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ABSTRACT In order to control the shape memory function of TiNi alloy weld joint, it is necessary
to clarify the effect of the three different parts (weld metal, heat–affected zone (HAZ) and base metal)
on the shape recovery temperatures of the whole weld joint, but few reports are available on this
aspect. In this work, the microstructure in the HAZ was studied by Gleeble thermal–simulation test.
Phase transformation temperatures of weld joint, weld metal, HAZ and base metal were measured
by differential thermal analysis. The inverse phase transformation temperature was analyzed. The
microstructure, distribution of precipitation and crystal structure were investigated by using OM,
SEM and XRD. The weld joint shows the similar shape recovery ratio to the base metal, but the
shape recovery temperature range is significantly different. The start recovery temperature of the weld
joint is lower about 40 � than that of the base metal. Both of the austenite start temperature (As)
and finish temperature (Af) of the weld metal and HAZ vary much compared with the base metal.
The change in the weld metal is attributed to the fusion–solidification process, in which the preferred
crystal orientation is lost. The newly formed precipitation phases show a small size and an uneven
distribution. The change in the HAZ refers to the drop of As and Af , which is possibly caused by the
solution of minor precipitation phase in the matrix. The As and Af of the laser weld joint are quite
the same as those of the weld metal for TiNi shape memory alloy, which indicates that the key to
guarantee the shape memory function lies in controlling the phase transformation temperatures of the
weld metal.
KEY WORDS TiNi alloy, shape recovery temperature, weld joint, weld metal, heat affected zone

(HAZ), laser welding
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'..-$*7'(/$$7, ))< B2 (0.&(=
'*+&&,, B2 (*+0.&+-.( (B19′ () /
:#( R (=', >/+-.=',/&& (Mf) 1.,
B2 (00='+ B19′ (, 108 B19′ 7'.-2;'
$. $7 !*)#2&*), 12&<.('*+&&
(As) 0*+ !?#$7, >/.(',/&& (Af) ,,
$7 !32 [1−5]. 43/@, TiNi �"('&&0%
#$*&&, ":.('&&!# As—Af ()$7 !
&&!#, #56"$*&&AB"$C4, 7#58B
691$&3.

TiNi �"1224412"57656!,D8
39 3 -!EF2, 173!E45#:8$126:
4*), G5(24$$7 !%,$7 !&&;95
6 [6]. ;#$91 [7−14] H:, 1224$$7 !%
,$7 !&&(<I395#:8)&$=<. >#,
1224$$7 !%,$7 !&&;6'7181
2"57656!(<6$56)&=:>?, @7G=
Æ?, (I7@561224$7&'''$J">A1
8:?("&'''$8KA$#B"$@A.

58B*9B:9( TiNi �"-212:C, 9*
6:;BC;(656!-2:;, 91#1224$$
7 !%,$7 !&&939$=C, D("?>-2
#C<.

1 LMNO
:C*39+PK' Ti–50.7%Ni(?Q+D) 4*

500 EF& 30 min 0EG$�"H, < 2 mm, "7D
2+ (R=+D, %) + Ni 55.73, C 0.044, N 0.003,
H 0.002, O 0.042, Fe 0.034, Co<0.01, Cu<0.005,
Cr<0.005, Nb<0.01, Ti S=. 1F*IG>EBFJ
>GH, T* 5%HF+35%HNO3+60%H2O(.=+D)
HI?@ 10—15 min 1>#J7A, >EKE0U1B
>.:912IL+ YLR–2000K9B:9JCKVLD
MD8?WM. BF12B*NHN1 (bead on plate)
$@O, 12?LOD+: :9'% 2000 W, 12P%
3 m/min, 9P>E 0.13 mm, FG= 0, FAQ+Q&
99.9% $ Ar Q, QH= 15 L/min, RRXS>I-2
FA.

4I:912656!JY, S$7:BZ [5−8], >
39* Gleeble–1500D K6:;BC;.-:;BF.
T 1+6:;*):$6:4UM, 2&P%+ 200E/s,
Æ[&&+ 1100 E, Æ[VK,#+ 0 s, 1100—400 E
\#L&P&]+ 250 E/s.

