F32EH 11
Volume 32 Number 11

TERRERFR

The Chinese Journal of Nonferrous Metals

2022 4F 11 H
November 2022

DOLI: 10.11817/j.ysxb.1004.0609.2022-43021

e AR

ZlK &R NiTi FIZ AR 1212 & &/Nb 2hK 2
SEEMRaERRaE M

EEE A, LARE, FHEF, £ OH, BARRL XM, HER'

(1. PEPEEE TR%: MEEIES TRSBE, W 723001
2. HEA MRS AEED #RsE S EEER, LR 102249)

& . RGENITIERICIZE SR AR5 B PR T 5 IR AR e, A GBI A G, #
L R KGR KERG TP HERLR ST 14 nm [ NiTi AT Nb 0K 68 A R0RE,  FF it 053R4z 8 sl 72 1
ZE MBS IREAR R AR e . SRR 6% MR AR RIGA R 10 UG, 9K A NiTi & 4/Nb
PR L E G PR E IR TR AR AR (0.52%) i IR B 77 (748 MPa) S A R 5552 ) PR FEAIR#4(16%), K45
HHEREL T MERF I NITI & 4. X B8 T 49K 5 NiTi & £/Nb 99K 28 & A FHRE b 9K Sk = A= 1 40 &
SRALFN N K28 7 4 1 58 MBI AE bR G 5B 5 2 i 2 A W R I 5 B 4 i) o ER AR A8 5 A2 98 1 AR 11
PR, BRI B T % G R A AR AR 1 e s AR E

KR 90K NITIRRIGIZ G4 NGk, Sadkl: Btk

XERE: 1004-0609(2022)-11-3325-06 FESES: TG113.25 XEkFRRSRS: A

SITHEI: EWHE, FOTHL FKHE, 55 . 9K NITHERICIZ G B/Nb K 45 G bR B S E R[]
E 048 243, 2022, 32(11): 3325-3330. DOIL: 10.11817/j.ysxb.1004.0609.2022-43021

WANG Tao-tao, GUO Fang-min, WANG Yong-shan, et al. Superelastic stability of nanocrystalline NiTi shape
memory alloy/Nb nanowire composite[J]. The Chinese Journal of Nonferrous Metals, 2022, 32(11): 3325-3330.

DOI: 10.11817/j.ysxb.1004.0609.2022-43021

NiTi JEARICAZ A e R AR SR ST
MO, X E BTN i R n] ) 5 IR AR
AR, BRI, NiTi & RGP AR 78 b B
PRAR AR I KA AZ BN G, RFHIZ) T
FCR S, ph B AR AR AR LR A RN B TR AR
HH KR AZANVL B T 7E P 2 5 10 7 A, XS for
— DT AR BB EAR Y, K ERARA AL A AR AR
ARy i, XA N JE SR AR L AR
Ly AR AR ) A% AR BE A AR, DRI T P AR A A2 13
770 DRI F v NATi 45 < 0 Jt Al 5 P52 LAt 2 FRARAR
AR SRR PR R A O R R NAT 154 ) ER AR AR AL

R R B IRA . KEFARHET: @it
TENITi & & ST i TigNi b 738 5m BEAR, 7T LG 3%
FEEAIS NiTi & 42 75 B P AH AR 6 20 3 1 o i) B A
%, REmaEiEERErE. LT RA,
b9/ NAT 48 R Aeobn RO P A= 4 i Ak, e A
P G IR A s AR e DO, R Y NITI A
S R RSN B GOK RST, H ) FAR AR AR 1)k
e M B TR AN S AL NTE & 4
AR, ARFFIRED: Nb PR L AE g
SEAHINANNITL &0k, (15X S A0R IR
[T N R VA PN ez St A e i A

EEWB: BB TR AA B SR S 5 BT H (SLGRCQD2107)

