Ha48l  H12M
2019 4 12 H

BAEERMBSIRE

RARE METAL MATERIALS AND ENGINEERING

Vol.48, No.12
December 2019

NiTi oK 12 & & B E F & R R

Rk, TRE4, BRE, =L, #0%5, & i
(P B K2, YEVE M E 330063)

8 E: NiTi BRIAIZE S SENTREREE . AW AR BELJE RARNIEE T J5 55 1 R

W) Z K. NiTi B

RS2 F Bl T INME, 8BRS NiTi BARICIZ & 2N R SSHE . 1T 20 75 R R OB A HIaE SR, AE ELEZ OB
I A NITi JBARIC L A e G0, TEATE IR « BT B4 A58 SR A B DR N I (R A R Tl 5t o A SC &6 16 N A1 NiTi
TEARACAZ A SOGB4 32 2 ) AR R DR T iR SR B PPk . BB HE NITi JBARICHZ & 4k Sl Ak
JCHERE TGRS B O BE R AR BT 200 ORI RS NiTi IRICAZ & SRR AL B 4 PR RE R D) RE Ry
(KI5 s K i SRR BOE I & NiTi JERACAZ & G WFTT5 1A -

KR NITRRICIZ G S BotHM GG, T2k Woagl Dttt

RESEDES: TG665 XEkFRIRAD: A

TBEHS: 1002-185X(2019)12-4119-12

NiTi JER1E42 4 4 (shape memory alloys, SMA)
AR LA R Dy RERF I TBARICAZ 2. (shape memory
effect, SME) FIH 514 GE (super-elasticity, SE), 7Efit
53 [N SR AN Vb -y T b 1 NS S E A
SME Al SE 5 £ FG A 55 B8 [ A 22 1) ] A1 AH AR S 8L 5
I g5 B By IR AR AR 77 AR R AR, 3 28 N AR B
B HIE 8%; BRILZ Ab, NiTi-SMA  HATIRNIE, &
PEWAR S PE, RUF P B IR TR ol A R A
NiTi-SMA G f 5, 1l NiTi-SMA () il & R T2 /&
AREAH, 172 MY, NiTi-SMA F 48 7 i 5
e Ge e lid, B ARvh &kl S%% ik ) 4% NiTi-SMA
Syl HERs . SRS AR TR B TiC Al TNiO,, Btk BRI
NiTi-SMA IRk B AR iA &kl % NiTi-SMA
HI TR AR RORE AR /)N, B 2 BT T AL 2 3K, 5
F41X NiTi-SMA 4fiJ%7,

WFF G R A (additive manufacture, AM) fg ikt
THAL Ge kb & i VF 2 Pk, lohin 20 2 AR
RIBARARGE I HE n TEAZ P AM K5
P BI BT (CAD) 7r RIS AR O
K M55 WBZ L, R RIEA F AR AM
0 OB IR )% B R (1aser additive manufacturing,
LAM), HL7HEM HEGEROAR, Ryl il soR,
[ R 3 A R B RO HAT, B AR OET NiTi-SMA
SR G A RGE , 2 DOBOGPERIE, T4l ek
AR CHiRD Wk X HOGHE A IE A HiE (selective laser

fs HEA: 2018-12-29

melting, SLM ) FHJE - B> B 22 AN I 348 S 126 0 oK (%
) oL A4 & (laser engineered net shaping,
LENS) Jy F B8R liE T 2077k He SR IE # i ik
NiTi-SMA M5 A i aE . I 4EK, & b R
S R B 3D T ED R, R4 B L A B
Tibbits!" i 1 T2 BEAP LI 4D 4T ENECR, X T B HE
B T WBARAAZ A A T A AT D e I 1R e
PR MBS, A NiTi-SMA - B9 il i A
Btz 7.

