTRODUCTION grain of polycrystals, the effect of grain boundary stress
should be noted.

Many experiments demonstrated that the high- The present article attempts to calculate the nucleation
temperature phaséaustenite in nanosized particles often barrier of phase transformations in nanosized crystals based
stabilize at room temperature to a great extent, as observeéth the concepts of surface stress associated with phase equi-
for free particles ranging from 10 to 200 nm in Fe-Ni alloys libria suggested by Cahn and Larc¢h& and the interface
by Kajiwaraet al* and for particles with diameters of less €quilibrium given by Gurtin and Murdochfor dilatational
than 10 nm in Fe-Ni films by Tadakit al22 This phenom- transformation as well as addition of shear energy by using
enon of high-temperature phase stabilization is also observedShelPY’s equatiotf for martensitic transformation. As ex-
in many pure metal&:” For example, the-Fe particle with amples, the nuclegtlon barriers pf allotropic tra}nsformqtlon
fce structure is found at room temperature when the size o?f Fe and martensitic transformaﬂon_ of Fe-3_0N| n nanosmgd
particles is less 50 nfh® while y-Fe in normal coarse grains crys_tals are calculated, and f_actor_s influencing the r_1uc|eat_|on
will transform into a-Fe with bcc structure at 1185 K. For Co barrier (.)f pha;e transformahons n nanocrystals.wnl be dis-

tal Kitakamiet al” df . ¢ th t. the f cussed in detail, from which the difference behavior of phase
metal, fitakamiet al.” proved Irom experiment that the 1CC 5 sormations between nanosized grains and normal coarse
structure remains stable at room temperature when Co p

! . aé'rains and that of martensitic transformation between Fe-Ni
ticles are as small as20 nm, while the fcc to hep transfor- 5,4 NiTi alloys will be reasonably explained.

mation takes place at 693 K in the normal coarse grains. The |, nanosized crystals, nucleation for diffusional phase
experiment of Zhotet al” indicated that each particldO—  transformation on grain boundaries may also be preferential
200 nm) in Fe _(Ni,(19 wt%<x<32wt%) alloys has a to that inside a grain. In the present work, we will only
kind of structure bcc or fcc. The same_phenomenon wagonsider the homogeneous nucleation within a grain, but not
found in nanosized Co particlé20—40 nm.” The nanosized discuss the nucleation on grain boundaries. For the marten-
particles in NiTi film in contrast to that in Fe-Ni alloy could sitic transformation, the nucleation on grain boundaries can
not suppress the martensitic transformafidh.Obviously, be ignored due to the displacive character of martensitic
there may be a noticeable difference about the effect of patransformation.

ticle (grain size on martensitic transformati¢ar the stabil-

ity of austenite¢ between them. Il. THE NUCLEATION BARRIER FOR DIL ATATIONAL
The nanocrystalline materials are structurally character- PHASE TRANSFORMATION IN NANOSIZED
ized by ultrafine grains and a large volume fraction of inter- CRYSTAL

face, such as grain boundary, phase, and domain interfaces
etc. These interfaces should affect the behavior of phas
transformation in nanocrystals. Calet al!*? have pro-

phosed tT(at ;[hcej ?Ct'oﬂ of tr?e sur]l‘ace stlres_s Irl1l solid drelﬁtes bviously, an interphase boundary betweemnd y and a
the work of deforming the surface elastically and affectsg ain houndary betweep andM exists.

strain energy and interfacial energy from phase transforma-: The change in free energy for phase transformation can be
tion. But they only considered the equilibria of an inclusion written as

(such as a new phase nuclgesnbedded in an infinite solid

matrix. In the case of an inclusion embedded in a nanosized AG=VAG, ,+Eq, (h)

' The nucleus of a new phase) in nanosized crystals can
fie considered as an inclusion embedded in a small spherical
rain (y) of a polycrystal matrix(M) as shown in Fig. 1.
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and
oM=C,4/r? (r>R), (7)

where the superscriptg, v, andM stand for the new phase,
small grain, and matrix, respectively; is the radius of the
small grain. From Eq(5), the contracting displacement of
the free expansiom phase resulting from the constrain of
the y phase isw“=¢(C4—1)r, and for this state the stress
(pressurg®®in « is

P=3K*(C,—1)e, (8)

FIG. 1. Schematic illustration of a new phage embedded in a L .
the stress iny is determined as follows:

small spherical grairiy) of polycrystal matrix(M).

