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Abstract

The substructure of martensite in the Ti Ni Hf alloy has been investigated by high-resolution electron microscopy36 49 15
Ž . Ž .HREM and discussed within the framework of a phenomenological theoretical analysis. The 001 compound twins and
Ž . Ž .001 stacking faults were confirmed to be the main substructure inside a martensite variant with some 011 stacking faults

Ž . Ž .infrequently observed. The 001 twinning boundary was straight with some blurred regions and 001 faults existing near
Ž .the interface. The 001 compound twin alone is shown to be unable to produce the lattice invariant shear necessary for the

martensitic transformation. q 1998 Elsevier Science B.V. All rights reserved.

PACS: 81.05.Bx; 81.30.Hd; 81.30.Kf
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1. Introduction

Recently, a ternary Ti–Ni–Hf alloy was devel-
oped as a new kind of high-temperature shape mem-

w xory alloy 1–3 . In the Ti Ni Hf alloy, the36.5 48.5 15
Ž .001 compound twin is found to be the substructure

w x w xof the martensite 2 . Han et al. 3 presented a
Ž .high-resolution image of the 001 compound twin

showing that step structure was the general feature of
this twinning boundary and the existence of many
Type II microtwins in the martensite plate. These
results are not convincing and need to be recon-
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firmed, since no corresponding EDP was given in
w x Ž .their paper 3 , and the interfacial feature of the 001

twinning boundary was significantly different from
w xthat reported in TiNi binary alloy 4 .

In the Ti–Ni system, no solution exists for the
phenomenological crystallographic theory when the
Ž .001 compound twin acts as the lattice invariant

w xshear 5 . Whether this kind of twinning mode can
produce the lattice invariant shear necessary in the
martensitic transformation in Ti–Ni–Hf alloy needs
to be checked on the basis of the theory of marten-
sitic crystallography developed by Wechsler, Lieber-

w x Ž .man and Read 6 W–L–R . The purpose of the
present study is to reinvestigate the substructure of
the Ti–Ni–Hf alloy martensite using HREM tech-
niques, combined with a phenomenological theoreti-
cal analysis.

00167-577Xr98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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2. Experimental procedure

A Ti Ni Hf alloy was prepared by consum-36 49 15

able arc-melting under an Ar atmosphere in a water-
cooled copper crucible of 60 mm in diameter. The
electrode was a compact of 99.92 wt.% sponge Ti,
99.95 wt.% electrolytic Ni plate and 99.90 wt.% Hf
shot. The ingot was then remelted twice to ensure
composition homogeneity by a levitation method
under an Ar atmosphere, and the melt poured into a
graphite mold of 35 mm in diameter. After homoge-
nizing at 1223 K for 1.5 h, the ingot was hot-rolled
into plates of 2.1 mm thickness. Specimens cut along
the direction parallel to the rolling surface were
solution-treated at 1273 K in vacuum for 1 h and
then quenched into water. The foils for HREM ob-
servation were mechanically polished to 50 mm and
electrochemically polished by the twin-jet method in
an electrolyte of 20% H SO and 80% methanol2 4

around 253 K. HREM observations were performed
using a JEOL-2000EX II electron microscope oper-
ated at 200 kV using a top-entry type double-tilt
specimen stage with angular ranges of "108.

The following lattice parameters of the mono-
clinic martensite were used for the analysis in this
alloy; as0.2454 nm, bs0.4087 nm, cs0.4791
nm, bs99.328. The phase transformation tempera-
tures of the alloy were determined by using a differ-
ential scanning calorimeter to be M s425 K, M sf s

457 K, A s491 K, A s507 K.s f

3. Results and discussion

Fig. 1a illustrates the HREM image of the internal
structure inside a single martensite variant, with the
corresponding electron diffraction pattern shown in
Fig. 1b. It can be found that some blurred regions

Ž .exist mainly between the twins bounded by 001
planes. Comparing ‘Twin2’ with ‘Twin1’ in Fig. 1a,
it can be noticed that the area of the blurred region
decreases with increasing the width of the twin. In

Ž .the study of 001 twins in TiNi alloy, Sinclair
observed this sort of ‘anomalous’ lattice-fringe im-

Ž .ages at these 001 twin boundaries and interpreted
them in terms of the local atomic arrangements

w xassociated with faults at the boundary 7 . Similarly,
Ž .some 001 faults can also be found near the twin

boundaries in the present alloy, as shown in Fig. 1a.

Another phenomenon is noteworthy, and that the
blurred regions exhibit a step feature. As an exam-
ple, the boundary between ‘Matrix2’ and ‘Twin2’ in
Fig. 1a is partly marked by the dashed line to show
this feature. These features are consistent with inter-
facial steps corresponding to twinning dislocations,
which glide and thus can cause one twin orientation

w xto grow at the expense of the other 8 . It can also be
seen from the area A in Fig. 1a that ‘Twin3’ is
bounded and terminates within the ‘Matrix2’, which
shows a feature consistent with the tapering of the
twin accomplished by screw dislocations at the inter-
face.