1 HOtEMEETIZ75E

HAT, NiTi-SMA i #liE 2 LL LAM 32, 7
WA IG5 LAM AH EE, S8 L7 ORI O BE &% B
JB TR — B g, A HOE T R AL IS NATi-
SMAI,

NiTi JEARICIZ & 5 WO6H # H3E  (NiTi-SMA-
LAM) $# OB ARRBET7 AN, ELFE 2 Al AR RFAE -
WM AL CHlbk sk R G U1,
i -LAM ZVFZHF5HLG T Bk, AN SR LR fir 44
Zi— K selective laser melting (SLM)!'5*%); 24¥-LAM
WIAH B, AN A BB FE LA A AN R ) e 44, Wl laser
engineered net shaping (LENS)P®*?, laser solid forming
(LSF)™¥, direct metal deposition (DMD)*¥, laser rapid
manufacturing (LRM)Y, (laser) direct energy deposition
(DED, LDED)M-4814% |

LR Ex ARBIERS (51565040); i kl#R4: (2014ZE56016); VEVGERHLHRIE (20151BBE50034)

EERN: B, B,

1993 44, filt:, MEMTEKFHEETRR, T4 M8 330063, E-mail: dhuaib@163.com



* 4120 -

Mty e lm A RS TR

%48 3

1.1 SEEHEOLIEMHE GER-LAM)

Hikr-LAM (SLM) BAvt S — 4 £ A5 2 0y ik
fitlh, SR o ) BB R AR HLAG , WO S UK = 4E )
FIERE, —2—2EN, HEMR 4™, 4k
-LAM HABURNEEA: (1D BRHB—; (2) HEkE
i Ja SN AL EAR A (3D AN RE
L B A v IE AR KOs (4) ZCRAK . TR SF 324
oy T R
1.2 EMEOLEMHIE GEH-LAMD

A -LAM [FIFE LLVE SN = A B A 28 Bl
DG E Tk AR I T AR, SR F AN B2 AN I s
WM AR S WO IR IEHE, Hl KEE T, HA5%
B Szt Ak -LAM B LR RS (1) 5sE
L2 PR R R L HE, A BR A L (2) AR R
AN AR B E PR (3) Rk A b 0 i T
B (4) BB EZME, (5) EALHED, K
¥-LAM FEE, Hohilm-LAM i 2R, 1
JERFE AL 381 pm, RCE W TR -LAM 144,

2 THMABLRRAM N F1ERE

2.1 HAEMHETZSH WAL
NiTi-SMA-LAM &, 44 -LAM FliEk

-LAM, H LAM T 228 iy, #okhe

WA KA T 2556 LAM AL o 41 28

25 oy AR R B A A B s )4
YesE T IR MR 7 2 1 e A0 T B e RO
2.1.1 e dadh 7 KTl 42 69 %%

ANF R FEHURE ) LAM ¥ % R4 Tl 3R 48 B Xl
O, 18 SR WO G T SO i
— R R 22 )R R 90° B 2 4t 05 2. M AN [+
BOCF 7 SO B, R 2 R 25 S
WE 1 PR . BURE IR OGS M G 7 ) B 412,
FH ' BRE A4 v R [ 2L i, YR 3 7 1 T R A T
la, 1d Jizs, s 3 [FLC B B 750, M EEOE
T 3 7 ) 48 T 2 2% )R p O B R i 5 [
HTEH 2T IE A FLO A A, Wi 1e fis. #ok
BEMHIE T, BT B R R G A A, R S
JEIERA 3G 7 kA, A BT T AR K T
mE 16 Frost,

Hik-LAM R, KrR& gt BEE, B
B IERR A AT, A UL “S” B R In AR R JE R 2
e, R, B 1 A 4 i Sk
552 BB WO AE H B, XA RS EORE
AR, B AR A <A i 1 W2
U T8 A ] 1) 43 8 T Sk 28 PR RO A, AR A I R
JEE S KB ) ) 24 R AR K, 245 2 R E ARk
5PN, A R AR EE 1 R P AR A,
AEOE A IS T7 AR, i 2 GRS, SR

