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Influence of constrained aging treatment on martensitic transformation and
functional properties of Ni-48.85Ti-0.3Cr shape memory alloy

LI Guangyu', LIJi', DAIBo', WANG Chonggiang', FENG Meijun',
LI Xinhangz*, GAO Zhiyongz*, MENG Xianglong2

(1. Harbin Dongan High Precision Tube and Shaft Manufacturing Co., Ltd., Harbin 150060, China; 2. School of Materials Science
and Engineering, Harbin Institute of Technology, Harbin 150001, China )

Abstract: This study systematically investigates the effects of the constrained aging process on the microstructure, martensitic
transformation, and functional properties of Ni-48.85Ti-0.3Cr shape memory alloys using DSC, TEM and DMA. The experimental
findings reveal that following constrained aging, directionally distributed Ni,Ti; phase is discretely precipitated within the alloy
matrix. Under the condition of 400 °C/100 MPa, extending the constrained aging time leads to a significant increase in the length of
NiyTi; phase. When subjected to the process of 1 h/100 MPa, raising the temperature not only increases the length and width of the
precipitated phases simultaneously but also transforms their morphology from fine granular to larger lenticular, resulting in a
corresponding improvement in the aspect ratio. At 400 “C/100 MPa, when the constrained aging time is prolonged from 0.5 h to 2 h,
both the R transformation and B19’ martensitic transformation temperatures rise. This can be attributed to the precipitation of Ni,Ti;

phase, which reduces the Ni element content in the matrix. Under the condition of 1 h/100 MPa, aging at 400 °C enlarges the size of
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the precipitated phases and weakens their strengthening effect on the matrix, thereby facilitating the increase in the transformation

temperature. At 500 °C, the transformation process shifts from a two-step to a three-step, with A—R—M;, transformation occurring

in the regions near the precipitated phases and A—M, transformation in the regions far from them. Isothermal entropy change tests

indicate that at 400 °C/1 h, the isothermal entropy change decreases as the constrained stress increases. At 400 °C/100 MPa, the

isothermal entropy change initially increases and then decreases with the extension of the aging time. Similarly, at 1 h/100 MPa, the

isothermal entropy change also exhibits a trend of first increasing and then decreasing as the aging temperature rises.

Key words: NiTiCr; shape memory alloy; martensitic transformation; microstructure
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Table 1 Constrained aging processing of Ni-48.85Ti-0.3Cr alloy
Group Temperature/ C Time/h Stress/MPa
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2 300, 400, 500 1 100

K 7R 22 FHl B B (DSC) I 5 o Ak 330
I [CAARFH AR R, 38 R R R S °C/min; {5 B
J5A Z D Re i i e ( TEM) 43T & & oAl
L5 5 38 1 B AHUR AT (DMA) LD g ke
P, DMA FE A& BRI RST 4 0.5 mmx0.5 mmx
15 mm, W45 A 08 £ N 0.05 mm, 58 JE 2
9 0.4 mm, 5 8 PP OE 21 005K SR FH 1E R ) A
2, BEE N AR A 8%, SR F N0 AR P8 ¥ | 1380
F1 A RHEA TR . ARG B 5 A A R
M, BEE R A 35,45, 55,65 C, &0
SR 1 min S5 R Shi, B AR B E R 4%, TNk

a Heatin
(a) g

<\ i\ 500 C

400 C

#:

N\ 300 C
]
Cooling
.—>

Heat flow

I~

-150 -100 -50 0 50
Temperature/°’C

100

1 Ni-48.85Ti-0.3Cr &4 7E 100 MPa 4N H1F, SAEREERRL 1 h J5) DSC HiZk

FEE A PR 7 SRR — 2, 48R AR ]
FERFH DMA 8 7 il g, R AR R 2 1 o 2%
10" s ", 148 i 46 55 o ok A — B, DASE LI
Pl ot B, it B, R FLIR A325 £14MA
PGRASCRAE R BE KA, sl /D 3R RO TR, RE 2R
WU A B, A SR AN A B IR AT