Wi HEA: 2022-03-14; {&ITHHA: 2022-04-04

WBEEE: @, N, fit; HiG: 13391919035; E-mail: wangtaolr@126.com



3326 HEA B4R AR 2022 4E 11 A
W& LT Nb KA NITi & & IS 1EH
i SRR RIS 2R R, AT, Bgek 2 ERE5THE

it NiTi AT Nb 492K 2 525 W4 ) B TR AR A2 1) R 5 A
EVET ARG . ASCEI AR Bad . e OB
KERAF SRR ST A 14 nm (442K NiTi A Nb
YURELEEMEL BRI AR T T E S
RS B AR BB AR E M, R iR TR
B o

1 LI

AL A SR R SR A Ti g Niy, Nbs & 4%
BE, SRJE BSR4 3R B AR N 0.62 mm [ 42
o SRJE K L2 HHLE 700 “CIB K 5 min, 7E=H Tk
PR A 0.3 mm, 2284 FAER TR AR ISR RN 76%
AR FEAG T PR K. B R ARSI«
it 340 “CHB K 10 min 3R15 452K & NiTi & 4 A1
Nb QKA S B2 A i o 83 FEI Tecnai F20
B T AR AT TR K JE R OO ZE S, e
3 S BT S I AUBRE S . PO K Gatan 691 B§
TR A FE B TGRS . K H = R XRD Bif
FORE S AL . 38T Q20 2 DSC HF 78 B it I AH
AT N, A EINAA IR FE S [ 5 -80~100 'C, ¥
H/INFGEE A S C/mino JEIE WDT 11-20 %4 Hi7 {1k
BV FORE M EE A T AR T AR e v,
HR R AR R 6%, i R AR 2 0.001 571, FiE
AR TE G R IR BN 10 IR, R 22 3 K 5 10 K 5
N80 mm, AREEA S50 mm.

-

A =~ =~

- IR

B 1 JB/KJE R NITi/Nb B S 3715 TEM . =ide
Fig. 1

statistics of nanocrystalline NiTi(c)

~_~~a(220)

: ~~a(200)
@

~ ~ =

Bl 1)~ A E A M2 M 1 S R B 3
B TEMAE, HE 1(a)r] LA H, FE & i S5EH R
NiTi F1 Nb 4K 28 (W, B 1(a) 35 (0 i 28 6 7m) 2
F 75 B8 XRD RAE [ FFah AHZE 1, S5 R Kl 1(b)
Fros. HE1)AT LA, Ff i £ EUNITI-B2 H
FRART 5 PR AT Nb BT 53R . 454 B 1(a) vl LA 5 A
it B 49K & NiTi FINb KR 2 . B 1(e)Fm
iy K i NITi ) dobn RST 70 A B, SR T4 2K & NiTi
[9°F- 2 deks RS9 14 nm.

CA W AR 4K NiTi & S 7E R R h i
RAEE B2—RAHAH A, H RAHAN B2 #H#S AT LA
KA B9 AR, T A S F B N
U B2—B19' MR NI FRE M, BT DL ZEH R AT
AL INE AT B o — B2 AL R . B 2 BT AR A i
DSCHiZk, K2R R FIR G AR RAATF 4%
AR BT L« RAH S KA AR B I ) I BE AN R AH L A
GEOAT R, A A R A5 R B2 AR T IR
ARSI B B2 AH B R AR B I ) BE AN B2 A A%
ARLERI IR . ADSC #iZks I 15: R R FIR,
G- A26 Ty 21 THIL6 C, A A FASHIA
22 °C. 27 ‘CAHI32 °C, HILAT A b AH AR ()35 B i
JE(A,~R)HN6 T, MEEERAN AR SCHRH NITi & 544
B B2— R AHAHAR (13 B 5 — 20, ik, AL
I THT R BRI B R T 26 'C, AR ST NITI/ND &2
B IELB2—B19 FHAS B AE E M

N YRR AR 49K 5 NiTi/Nb & & #8180 B2—

a(211) ©

a(110)
a(100)