Linear
~ laser paths

F 1 HZHAH LAM-NITi-SMA ik B 23 ot gk aon 2l

Fig.1 Optical micrographs of S-shaped grains in top view (a), elongated columnar grains in side view with linear laser

paths (b) and ladder-shaped variation grains in top view with circular laser paths (c); (d) scheme of the layer-wise

selective laser melting fabrication process™®
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(101)

B2 dk RS R ) EBSD BRI 05 ]
Fig.2 EBSD color maps of the grain shape and orientation under different process parameters:

(a) P=56 W, =133 mm/s; (b) P=80 W, =190 mm/s; (c) P=92 W, V=133 mm/s"**
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200 J/mm’ i, NiTi-SMA 5 Wl s . A0 24
e B 200 I/mm® I, BURE A R 2 $E
0.03%~0.04%, % BT 720 0.01%~0.02%; 110G
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REZWOCRE R AL WA . WOLREREM AN 210
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FLALIE 200~300 nm, 4O fE =3 AN IA ] 367 J/mm’®,
NiyTi; K S ik 600 nm, JFHIUREINS; WOLREE
B NIK 533 J/mm’®, NigTis 5 A F 38 0 B4 A 3950
FEWOGHE B AR I R R, N Tis JB 87 1 RSEAS
A 100 nm, [RISLAEARIESE A 9K g5 M. gk ss
4 NigTis 55 AR S op An e B b, X Jo R m,
S AR ORI N ) 5 e S IR A AR IR R A
2.2 HAIET ZE 3 LAM-NITi-SMA 01

PALFR T 20 LAM-NITi-SMA R AE oM 41 21
HUBE ) 2 Pk fie M ol e oF Fg E i 2300, [ iR
KRNI R M FE 8 A ) LAM-NITi-SMA 3B # Ak B T
SB[ ER K R T E 800~1050 °C, H A 5.5
h ZiA7s I 80ak B — R R B 350~500 °C, I ] /)
T 24 h; 2 PRI T 2R A KA R, — R
F KA 12336403371 AN 2 SR PR YRR P b 3 T2
oF A A Y5 ) R ), B B T2 0 5 1 5 DL 3.2
T

K 3a fi7n LAM-NITi-SMA R FF i S 45, ik
WO B T A, BURGIRE Ll AR A T 2047
A8, PIAEIR K T EE 1.9 mm, 20— AN30%6F1 3 18] .
PRAT R it 2 TR A0 S5 2 b DX, RR ) R A2 AR 2
G/ SR, K 100 pm~1.4 mm. 55 K25k
i DX AR TP J2 22 1) I T s 1) 9 46 Bl T Rz X 2
W), W2 EE K2 0.6 mm. & 3b [V IR JORRE
Ghakte, 3O IR KORORDRLAG T 3R A R 2 A G
R T S AR

[i] 5 18 K 950 °C, W TE] 5.5 h, ZK¥& (950 °C/5.5
h, H,0) X} LAM- 5 #8-NiTi-SMA i FE A1 28 1 ) 5 i+
I3 W Y, (HZ AL BE T 250 LAM- 5 4K-NiTi-SMA 1%
FEARAS M S R AN B s, IR, s FA A B T 2550
LAM- & #2-NiTi-SMA A (1) 52 Wi o 28 [ %7 1R K, LAM-
B BE-NITi-SMA A AR B H IR M A IS,
B Ac Rl My, X5 W ARSE ARV MR A OC,  n NisTi,
Ni Tis 2170, HKA ] TR AR, &
NiTi-SMA HAkrh Ti JTHE AN & R&EFK, F3H AH