BNYCr3+2uYCor3—4u7Cy
3 , 9

whereAG,_, is the change in free energy per unit volume al=

accompanyingy— «, V is the volume of the new phase, and

E. is the store energy arising from strain energy and inter-

facial energy produced by phase transformation, generally ol.=o? :3vczr3+2wczr3+2wca (10)

including strain energy in individuak, v, M and interface 0 e rs '

energieE®” ¥ andE?M betweena— y and y— M, respec- and the stress iM is

tively. The calculation of strain energy and interfacial energy

in the nanosized crystals is different from the normal bulk w'Cy

materials because the influence of interface stress on grain (rp’r'= —4—5, (11

boundary cannot be ignored.
Accompanying reconstructive transformation, the change e

of volume in new phase relative to a parent phase is usually 0“0"6:0(’\’{'@:2 i 5 4, (12)

produced, while in displacive transformation the shear strain r

must aISO be added. In th|5 SeCtion, Only the dilation case WiuNhereKa’ )\7, andMY are the bu'k modu'us Qf}f and Larﬁe

be referred to. In Fig. 1 we choose the stress-free states of oonstants ofy, respectively.C;, C,, Cs, andC, are ob-

andy as their respective reference state at zero pressure, aggned by the following boundary conditions.

assume that the infinite matrix phase and the new phase are g tin and Murdock deduced the mechanical balance of

isotropic. In this statex has a radiuRg and y a hole of  fgrces at the interface

radiusRy, with

r

o n%+ gP.nf-divi=0, (13
Ro=(1+&)Ro, @ where superscripta and 8 show, respectively, two different
wheree represents the dilatational strain efrelative toy. ~ Phasesor graing in the sides of an interface; ando” are
According to the method of Eshefyand the symmetry [he stress tensﬁors of these two phagmsgraing, respec-
of sphere, we know that the stress field is only a function ofively, n“ andn” are the exterior normal ta and 8 (n®=

radius r. Therefore, the equations of displacement_”ﬁ)' respec;ively,f is the surface stress tensor, and div is
equilibrium® is the surface divergence. In the spheric symmetry case, the
components of aref,,=f,,=f (Ref. 12 and
Po 2d0 2w . B
WjLFW_r_z_o_ (3) divf=—-2fn”IR, (14
whereR is the radius of interface. The equations of mechani-
Its general solution is cal balance oix— y andy— M interfaces are obtained from
Eqg. (13),
w=Ar+B/r2. (4)
3N"C,R3+ 2 7C,R3—4u"Cy

The values ofA and B can be determined from boundary R3 =3K*(C1—1)+211/Ry,
. = : 5
conditions. In the new phasgy), B=0, because displace- (15)
mentw should be finite when— 0, and for the same reason,
A=0 in the matrix M), while in a small grain(y), both A " INTCAR3+ 2 7 CR3— 4 7C
and B are not equal to zero. The in «, y, andM are, _4’“ S“: 1m0 o4 3 2m A 3+21‘2/R1,
respectively, Ri R1
(16)
0" =Cier (r<Ry), (5)  wheref, andf, are, respectively, the interface stresses of
a— vy andy—M. In the isotropic case, their values are equal
w?’=Cyr+Cs/r? (Ry<r<Ry), (6)  to their interfacial energy/'*® The equations of the normal
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displacement continuum af—y and y—M interfaces can Solving equationg15)—(18), C,, C,, C3, andC, are,
be obtained from equation(5)—(7): respectively,
C3 2 flRl_3ROR18Ka+ 2R0f2
C,Ry+ ===C;eRy, 1 - _
Mo Rz T e @9 €1 RoRie(4u?+3K%) (19
C; C, 2f
CoRi+ — = —5. (18 - “2
2t T e Co= " 3R,V 207 (29
|
c 1 RYB6R F1(N7+2u”) — 9RgR1eK (N +27) + 2Rgf (27 + 3N 7) — BR, f 5K ] -
373 Ry(N+2u7) (4?4 3K?) : (21)
12 f,RI(BKY+4u”)+ 2R3 527+ 3N Y —3K®) + 3R3R (2 f1— 3RoeK*) (N 7+ 2u7) 22