FEM o
2 HRE5SR

[l 1 9 Ni-48.85Ti-0.3Cr &4 7E 100 MPa )i/ /]
RSN, AR AL 1 h J5I450) DSC #
gk, Hr, 300 °C BFRLAR B, A 4 7E TR R R I
F 8 s A2 W A5 AR 5 400 °C IR SRR, THG IR
Job R [ A S B 2D AR AR REAE 5 1T 500 °C AR Ak
B, A SRR Y B B = A0 AR AR, TR S B
R WA AR AR o X SR A T Ak B RE T T R 43
B DSC il i, I 3k X [\ 2 -15~ 60 °C 1) DSC
£ I PR /N, g I 1 X A—R A, 35
0 R—A FAE . MK X ] 2H—-50 ~60 C, 1§ 15
U 2 YA o A AR, FLUG 2 (A 0e i BH (B 3 i, e
I 2y R—M, A7, 15 2758 M —A FAE . X
1] 2 —80~—15 C, %A AL i J5 K, FlE % 3
A—M, HH7E, I 15 My—A FH7E

(b) Heating 1 2
—>

b ——

3 2 1

5 R—A

(1) =15 C s
R—A
M,—A

Heat flow

(2)-50 'C
MR ReA
M,—A

(3)-80°C

Cooling
M,—A “—

-120-90 -60 -30 0 30 60
Temperature/"C

(a) ANIRI I 23R 5

(b)500 °C FHRCEEN )50 BE DSC i

Fig. 1

DSC curves of Ni-48.85Ti-0.3Cr alloy aged at different temperatures for 1 h under a constraint stress of 100 MPa

(a) different aging temperatures; (b) segmented DSC curve of the specimen aged at 500 °C
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Fig.2 Room-temperature TEM bright-field images of Ni-48.85Ti-0.3Cr alloy after constraint aging at different temperatures for 1 h

under a constraint stress of 100 MPa
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Aging Length/ Width/ Length-width
temperature/"C  nm nm ratio
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Fig. 3 DSC curves of Ni-48.85Ti-0.3Cr alloy aged at 400 °C for different constrained aging times under a constraint stress of

100 MPa

(a) various aging times; (b) low-temperature DSC curve of the specimen aged for 0.5 h



38 o= M

B i 5 46 %

R, FWATE-95 °C BRI

(&l 4 A A [R) 24 S B 25 ) ] Ak 38 Y Ni-48.85Ti-
0.3Cr A& MEHHF R HEEELR, & 4(a)Jy 400 °C/
0.5 h/100 MPa A 5 [ B34, M AT LUUER £I7E
FEAR BRI A 2 KR FORLIR BT A . [ 4(b)
7 400 °C/2 /100 MPa # i B3 18, B 3 AH R

R T 29K 0.5 h IR & BT B3 K, B 2B s
gh 4 1 4Ce) H A AT S BE T LR B, 24 BROR Ak
2h i, B2 BEAH TP IR AEAE— & B R AH . X Lk
P 2(b) P HRETRL 1 h ARG 0, 242 ARG At
4 1h #1 2 h B, & &SR T A7 B2 BEA .
R AL B Ni Tig MHAYSEAF A

Bl 4 100 MPa fE] 71, 400 °C Z9H AT R[] ) Ni-48.85Ti-0.3Cr A4 H 2= IR oM 4 21

(a)0.5 h R4

(b)2 h R4 (c) 18 (D) FRicAb BT BRE A5
Fig. 4 Room-temperature microstructures of Ni-48.85Ti-0.3Cr alloy after constrained aging at 400 °C for different constrained

aging times under a constraint stress of 100 MPa

(a) bright-field TEM image of the specimen aged for 0.5 h; (b) bright-field TEM

image of the specimen aged for 2 h; (c) selected-area electron diffraction pattern taken from the marked region in Fig.(b)
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Table 3  Statistical results of the size of precipitated phases at
different constraint temperatures

Aging time/h Length/nm Width/nm Length-width ratio
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Fig. 5 Strain-temperature curves of Ni-48.85Ti-0.3Cr alloys aging at different temperatures for 1 h under a constraint stress of
100 MPa  (a) 300 “C/1 h/100 MPa; (b) 400 °C/1 h/100 MPa; (c) 500 °C/1 h/100 MPa
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Table 4 Statistical results of phase transition temperatures, recoverable strain (g,) , irreversible residual strain (g;,) , and strain
recovery ratio [e/(e+¢;,) | of Ni-48.85Ti-0.3Cr alloys under different constraint temperatures