K3 LAM-E 4#-Nis;Tis-SMA f A 454
Fig.3 Grain boundary structure of LAM Ni-rich Nis;Tis7 SMA:
(a) as built and (b) solution treated (950 “C/24 h)1*”
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KR RZY 20 C HAHAR I g i
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(350 F1450 'C)\ AN[FHELESE] (5 min~18 h) &{Ff
1) DSC 255, il 4 Prow, il 23K B 280k AR
I 2 I R G, AR B bk ey, i SRR FE AT, M
I 250 ik P82 0o A A T B8 T 5 R AN B A o A Ky 3 A [
Gy TP £ 2 N S P E N s A
IR G, R Ni TR AR Z, SUR AR N/TI R
T HE AR Ak ™ B, NATi-SMA FARARRT Ti & &5k,
AEZR P55 A N T w5 o B I 280N TR K, A A U A LU
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Fig4 DSC response of solutionized SLM Nisg sTis9 > alloys aged
at 350 °C (a) and 450 °C (b) as a function of aging time*”

A XU AR- A (M-A) AR FE, BT
] R-AH, BEECARTE R R-AH#A 22K B0 B A B2 B A
AR, RAE LA H IR B0, i i 2l
350 C I 24N 8] 30 min, fn#Ast #2 H BAE, B19°—>R-
H—->B2,

Elahinia Z5"25 U # B (a) LAM-NIiTi-SMA F: 4k
5T RS RO AN AT (b) TE R AR TE
J R-A YAz A 2 AN s (o) Ni i AR i, BBe e
i) LU T X PR A S o B 300 5 450 “C I 2% 8] 15 min,
EV HILFE LA I %, B2—>R-41—>B19° . Hamilton
261461441 % T LAM-Nis; Tigs-SMA R AE 75 I 204k B (400
F1500 C, 1~5h) T AAMLING, AHAZ I FE B 2L
IR TR R B 800 B2 38 I A # IS B (500 °C/5 b
LE I FR XU . Hamilton 25191 Halani 2503
WA A AR I 5 2 B I 2803 (0 38 I i FEAEG, 3X 5 Saedi
2D EE R AT
2.3 LAM-NiTi-SMA ¥ 4H 40 B 8=

MORME 22 o BOBIEM G T 23480, #uka
EISE-S - AU IRFY =2 OU R RIS I Th-A K SV RAIRA T e T
JE o JEERBEIREE T, BN sk TR PO 4121 8
TR i BOS831 il -LAM A5 K3 -LAM 5 B 5 28t i

AH A b 2 B2y NiTi-SMA 3, 2 5 -LAM 0RE 3
MALRHAEE (HV, R 5400~7350 MPa, %4
-LAM SRFE SO 41432 3 5 3800 MPal***l, R[] Ti
SRR PEW: NissTiss, NisoTiso Ml NigsTiss HAHOU 4120
SBAEE 23 90k 3800, 4400, 5250 MPal**l, 4 A
TiaNi 0S8 A B 20 2 52 B s 5 B 4, B L 55 it 3
s R 4 OIS 000 R ] A 2% i 40 R TR R A O oK

WO RE B A N3G 0 23 3 R SO0 21 2 I R
R A H1 3 8 2 B A AR O 21 21 8 i 3 . LAM-
B BL-NIiTi-SMA AL [ %R K (950 'C/5.5 h, H,0)

FIHy AL R (350 ‘C/18 h, 450 °C/10 h, H,0), =i
Tl UL 2 2 A e R 2 S A, R KA O 2 21
A RE (2240 MPa) R4S LAM AR O 41 28 8 7
i & (2780~2880 MPa) {ik, X555 A NiyTi; WA
s 350 °C/18 h I Ab FHE LAM-NiTi-SMA R A 400 41
U0 T B A 2880 MPa 14 1% 3450 MPa, 450 'C/10 h
IR AL P LAM-NITi-SMA 32 1OW 20 290 5 R 32 A
2880 MPa 41| 3300 MPa®!. LAM-NiTi-SMA Xkt
THOWL A1 2 S TR 32 2 A 4 o e A FOU 4 0% S ol
[ 1.5~2 1559,

2.4 LAM-NiTi-SMA 31/8 14 8¢

LAM i FErf, $nge s A O RMOs o R 8
AR B fesk A4 U0 5, R PUR hok
fe. A RM BRSSO T, kb g ST DL R
G I e 8, $ v PO ol s 00020 R JS ot i R
(C) A,

C,=(4.131.m) x10°/d (D
o, ¢ N, mm/a; I b JE bl S
uA/em’s m HAPEHG R, g d WARVEE, glem’.