473 Ri(NY+2u”) (8K +4u”)

The strain energy densities of y, andM can be calcu-  E*~7=8"7(§ 7+2f,Ce)=47R3(ys Y+2f,Cye),

lated from the basic formula of elastic mechanics, respec- (3D
tively,
3 EV—Mzsv-M(zc f —I——r)=8wR2(C fot —a |,
e =2 K*(C,—1)%?, 23) 22 R TR Ry
2 (32)
3 whereS*~ ¥ andS” M are the interface areas af—y and
eV=§C§(3)\7+ 2uY)+6uCHrs, (24 y—M, respectively.

Accordingly, the store energy produced by the formation
5 of a new phase can be written as
6u7Cy

M__
e = (25 Eqo=Es+E* 7+E7 M, (33)

The strain energies stored in an individual solid can be cal- Prior to phase transformation, the stress of grain boundary
culated by a volume integration of their strain energy densitypetweeny—M also brings about the strain energy in the
small grain and polycrystalline matrix, and the change in

E*=27K*(Cy—1)%e°R3, (26)  grain boundary energy due to elastic strain in the solids re-
sulting from f,. By using the same method mentioned
L 2 RIR3CZ(BNY+2u”) +4u"C3](R3-R3) above, the strain enerdg},; in ¥, E)y; in M, and the change
Er=- Rng ' of grain boundary enerngg,i_M from the stress of grain

(27)  boundary are deduced as

Ryf2(3N7+2u?)

87u’C; , 87 Rala(3hTH2ou?)
EM=$. (28) Bi= 9 T (vr2e)? 34

1
2

The total strain energy from the dilatational strain of the M:ﬁ Rafou” (35)

new phase is P9 (NY+2u7)?”
E=E“+E”+EM. (29) e 167  Ryf3 a6
i T T3 N 2u (36)

Cahn and Larchfegave the calculated formula of interfacial

energy(interfaces are assumed to be coherent These energy items should be added to (Egfor dealing

_ £ with phase transformation in nanosized grains. Therefore, the
Y=ot fijeij, (30 . .

change in free energy accompanying the> « transforma-
where v, is the interfacial energy when the strain is zero.tion in small grain can be written as
fij=f4&;; in the isotropic case, then the interfacial energy of

a—y or y—M becomes AG=VAG, ,+Eg— (E};+Em+EN™ (37
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TABLE I. The required parameters of Fe and Fe-30Ni.

Parameters Notation Unit Fe Fe-30Ni
Lattice parameter fcc structure a, A 3.56% 3.5854
Lattice parameter bcc structure a, A 2.86% 2.863%
Elastic constant of fcc structure Cyy 10'° Pa 14.2 14.758

Ciy 10'° Pa 10.6 8.97

Cus 10'°Pa 10.8 11.31
Lame constant of fcc structure m 10'° pa 4.0b 5.26

A 10 Pa 8.70 8.04
Poisson’s ratio of fcc structure v 0.34 0.30
Young’s modulus of bcc structure E 10" pa 21.14 15.3
Shear modulus of bce structure o 10" Pa 8.18 5.5(
Bulk modulus of bce structure K 10" Pa 16.98 19.7
Free energy differenc@t 0 K) AG,_, 1068 Jin? 4.08' 2.88
Dilation of fcc— bcc transformation € 0.037 0.018
Shear strain of martensitic transformation €sh 0.22
Ref. 23. 'Ref. 28.
PRef. 24. 9Ref. 29.
°Ref. 25. "Ref. 30.
‘Ref. 26. ICalculated values from other elastic constants.
‘Ref. 27.
lll. THE CALCULATION OF NUCLEATION BARRIER FOR radius of nucleatiorRj is larger than grain radiuR; when
DILATATIONAL PHASE TRANSFORMATION IN R; is enough small, the result can be deduced that in so small
NANOSIZED CRYSTAL nano-sized crystal, once phase transformation occurs the