6

9 12 15 18 21 24 27

Grain size/nm

XRD 7 BRI G4 K & NiTi 8 oL~ A1
Bright-field TEM image of NiTi/Nb specimen after annealing(a), high-energy XRD pattern(b) and grain size



BE32EHE 11

FHE, S5 9K NITi JEARIEIZ 6 8/Nb 90K 28 56 bR i 3Ae e 3327

= Cooling
R, = Heating
% Ry R
= 4
=] \
Q
T
\
AYA
A
A f )
e X =
LEI 4, 8 |
1 1 1 1 1 o
-20 0 20 40 60 80

Temperature/'C

2 NiTi/Nb F 5 7E B AN FHR L A2 T i DSC i 28
Fig. 2 DSC curves of NiTi/Nb specimen during cooling
and heating

B19' AR s As e P, AR SCRRE FL7E 50 °C Rt
1T THEAPARIAR, FRgerh 7 AR 3N ) FIAE A
Ja kAR A 5 RARE IR IR B G &R, e RiAd R
R 6%, HFIEIRIRECH 101, 45 RuE 3 PR,
11 3(a) T A H, b 75498 A 28k i ) 28 0t 72
BRI RN TG, H 2L 6% 1] [ 3
A%, XD DA AT NITL &4 U8 ) 30T 3 1 1K
PR AR — B JE R G PR RLAR R - AR
Mk, AR TFEMEARFIEH AR R BT 5 IK
PR AHAR BN (CF & B 7) Rk 42 A8 55 96 R i
HRERIR R, WE 3O WE3B)ATLLEH,
TR ity DA A AR (147368 58 . ) I 6 D A A o B g 38
I 28T AL, 1T 9 A 88 o 1 A A 0 3
DRI G R, 125 SR B 44K & NiTi/Nb & & 44
o} 11 368 5P RS 1 I o A0 B e R BB 388 o g B
Forp, BE R SRR ) i 884 MPa JR /N & 748
MPa, &N J1/ME A 136 MPa;  [RI, #4460 7)
B IRARAH AR S5 Bk A A H 0.38% M9 1 %2 0.52%,
BRAR RS KA N 0.14%

i DL AE 2 AT 540, NiTi & 476 5 IRk AR
IR, DR REAF R S A AR (19 B AR AN DG i 1 7 9 3
TR, X AR AV DR = A S AR i 4
KT IRAAHAR 5 iR R N AR, T AR 3 JS 208 3
AT ik R R T R T A% 1T B L At 8 g o A
Uk, BEEMEIARRMIREIE 2, SR A A
BEHER,  FEORE i AR AR AR 5 IR AR B AR AN
LN A A AT B R R 0 2 Tl 3 O FH AR . ()

W, JTAESRE W RN NiTi/Nb 4 K& B &6
BHEMAGE AR b, [ Nb 9K 28 ) 3 3 AR /N T 1
PR AR AR N AR T R AE YRR T, MRS TG KT
A MR IARARAR J5 7R AR AR s[RI, [RINQTi
BEAAFI Nb PR ERAE B &M RIS R P ARG, 5L
R AR PRV AR T 1) Nb 9H oK 2R B A NiTi 244 5 [C ik
ARSI 2 BRI /7, [RIINE NiTi SR SZ2 R /7, itk
NiTi F A4 H (1R 87 ) 2 (g ik 3L f5 221 5 IR A AR
DRI B AR A AR B g o Jl T R v e T
5 AWFR K NITI/ND 2 & AR IR AR
i PRI S IR AR 3L 7 3 o 708 B A 5 1) 185 m
SRR S, MU IEA TSR NITI
B ARG 0%, T H SR A PR NITi S
FITND 9K L (A A 1 3 BN H A4 7= A= s o
VAP

1200

(@)