Marattukalam 25 PVJE 57 7 306 T % 6 3R FE S ik
HL Y 2 SR O o 2 () s, S5 ARR B, B WO D)
HREN, R o 2 B A
2.5 LAM-NiTi-SMA ¥l /1 2 M &

2.5.1 LAM-NIiTi-SMA #/E 3% &

P 388 8 R AE M R E BB — I 2 b . 4 %%
I AR 5 LAM AP 8 B A7 75 % 5, LAM IR
27 153 7 S A3 B S R S AR AR B s AR B0 I
BEPUIR 58 8 A7 8 e oo i 2% 1 B, REIEL R LAM
WFE CEER, WL, AN AL B A 5 i
B PERE . b, Meier 0% T LAM- 5 4k
-NiTi-SMA AN [ H ) 324 A% 4 il i 3R B s 1 e
w1 Ay, WAL 7=20 'C (A=50 C) H
FIRAWT R, AR P S Zwick/Roell Z100. & 4k
NiTi-SMA & B A [/ B 1) 10 s Pk A 22 5 e /N 104
LAM-NiTi-SMA & F )23 7] 503 7] 4776 /N 1 S ALRT /I
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Table 1 Mechanical properties of NiTi-SMA under different conditions'"**
Group  Orientation  Fabrication method  Plateau start/MPa  Yield stress/MPa  Fracture stress/MPa  Fracture strain/%
1 SLM 155~168 1400~1420 3245~3343 39~40
2 SLM 165~166 1400~1420 3256~3349 37~39
K 3 SLM 157~160 1400~1420 3231~3403 39~40
4 SLM 148~160 1400~1422 3209~3366 37~39
5 SLM 159~167 1400~1420 3458~3469 40~42
n Conv. 191~210 1400~1420 3942~3975" 47"
1 SLM 478~550 1246~1338 2291~2363 30.0~30.4
2 SLM 524~578 1246~1338 2193~2402 27.7~30.4
3 SLM 471~514 1246~1338 2309~2362 30.1~30.6
4 SLM 472~588 1246~1338 2257~2720 29.9~32.7
Bl 5 SLM 466~576 1246~1338 2422~2631 31.1~32.3
sn SLM 589~738 1060~1100 2994~3037 36.7~37.2
sn+a SLM 441~444 2030~2100 2447~2449 18.5~21.1
sn+b SLM 472~486 1800~1880 2365~2494 25.4~25.6
sn+c SLM 411 1416~1500 2496 29.1
n Conv. 523 1312~1350 2793 32.1

Notes: -the initiation of the first crack; sn-solution annealing; aging process parameters: a-350 ‘C/24 h/H,0, b-450 “C/5 h/H,0, c-450

‘C/24h/H,0; A-specimens of SLM and Ti-rich NiTi alloy; B-specimens of SLM and Ni-rich NiTi alloy

WOk, XA HEEmPURL R, it EIA
HAMUE X T LAM-H 48-NiTi-SMA X ##, Haberland
251003 1 Meier 25 ORI 7 VL 5 4, DRI T=72
"C (SLM: A=62 C) Al T=17 'C (B&i&ikFE: A=7 T).
il LAM- & %K -NiTi-SMA X #f — £, LAM- & -
NiTi-SMA RXAEAN [\ H ) 1 1 e 22 4/, ik 1 B
oy