whole grain ofy-Fe will transform into that ok-Fe, that is,

n reconstructive transformations,_the appearance O.f th this case the bce and fec phase cannot coexist in the same
new phase will produce the change of volume and will build _ _:

a new interface. For example, the dilation of volume in fccgram.
—bcc allotropic change of Fe is 3.7%, which is calculated
by the lattice parameters efFe andy-Fe. As an application a0~ a
of Sec. Il, the nucleation barrier of feebcc transformation ]
in Fe will be calculated. The required parameters for calcu- 35
lation of the nucleation barrier in Fe are listed in Table I. 1 b
The grain boundary energy in nanosized crystals is usu- 3.04
ally larger than that in bulk material$;?* but the actual ] c
value has not been reported. In the present article the energ ™ 2'5'_ 3
of the high-angle grain boundary in coarse grains is approxi-=_
mately taken as that of grain boundary in nanocrystals. = ]
Wolf?? calculated the energy of high-angle grain boundary of X 15 )
a-Fe and obtained the energy @00 boundary is about 1.6 O | “
JInf. Since the interface is assumed to be isotropic, the nu- < 104 d .
merical value of specific interface energyer unit areais l e
equal to that of interface stress'8 The interphase boundary * f
energy is usually lower than grain boundary energy. Al- ’ i .
though the different approximate values of interfacial energy 0 2 4 6 8
will be employed in our calculations, it does not affect the R (nm)
correctness of the calculated results except for its precision. 0

Figure 2, the result of calculation t,)y E@7), S,hOWS the FIG. 2. Relationship between the free energy offdacc trans-
free energy change of feebcc (AG) with the radius of bec 4 mation and the bee phase nuclear size in iron with different grain
embryos Ry) in Fe. It can be found from Fig. 2 that with a 5gius R,, interphase boundary energy, and a given grain
decrease of the grain radius, the nucleation barrier for fCgoundary energyf,=1.6 J/n?. The squares represent Cahn and
—bcc AGE and critical radius of nucleatioRg (the Ry cor-  Larchework. (a) f,= y§~7=0.8 3/, R;=10 nm; (b) f;=v5 ¥
responding to peak value in Fig) ®ill increase. It indicates =0.8 J/nf, R,=50nm; (c) f,=y5 =0.8J/In%; (d) f,=vy5 "
that the decrease of the grain size is favorable for the stabil=0.5 J/n¥, R;=10nm; (e) f;=vy5 ?=0.5J/n?, R,=50 nm; (f)
ity of y-Fe with fcc structure. It is worthy noting that critical f,=y5 ¥=0.5 J/nf.

10 12 14 16

174118-4



NUCLEATION BARRIER FOR PHAE . .. PHYSICAL REVIEW B 65 174118

IV. THE NUCLEATION BARRIER OF MARTENSITIC
TRANSFORMATION IN NANOSIZED Fe-Ni ALLOYS

a

354

In the above calculation only the strain energy and inter- 3.01
facial energy of the spherical symmetry are considered. Mar- T
tensitic transformation usually produces the dilation of vol- 254
ume as well as shear strain. Therefore, the shear strair T
energyEg, must be added in the store eneigy, for calcu-
lation of nucleation barrier. The shear strain energy of mar-
tensitic transformation is dependent on the shape of the mar:
tensitic nuclei. However, the shape of martensitic nuclei
strongly depends on the composition of an alloy. For ex-
ample, in steels with<0.2% carbon and<29% nickel con-
tent, the shape of martensite is the lath, while in high carbon 0.5+
and high nickel steels it is lenticuldt.For the martensitic 1
transformation, the spherical symmetry will disappear, and 00
the calculation will become very complicated if the influence ®
of interface stress on shear strain is considered. For the sake Ro(nm)
as a rough approximation, which can give a tendency of
nucleation barrier of martensitic transformation with strain  FIG. 3. Relationship between the free energy of martensitic
energy, the formula of shear strain energy given bytransformation and the martensitic nuclear size in Fe-30Ni alloy
Chistiart? based on Eshelby inclusion thebhjis directly ~— with a given grain radiu®,=50 nm, interphase boundary energy