900 |

Stress/MPa
N
S
o

300 F

0 8
Strain/%
950 0.55
(b)
900 F
— 40.50
§
o] o
% 850F %
= 40.45 =
=z g
2800} 2
o~
10.4
750 F 040
700 L 1 L L L 0.35
0 2 4 6 8 10

Number of cycles

3 FEALAE S0 C R AEIARLAR IR L - AR 2 5 7E 78
B oxBuR sty L INPARIIYE ZNVEESE AL GIE N

Fig. 3 Stress—strain curves of superelastic cycling to 10
loading (up to 6%) -unloading at 50 °C (a), superelastic

stress and residual strain as a function of number of tensile

(b)



3328 T A e E SR

2022 4 11 A

&l 4 JT 7 4Rk b NiTi/ND B A RHEZ 3 10
DA HLANAS TG 2 J5 BTN J7 R AR S
LR 2 (A DG &R, H AL SCHR A B NI T il
104 (BFEHA . BB 9K 2 Ti,Ni, 56T
NiTi & &) HET 70 EEU142024 0 Mo, NiTi & 428
RN 7 1) B R R 10 URAE A B AR T 2 s e
JS2 77 I IME (Ao) Bk LA SE — YRR AR T 3 A% (18
N 11(0) 3R LA 100 ok . 4R LR, (EIEHR
AR AR FERE (10 )2 )5, 49K & NiTi/Nb B &4
B2 IS IR T]  ZN BT AR A S AR IR
JIBARER, BbZrA TRt T LA H FE R 1 NiTi
Widdz a4l 2024, X EEFF K4 NITi/Nb &

38 (a) Ref.
@ [7]
30F a 4 < [8]
s ¢ [10]
2 ¢ [21]
S Br % ¥ v [20]
g N ® e 24
g 20 ¢ g ¢ e [27]
; A
2 oo ® * @
151 B a [23]
a ; s [12]
10k e o [13]
o [14]
% Our work
200 400 600 800 1000
o after 10 cycles/MPa
3.5
Ref.
(b) a 7]
3.0k -] ¢ 4 [8]
¢ [10]
X 25p . ¢ [21]
g v [20]
S 20} © o *[24]
Tt s [22]
2 15f o, N
7 © @ [11]
& & o a [23]
1.0F ‘
e 0 e [12]
o, 2 R 3 [13]
0.5¢ o 3 %* o [14]
- © © % Ourwork
0

2(')0 4(1)0 6(l)0 8(I)0 1000
o after 10 cycles/MPa

B4 9K NiTi/Nb A iR AR 19 NiTi & £ 7E 10 7k
PEFAL T Jo5 0 L I g AR 58817 g 1 AR A 23 1 xR
AR AR FITER LR 7 PR Xof 7142024

Fig. 4 Comparisons of superelastic stress and reduction
rate of superelastic stress after ten tensile cycles between
nanocrystalline NiTi/Nb specimen and other NiTi SMAs
reported in literature!”'* 2724 (a), comparisons of residual

strain and superelastic stress(b)

BAPRE T R S A AR R AR K 2 A
(I8 —AHRAL, Fw 5 NITi R JE IRGREE, )
T NITi B AR 5 RARAH A R AL AR K 728, AT 2
1 R AR A AL A AR E 1

3 g

1) Bl FE AR R I, B IR A AR
()8 3 5. 77 HH 884 MPa ik /N %2 748 MPa, 5N /)
PR N 16%.

2) BB FEA LA A SE I, A S IR AR AR
J& [R5% A DL AR H 0.38% B 42 0.52%, Bk AR i AR 4
KAEH0.14%

3) i B DL AR iR B NITi R R IE 12 & 4
A SCARIB 90K 5 NITI/Nb 44K 28 5 &3 BHE 2
AR R B G R R AP AR T Ja 2 B RSN g /]
(105 23 AR AL PR 5 . 7 PR PR 2R

REFERENCES

[1] OTSUKA K, REN X. Physical metallurgy of Ti-Ni-based
shape memory alloys[J]. Progress in Materials Science,
2005, 50: 511-678.