M39712"57:;656!"5,24+CK
2TU+ 2 mm×2 mm× 0.5 mm $BF, 8 Q2000 K
=W&&=6N (DSC) 7-2VB, .-#.('&&,
D13J^$7 !&&. VB*):2&,L&P%I

+ 10 E/min. 39,1224$7 !''$VBB*
_ON&C, M39K2 20 mm× 2 mm×0.5 mm ÆO,
1224PW>I12@0PX<&+ 0.5 mm, X,Q
+C+ 20 , 2 mm $ÆO. Y`T 2 (W-2$7 
!:C, VB*):%,MBF))<30$.&+-.
B19′ (7', 8 B19′ 7'.MBF_O α N&, 102
&, *+ !?#$7, ><$7 !,/, ;D3,$Z
SN&+ β, Z$7 !% R /Y*;.EOFZ:

R =
α − β

α
× 100% (1)

12,656!$QGFaG[8 JSM–7001F [
R\S (SEM), NEOPHOT32"(RQS (OM)7-
2, H\I+ 5%HF+35%HNO3+60%H2O(.=+D)
HI. B* D/max–2550 K, Smart lab K X ]MS
]N (XRD) -22+,JT (pole figure) +T.

2 LMbcdef
T 3+:;656!,:K656!$QGFa. /

1T], 6:;BF'LJM^NUg:656!.
T 4 RW#39,1224$$7 !%9&&$

OV. /P, 39$$7 !&&!#+ 20—35 E, $7

h 1 ���
����WQ^X

Fig.1 Thermal cycling curve of thermal–simulation heat–

affected zone (HAZ)

h 2 ����_Y`Za
Fig.2 Schematic illustration of TiNi welded joint deform–

shape recovery
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 !%+ 97%. 1224$$7 !&&!#+ −20—
35 E, $7 !%+ 93%. c79B:91224d1

h 3 _Y�
��	����
������
Fig.3 OM images of actual HAZ (a) and thermal–

simulation HAZ (b)

Fb#J�$$7 !%, >$7 !*+&&939#
Jc=C, <39.# 40 E. XZ24$7 !,/&
&939(8, >$7 !*+&&$=C5[1224
$*&&dY:956.

+#Z>1224$7 !&&939;9=C$
?>, (12"5,656!e ^!E1839,12
24-2# DSC VB, .-#()$('&&!#, ;
T 5 (W. T 5a #39$ DSC UM. /P, 4.&(
B19′ (0�&( B2 (=',, .('&&!# As—Af

+ 20—32 E, G9T 4 V-$39$7 !&&!#

h 4 �
��

��������

���
Fig.4 Relationships between recovery ratio and tempera-

ture of base metal and weld joint

h 5 �
	
��
\ej�k� DSC ^X

Fig.5 DSC curves of base metal (a), HAZ (b), weld metal (c) and weld joint (d) (As—start temperature of

B19′ →B2 or B19′ →R, Af—finish temperature of B19′ →B2 or R→B2)
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^�. (<I39, 656!$ As , Af A0.&[_,
S('Æ$�&7R.I39 (T 5b), Gc7656!
$$7&'''$9#'7, ('*)$l\m]. (1
2"5$ As 0.&[_^_, Af 939f#=C, ('
Æ$�&77R.I39 (T 5c). T 5d +1224$
DSC UM. /P, ".('&&!# (As—Af) 912
"5]g. 43/@, 12"5,656!h/126*
)$56, i`#398$7&'f^,-/$9_7',
$"$7&'''$9'7, -(56/n-24$&'
''.

J 1 o,#397656!712"5,1224$
As , Af . 4J 1 /@, 656!,12"5$ As, Af

939(<=<7R, 397656!,12"5$ As—
Af +C+ 20—32 E, −10—14 E, −20—28 E. 12
24$ As—Af + −18—31 E, 9:K$7 !&&!
# −20—35 E(<=C:c, >3, M DSC jX$.(
'&&!#W+$7 !&&!##�^$. `%, 12
24$ As , Af 912"5J+]g, Gc712"5
W+1224$=- ^!E, "('&&$'70%#
24n.$('&&$'7. J 2 #:812?LOD
(#:9'%,12P&%, "<OD9F8(8) 812
"5,1224$.('&&. /1T], a$8:8$
12ODka., 12"591224$.('&&!#
8Fl+2].