] 58 KRN A LAM-NIiTi-SMA i k5t s
N J7- AR, R K LAM-NITi-SMA A HT
N g -8 A 2 ST 2H B BN RTAR R A B R 28 B Ak
L) LAM-NiTi-SMA A5 K, H5 [CHAT 5 A8
U, [ R KA EERE KT LAM-NITi-SMA iR A %
P, XS HBRAC (L 2.2 WD, Kb
LAM-NiTi-SMA A H 30 B S 6 2 ) % 5 I AR P
B, FLES0Ah B FR o SR AR 0T H 3 A0 (NigTis) 43
FICPE A B AR T SR AR R A B . ) - AR, (X Fofi 3 )
3 AT R AR R [ SR AR . I R B
2 B IS R0k B 450 °C B IR 280 FE 350 “C ) LAM-NiTi-
SMA R FEAR BN AR /N, FLAR B Ty 841 s 25 e I
ARG, T 20 I K Y g - AR i 2 A
Saedi 25317F Haberland"' JE0E FHFSY T LAM- & 45
-NiTi-SMA IR FE AL FE T 206 Hof s vk REfC iy, 3k

3D 43 IR T W = T A 15 °C o A AR R,
AL BE LAM-3 BE-NiTi-SMA 3 FE 19 1 7 i Bl )

CPEARTE R GG 20D & TR K LAM-5 82 -NiTi-
SMA R AE (11w 54 IR B ) K2 700 MPa, {H IS 24 4k B
LAM-5 #-NiTi-SMA ke 2 7] 2 7 A K, RN I 2L
HSE 350 C, WA 5 h J5, A LAM-&E4#
-NiTi-SMA B FF I 5 e I B 7 v I 20 i 450 °C,
AR R 2N ] 1) LAM- & BR-NiTi-SMA 3R AE (111 5
JIi Y. 3 K25 100 MPa.

LAM 0 RE 5 N FI8 A2 1E 77 3848 5% o5 Ak
H LAM- & HL-NiTi-SMA A 90 M A O BE %5
M 92 J/mm?® B0 £ 195 J/mm?, 44} -LAM-Nis ,Tigo s
B A RFENZ BN 77 1700 MPa #4 Kik 3200 MPa, #% [
NAZ 27%38 K F] 38%! s i SR A 6K -LAM A ] 14y
NiTi &4 ilFE, AR ) KR FE%, 1 890~1050
MPal*¥,

2.5.2 LAM-NIiTi-SMA #323& &

LAM-NiTi-SMA &b 75§10 M 68 75 1 1 0 90 48
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Research Progress on the Laser Additive Manufacturing
Technology of NiTi Shape Memory Alloys

Deng Huaibo, Chen Yuhua, Li Shuhan, Deng Yunfa, Xu Mingfang, Ji Di
(Nanchang Hangkong University, Nanchang 330063, China)

Abstract: NiTi shape memory alloys have received extensive attention due to their excellent functional properties, biocompatibility,
damping properties, low stiffness, and corrosion resistance. However, the processability and machinability of NiTi shape memory alloys
are of great difficulties. In the past 20 years, the additive manufacturing technology has been developed sharply, resulting in the direct
fabrication for complex structure of NiTi shape memory alloys, which has a great potential value in the aerospace, medical equipment and
other fields. This paper makes a comprehensive review of the key issues and solutions in the domestic and foreign NiTi shape memory
alloys laser additive manufacturing researches, including the comparison of the traditional process manufacturing and additive
manufacturing of NiTi shape memory alloys, and the effect of laser additive manufacturing process parameters and post-heat treatment
parameters on the microstructure, mechanical properties and functional properties of NiTi shape memory alloys. Based on research results,
the future direction of NiTi shape memory alloys laser additive manufacturing is predicted.

Key words: NiTi shape memory alloys; laser additive manufacturing; process method; microstructure; functional properties
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