[2] MIYAZAKI S. My experience with Ti-Ni-based and Ti-
based shape memory alloys[J].
Superelasticity, 2017, 3: 279-314.

[3] #&zE, £ 35, HHRA, £ . Ti-50.8Ni-0.5V R IZ & 4
HIFRAE . HZIEHRE[I]. A A48 5k, 2021, 31Q2):
322-332.

Shape Memory and

HE Zhi-rong, WANG Fang, YE Jun-jie, et al. Phase
transformation, microstructure and properties of Ti-50.8Ni-
0.5V shape memory alloy[J]. The Chinese Journal of
Nonferrous Metals, 2021, 31(2): 322-332.

[4] NORFLEET D M, SAROSI P M, MANCHIRAIJU 8§, et al.
Transformation-induced plasticity during pseudoelastic
deformation in Ni-Ti microcrystals[J]. Acta Materialia, 2009,
57(12): 3549-3561.

[5] HSU W N, POLATIDIS E, SMID M, et al. Deformation and
degradation of superelastic NiTi under multiaxial loading[J].
Acta Materialia, 2019, 167: 149-158.

[6] R, PR, TRIMNI, 55 I 20N (8] F1R - AR T
Ti-Ni-Zr JERACHZ & S w5 (0], o E A G ) o
i, 2021, 267(6): 1536—1544.

YE Jun-jie, HE Zhi-rong, ZHANG Kun-gang, et al. Effects



BE32EHE 11

N

K NiTi RIS IZ A /Nb GK 2R 536 bR B A% e

3329

(7]

(8]

9]

[10]

(]

[12]

[13]

[14]

[15]

of aging time and stress—strain cycle on superelasticity of Ti-
Ni-Zr shape memory alloy[J]. The Chinese Journal of
Nonferrous Metals, 2021, 267(6): 1536—1544.

WANG X, PU Z, YANG Q, et al. Improved functional
stability of a coarse-grained Ti-50.8 at.% Ni shape memory
alloy achieved by precipitation on dislocation networks[J].
Scripta Materialia, 2019, 163: 57-61.

WANG X, KUSTOV S, LI K, et al. Effect of

nanoprecipitates on the transformation behavior and
functional properties of a Ti-50.8 at.% Ni alloy with micron-
sized grains[J]. Acta Materialia, 2015, 82: 224-233.

LIU S, LIN Y, WANG G, et al. Effect of varisized Ni,Ti,
precipitate on the phase transformation behavior and
functional stability of Ti-50.8 at.% Ni alloys[J]. Materials
Characterization, 2021, 172: 110832.

TONG Y.X, CHEN F, GUO B, et al. Superelasticity and its
stability of an ultrafine-grained Ti,,,Nis), shape memory
alloy processed by equal channel angular pressing[J].
Materials Science and Engineering A, 2013, 587: 61-64.
MAO S, WU M H, ZHANG Z, et al. Effect of cyclic loading
on apparent Young’s modulus and critical stress —in nano-
subgrained superelastic NiTi

Materials Transactions, 2006, 47: 735-741.
BRAILOVSKI V, PROKOSHKIN S, INAEKYAN K, et al.

shape memory alloys[J].

Functional properties of nanocrystalline, submicrocrystalline
and polygonized Ti-Ni alloys processed by cold rolling and
post-deformation annealing[J]. Journal of Alloys and
Compounds, 2011, 509: 2066-2075.

YAWNY M S A, EGGELER G. Pseudoelastic cycling of
ultra-fine-grained NiTi shape-memory wires[J]. Zeitschrift
fiir Metallkunde, 2005, 96: 608—618.

OLBRICHT J, YAWNY A, CONDO A M, et al. The
influence of temperature on the evolution of functional
properties during pseudoelastic cycling of ultra fine grained
NiTi[J]. Materials Science and Engineering A, 2008, 481:
142-145.