2.0 4

1.54

1.0 -

AG(x107'))

T d T T T T
8 10 12 14

expressed as f1=v& Y=0.8 J/nt and grain boundary enerdy=1.6 Jin?. The
shear strain energy Witb/a=% is considered in curve a, not in
m(2-v)Gc , curve b.
= (38)

sh_m « Eshy
. . , . . . 50 and 10 nm radiusR;) and for a given value of the inter-
wherev is Poisson's ratiog, is the shear strain of marten- pase poundary energy. The change in Gibbs free energy of
sitic transformationg/a is the semithickness/radius ratio of ijatational phase transformation in infinite grain from Cahn
the oblate spheroidal nuclei of martensite. The shear energy,, | arch&? are also shown in Fig. 2 for comparison. It can
is linearly proportional tac/a, thus the maximal shear en- pe found from Fig. 2 that our calculated results are almost
ergy corresponds to the sphere shape, the minimal does thgs same as Cahn and Laf&heork when the grain radius
lath. The small value of/a significantly decreases the shear oy ceds 50 nm\ G€ increases evidently with the decrease of
energy, but somewhat increases the interfacial energy. the grain radius from 50 to 10 nm, bBE increases slightly.

Thz shapeboflmarter|15|te nga&;u!k FS'soi\l'sfwr{.lw"’.‘S Ob'The effect of grain size on free energy is not so evident when
served as to be lenticular, an is aboutzg. ilein 5 grain radius is more than 50 nm in Fe.

Fe-Ni alloys with a low Ni content<29 at. % the lath mar-
tensite appears, and itga is much smaller than that of
lenticular martensite.

The parameters of Fe-30Ni alloy for calculating the nucle-
ation barrier of martensitic transformation also are listed in  There is an interphase boundary between a new phase and
Table |, in which the dilation of volume and shear straina parent phase. The magnitude of the interphase boundary
value of martensitic transformation is calculated by the latenergy depends on several factors, such as the structure of
tice parameter and WLR theot§respectively. interface, coherence degree of interface and the shape of a

The curvea in Fig. 3 shows that the free energy changenew phase etc. It can be found from Fig. 2 that thé
(AG) accompanying the martensitic transformation relates- R, curve is intensively affected by the interphase boundary
with the martensitic embryo radiu& when the shear strain  energy.AG® andR increase rapidly with the slight increase
energy is added into the store energy in B8p). In order to  of interphase boundary energy from 0.5 to 0.8 2Jfor a
emphasize the effect of shear strain, the cubvéhat ex-  given grain size(10 or 50 nn. It indicates that the inter-

.Clul'jed the shear strain i.S also qraWn in Flg 3. Figure ?phase boundary energy p|ays an important part in phase
indicates that the nucleation barri&iG® and critical radius transformation of nanosized grainsl

of nucleationR§ rapidly increase with the increase of shear
strain energy.