T 6a , b +C#39,1224$Fa$b. 4T
/P, 39+`a$eVcFa, 12bP>ghQ$, 1
270Q&]+ 1 mm, :.0Q&]+ 0.5 mm, 12

p 1 �
	�
��	��			�

�� As 	 Af

Table 1 As and Af of base metal, HAZ, weld metal and weld

joint

(�)

Material As Af

Base metal 20 32

HAZ −10 14

Weld metal −20 28

Weld joint −18 31

p 2 ���
cb���			�

�� As 	 Af

Table 2 Welding parameters and As and Af of weld metal

and weld joint

Welding parameter Weld metal Weld joint

Laser power Welding speed As Af As Af

W m/min i i i i

1200 2 −16 33 −14 35

1400 2 −15 31 −17 33

1500 2.5 −17 33 −17 34

1800 3 −18 29 −17 31

2000 3.5 −18 29 −16 31

2000 4 −21 28 −20 31

"5+$j$q7cFa, 12:c#7R$(9M, 6
56!JY, ]+ 0.2 mm. T 6c +12"5,656
!$Fa$b. (<I39$`aeVc, 12"5,c
$'$9#'7, #kc$q7c, 656!cdTUd
17RcI39, >m1FK#39($#$eVc$'.
43/P, 126*)$-12"5,656!$Fa$
9#7R$'7, G/'5(T](,c.,d;956,
$"('&&$9'7.

T 7a—d +C+397656!,12"5T](
$+l, ":mn+T](. /1T], 39,656!
$T](eo+l8e.:, (12"5:$T](Pq
7c8fT], 8d [14] 7H:#G=6. (<T 7a ,
b /1$?, 39:`aT]($D=<656!_=e,
G/'#>+656!h/�&6:4$56, $-`a
$T](BffHIe., g*e. Ni g=$2�, 8
,ph#GeT](9e.ij(g*$k'', L.#
39$7&'f^,$hD, g*.('&&$L.. 4

h 6 �

�\�k����g
Fig.6 OM images of base metal (a), weld joint (b) and weld

metal and HAZ (c)
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T 7c , d /@, 12"5T](D=qS+l:I. 4
I394*# 500 EF& 30 min Gl, 5T]m Ni $
Ti3Ni4 no(, Ti3Ni4 T](5Æh$56.&+-.
$riX0, DS58.('*):f$2$ B2 (Dj
$2N)\, lp('*)$$9 [15−18], q(j�+-

h 7 �
	�
��	��		����
�

Fig.7 SEM images showing precipitates in base metal (a),

HAZ (b) and weld metal (c, d)

.$k%l. (<I39,656!, 12"5$T](
TUaSD=q, $9.(',(hlpna, +-.k
%l5^=, >3, 12"5$ As L.$)&i^c.

T 8 +397656!,12"5$ XRD r. /1
T], 397656!,12I#e.( TiNi ,T](
TiNi3, Ti3Ni4, S]r7# (110), (200) , (211) S]
Æ, 39,656!$S]Æ�&(=:c, >12"5
$S]Æ�&7R.I39,656!, Gc712"5
$c.,d(<I39$9#o'.

T 9a , b +C+39,12"5$ {110}$JT.
/1T], 39$#pÆ$ (110) riX0, (12"5
(110) X0lJ=. Gc712"54*#BfR7 – j
f$*), 39:$c.riX0ri`, 4I$7&'

h 8 �
	�
��	��		� XRD s

Fig.8 XRD patterns of base metal, HAZ and weld metal

h 9 �
	��� {110}qa
Fig.9 {110} pole figures of base metal (a) and weld metal

(b)
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�"('.#kl: riX0'.,Ums'., (ri
X0'.$#J.$('tl)'', "('Nr&&"
� [1−5,19], >3, 12"5$('&&.I39.

3 bf
(1) TiNi �":91224$$7 !%+ 93%,

939$ 97% (<=CD:7R. 1224$$7 !
&&!#939#Rs=C, 24$$7 !*+&&<
39. 40 E.

(2) 12"5,656!h/126*)$56, 1
2"5$.(',/&&939(=:c, >.('*+
&&)<39. 40 E; 656!$.('*+&&,,
/&&I.I39. n-1224$('&&912"5
l+2], s812"5$('&&#8K1224$7
&'''$Om.

(3) 12"545R7 – jf$*), 39:4*$
7&'nn$c.7't/i`, :oT]($ca,+
l9397R:8, c.,driX07e5ot, G#
12"5('&&$9'7$J"?>. (656!('
&&$'7Z/'#`aT](BffHIe.(u.
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