HAO S, CUI L, JIANG D, et al. A transforming metal

[16]

[17]

[18]

[19]

(20]

[21]

[22]

(23]

[24]

nanocomposite with large elastic strain, low modulus, and
high strength[J]. Science, 2013, 339: 1191-1194.

ZHANG J, LIU Y, CUI L, et al. “Lattice strain matching” -
enabled nanocomposite design to harness the exceptional
mechanical properties of nanomaterials in bulk forms[J].
Advanced. Materials, 2020, 32: 1904387

WANG S, CUI L, HAO S, et al. Locality and rapidity of the
ultra-large elastic deformation of Nb nanowires in a NiTi
phase-transforming matrix[J]. Scientific Reports, 2014, 4:
6753.

WAITZ T, KAZYKHANOV V, KARNTHALER H P, et al.
Martensitic phase transformations in nanocrystalline NiTi
studied by TEM[J]. Acta Materialia, 2004, 52: 137-147.
LIANG X, XIAO F, JIN M, et al. Elastocaloric effect
induced by the rubber-like behavior of nanocrystalline wires
of a Ti-50.8Ni (at.%) alloy[J]. Scripta Materialia, 2017, 134:
42-46.

SITTNER P, SEDLAK P, SEINER H, et al. On the coupling
between martensitic transformation and plasticity in NiTi:
experiments and continuum based modeling[J]. Progress in
Materials Science, 2018, 98: 249-298.

CHEN Y, TYC O, MOLNAROVA O, et al. Tensile
deformation of superelastic NiTi wires in wide temperature
and microstructure ranges[J]. and
Superelasticity, 2018, 5: 42-62.

DELVILLE R, MALARD B, PILCH ], et al. Microstructure

Shape  Memory

changes during non-conventional heat treatment of thin

Ni-Ti wires by pulsed electric current studied by
transmission electron microscopy[J]. Acta Materialia, 2010,
58:4503-4515.

ZOTOV N, PFUND M, POLATIDIS E, et al. Change of
transformation mechanism during pseudoelastic cycling of

NiTi shape memory alloys[J]. Materials Science and
Engineering: A, 2017, 682: 178-191.

TYC O, HELLER L, VRONKA, et al. Effect of temperature
on fatigue of superelastic NiTi wires[J]. International Journal

of Fatigue, 2020, 134: 105470.



3330

AT 8 R SR 2022 % 11 H

Superelastic stability of nanocrystalline NiTi shape
memory alloy/Nb nanowire composite

WANG Tao-tao', GUO Fang-min®, WANG Yong-shan', ZOU Xiang-yu', WANG Bo',
LIAO Zhong-ni', Al Tao-tao', HE Zhi-rong'

(1. School of Materials Science and Engineering, Shaanxi University of Technology, Hanzhong 723001, China;
2. Department of Materials Science and Engineering, China University of Petroleum Beijing,
Beijing 102249, China)

Abstract: The conventional coarsed NiTi shape memory alloy often exhibits poor superelastic stability during
martensitic transformation owing to their low strength. In this study, the nanocrystalline NiTi with an average
grain size of 14 nm and Nb nanowires composites were obtained by melting, forging, wire drawing and annealing,
the superelastic stability of composites was investigated by cyclic tensile tests. The results show that the
nanocrystalline NiTi/Nb nanowire composite exhibits lower residual strain (0.52%), higher superelastic stress (748
MPa) and lower reduction rate of superelastic stress (16%) after ten cycles of loading (up to 6%)-unloading, which
overall performance is improved compared to previous NiTi-based shape memory alloy. It is suggested that the
improved superelastic stability of nanocrystalline NiTi/Nb nanowire composite mainly stems from enhancing the
strength of the NiTi matrix by nano-grians and Nb nanowire, which resisting plastic deformation during the
repetitive martensitic transformation and improving the superelastic stability.

Key words: nanocrystalline; NiTi shape memory alloy; Nb nanowires; composite; superelasticity
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