B. Effect of interphase boundary energy on nucleation barrier
and critical radius of nucleation

C. Effect of the shear energy on nucleation barrier and

critical radius of nucleation
V. DISCUSSION .
As mentioned above, the shear energy strongly depends

A. Effect of the grain size on nucleation barrier and critical on the shape of martensitic nucleus. Figure 4 shows the re-
radius of nucleation lationship among the nucleation barri#G°®, critical radius
Figure 2 shows that the change in Gibbs free energyf nucleationRj, and thec/a ratio of ellipsoid nucleus in
(AG) depends on the size of nucldk{) in Fe with grains of  the Fe-30Ni alloy. In Fig. 4AG® and Rj greatly increase
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. —T - - T T 60 contrast, in Fe-Ni alloys such as Fe-30Ni, the volume dilata-
50 tion (near 2% of martensite is much larger than that of NiTi
50 alloy, accordingly, it is conceivable that the martensitic trans-
40 formation in nanocrystalline Fe-30Ni becomes difficult, and
Fo the same behavior occurs in martensitic transformation of
P 0 nano-ZrQ ceramic with about 5% volume dilatiofi.
e Fao -0
s 5 VI. CONCLUSIONS
o a * 2 The nucleus of a new phase is considered as an inclusion
10 b o = embedd_ed into a smgll grain _of a polycrys_talline matrix. The
calculation of nucleation barrier for dilatational phase trans-
. . formation, such as allotropic transformation of Fe, and the

critical radius of nucleation in nanosized crystals was carried
out based on the concepts of surface stress associated with
phase equilibria suggested by Cahn and Larahé the in-

FIG. 4. Dependence of the critical nucleation siéeand nucle-  terface equilibrium given by Gurtin and Murdoch. By further
ation barrierA G¢ with martensitic transformation on an increase of addition of the shear energy using the Eshelby’s shear energy
strain energy in Fe-30Ni alloy fdR, =50 nm, interphase boundary equation the nucleation barrier of martenstic transformation
energy f;=v5 ?=0.5J/nf and grain boundary energyf, in nanosized crystals for Fe-30Ni as an example was calcu-
=1.6 JIn?. (a) c/a—RS; (b) c/a—AGE. lated. The conclusions are summarized as follows.

(1) The nucleation barrier and the critical nucleation size
with the slight increase af/a ratio due to the increase of the of new phase depend on the parent grain size for a given
shear strain energy. As a consequence, the increase afehe grain boundary energy, as well as a given interphase bound-
ratio of ellipsoid nucleus will strongly suppress the marten-ary energy and strain energy arising from phase transforma-
sitic transformation. tion. The effect of grain size on the nucleation barrier and

critical nucleation size cannot been ignored when the grain
D. The comparison of martensitic transformation of nanosized  diameter is less than 100 nm. The effect of interphase bound-
crystal in Fe-Ni alloy within NiTi alloy ary energy and strain energy on the nucleation barrier as well

From the above discussion both the nucleation barriefS the critical size of nucleation is evident, so the low phase

» : . . f i f le for ph
AG® and critical radius of nucleatioRg depend on the in- interface energy and strain energy are favorable for phase

teroh bound d strai duced f transformation in nanocrystalline materials, from which it
erphase bounadary energy and strain energy produced ropy,, ,q explained the fact that the occurrence of martensitic

the Cphasect_ransformat}on as yvell as the parent grain Siz&ansformation in nanosized NiTi alloys is easier than that in
AG*® andR; increase slightly with the decrease of grain size,po_pj; alloys.

but theAG® andR; obviously increase with the increase of () |n nanocrystalline materials, the critical nucleation

the interphase boundary energy or the strain energy as shovgiye of the new phase will be larger than the grain size of
in Figs. 2—4. The strain energy arising from phase transforparent phase when the grain size is enough small. In this
mation relates to the difference of physical and mechanicatase, once phase transformation takes place, the whole grain

parameters between new and parent phases as well as magfi transform from parent phase into new phase, indicating

transformation of NiTi shape memory alloy is very small
(<1%),%° and thec/a of martensite is also very small, mean-
while, in NiTi alloy the total shear stain tends to be zero due
to the self-accommodation of martensite variants, the nucle- The present work was financially supported by both the
ation barrier of martensitc transformation is too small to supNational Natural Science Foundation of Chiffarant No.
press the occurrence of martensitic transformation in nand9971029 and the Science and Technology Foundation of
sized NiTi, which has been verified by the experimérfsn ~ ShanghaiGrant No. 0159nm045
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