Sample Sctfélssstfl\f/l[tpa MJC MyC AJ°C A4C /% P fa‘if;;jfy
300 °C/1 b/100 MPa 100 -85.0 — -38.0 -17.0 5.1 0.0 100
150 ~82.0 ~1080  —28.0 -13.0 6.7 0.0 100
200 ~70.0 940  -19.0 -1.0 7.9 0.0 100
250 ~60.0 -790  -12.0 5.4 8.6 0.1 99
300 ~50.0 —68.0 -1.0 14.0 9.2 0.2 98
350 —42.0 ~57.0 7.0 23.0 9.7 0.2 98
400 -31.0 —47.0 13.0 30.0 10.0 0.3 97
400 °C/1 /100 MPa 100 ~57.9 -97.1 2.5 15.4 3.7 0.0 100
150 ~51.0 -90.6 11.0 25.8 5.0 0.0 100
200 435 ~73.7 16.4 27.8 6.0 0.0 100
250 -33.1 —61.9 24.4 38.7 6.8 0.1 99
300 ~23.6 —49.0 28.3 472 73 0.1 99
350 ~13.8 -39.1 35.2 54.6 7.7 0.1 99
400 0.7 —34.7 413 60.2 8.1 0.2 98
450 8.1 -19.3 50.4 68.2 8.3 0.2 98
500 16.9 -12.7 56.1 70.4 8.4 0.4 96
500 °C/1 h/100 MPa 100 -31.0 ~72.5 122 36.8 3.4 0.0 100
150 —25.7 ~57.0 18.6 39.1 45 0.1 98
200 ~16.1 —47.9 25.5 452 53 0.2 96
250 ~14.9 -36.9 30.8 50.8 5.9 0.3 95
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Fig. 6 Strain-temperature curves of Ni-48.85Ti-0.3Cr alloy aging at 400 °C for different constrained aging time under a constraint
stress of 100 MPa  (a) 400 °C/0.5 h/100 MPa; (b) 400 °C/1 h/100 MPa; (c) 400 °C/2 h/100 MPa
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Table 5 Phase transformation temperature, recoverable strain (g,) , irreversible residual strain (g;,) , and strain recovery ratio
[e/(e+e;,) ] of Ni-48.85Ti-0.3Cr alloy under different constraint times at a constraint temperature of 400 °C

Sample Sct;’;lssstfl\r/}tpa MJC MJC 44 AJC /% 6% faiicg/y;ry
400 °C/0.5 /100 MPa 100 -30.1 -87.1 18.9 35.2 5.5 0.1 97
150 27.1 -72.8 26.4 36.7 5.8 0.1 98
200 ~16.2 —49.9 36.2 57.6 8.4 0.2 97
250 0.1 -36.1 432 59.6 8.7 0.4 96
400 C/21/100 MPa 100 -32.1 ~61.9 21.9 023 5.6 0.1 98
150 ~11.8 —49.0 343 58.1 6.7 0.4 95
200 -113 -35.1 443 60.1 7.7 0.6 92
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Fig. 7 Superelastic curves of Ni-48.85Ti-0.3Cr alloy aged at different temperature for 1 h under a constraint
stress of 100 MPa  (a) 300 °C; (b) 400 °C; (c) 500 °C
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Fig. 8 Superelastic curves of Ni-48.85Ti-0.3Cr alloy aged at 400 °C for different constrained aging time under a constraint
stress of 100 MPa  (a) 0.5h;(b) 1 h;(c)2h
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Fig. 9 Critical stress for stress-induced martensite vs. temperature of Ni-48.85Ti-0.3Cr alloy after different constrained aging treat-

ments
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Table 6 doy,/dT values and isothermal entropy change AS;,
of Ni-48.85Ti-0.3Cr alloy under different constrained aging

treatments

Aging Aging doy/dT/ AS;/
temperature/°C time/h (MPa-K ") (J-kg' -K
300 1 2.63 32.8

400 1 7.77 97.1

500 1 5.21 65.1

400 0.5 8.28 103.5

400 1 7.77 97.1

400 2 7.25 90.6
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Fig. 10 Adiabatic temperature change of Ni-48.85Ti-0.3Cr alloy aged at 400 °C for 0.5 h under a constraint stress of 100 MPa
(a) room-temperature elastocaloric cycle; (b) loading stage; (c) unloading stage
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