Ž . Ž .Albeit, the 001 compound twin and 001 stack-
ing faults are the dominant substructure inside the

Ž .single martensite variant and occasionally some 011
stacking faults, parallel to each other, are also found
in the bulk of a martensite variant. Fig. 2a shows a

Ž .HREM image of a single 011 stacking fault with
the corresponding EDPs shown in Fig. 2b. The rea-

Ž .son for the appearance of the 011 stacking faults is
Ž .unknown. It might account for the origin of 011

Type I twin.
In the early study of Ti–Ni–Hf alloy, Han et al.

w x Ž .3 presented a HREM image of the 001 twin
without giving the corresponding zone orientation.
Their result is obviously different from the present

Ž .HREM image Fig. 1a , but it is almost identical to
Ž .that of the 111 Type I twinning boundary between

two neighboring variants taken from the zone orien-
tation, which is the same as that of Fig. 1a, as shown
in Fig. 3. Therefore, it can be conjectured that the

w x‘step’ feature in Fig. 6d reported by Han et al. 3
might represent an intervariant twinning boundary
instead of the internal twinning substructural bound-
ary, and the so-called ‘Type I and Type II mi-

w xcrotwinning planes’ shown in Fig. 6b,c in Ref. 3 ,
Ž .they should be marked as being the 001 twinning

plane, as clearly shown in Fig. 3a.
w xThe streaks along the 001 reciprocal vector in

Fig. 1b can be interpreted as being stacking faults or
microtwins of the lattice correspondence variants.
Type II microtwins are considered to cause the streaks

w xobserved by Han et al. 2 . But no evidence is found
in the present study for the existence of Type II

Ž .microtwins in the finest units having the 001 com-
pound twinning relation inside each variant. The
areas containing twinning dislocations and stacking
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Ž . Ž . 5w xFig. 1. HREM image of the internal substructure inside a martensite variant a and its corresponding EDPs b . Electron beam 110 .
Subscripts M and T of the indices present matrix and twin, respectively.

faults might give the false appearance of ‘Type II
w x Ž .microtwins’. Nishida et al. 9 found that the 001

² :compound twin was formed inside the 011 Type II
twin related martensite plates in the TiNi alloy,

Ž .which indicates that the 001 compound twin gener-
ally appears as the subunit of Type II twin-related

units. Therefore, the proposal that there may be
Ž .smaller Type II units of martensite than 001 twin

w x2 is denied, and it can be proposed that the streaks
w xalong the 001 reciprocal vector should be inter-

Ž .preted as the result of both 001 stacking faults and
Ž .001 microtwins.
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Ž . Ž . Ž .Fig. 2. HREM image of a single martensite variant a and its corresponding EDPs b , showing faulting on 011 plane. Electron
5w xbeam 100 .

Ž . Ž .Fig. 3. HREM image of the junction plane between two neighboring martensite variants a and its corresponding EDPs b . Electron
5w xbeam 110 .
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A computer program based on the modified ear-
w xlier W–L–R formula 10 is used for the phenomeno-

Ž .logical calculations. No solution exists for the 001
compound twin, whereas solutions are found to exist

² :for the 011 Type II twin. These are consistent with
w xthe results reported for the TiNi alloy 5 . This means

Ž .the 001 twin cannot be a lattice invariant shear
Ž .alone, that is, the fact that 001 stacking faults are

Ž .universally observed to exist associated with 001
compound twin should not be neglected. It can be

Ž .suggested that 001 stacking faults are introduced to
complement the twinning deformation so as to sat-
isfy the required amount of the lattice invariant
shear. Yet, the phenomenological theoretical calcula-
tion for it seems difficult, since internal faulting or
twinning is usually considered to act separately as
the lattice invariant shear.

Ž .The 001 compound twin was found to be the
dominant defect in the martensite in an aged Ti-51

Ž .at.% Ni alloy, where No. 1 inside a circle the
internal stress fields at the coherent boundary be-

Žtween the fine precipitates and parent phase and No.
.2 inside a circle , the constraint for the atomic

arrangement of the parent phase, because of the
coherent precipitates, are considered to act mutually

Ž .to introduce the 001 twin as the transformation
w xtwin 11 . No fine coherent precipitate particles were

observed in the present alloy, except for the big
Ž .blocky incoherent TiHf Ni phase, which indicates2

Ž .the mechanism for the formation of 001 twins may
be different. The possible reasons causing the similar
change of microstructural aspects by the addition of
Hf to TiNi alloy may be considered qualitatively to
be as follows:

Ž .1 The change in lattice parameters of the unit
w xcell: Bhattacharya 12 suggested that the microstruc-

ture of martensites may depend very delicately on
the lattice parameters. Compared with the parameters

w xfor the equiatomic TiNi alloy 13 , the value of the
lattice parameter a and b decrease whereas that of
the c and b increase slightly. In the TiNi alloy, the

w xŽ .slip system 100 001 was suggested to be the most
w xpossible one in the martensite 14 . The interplanar

Ž .distance of 001 planes in Ti–Ni–Hf alloy is rela-
tively larger than that in equiatomic TiNi alloy
Ž .0.4652 nm vs. 0.4603 nm , which indicates that slip

Ž . Ž .on 001 planes becomes easier. A 001 twin can be
Ž .created by slip of ar2 on 001 plane because of the

w xpresence of a partial pesudo-mirror 14 ; therefore a
Ž .001 compound twin is easy to form.

Ž .2 The instability of the structure of martensite:
w xaccording to Wu et al. 1 , the primary product of the

martensitic transformation at room temperature for
Ž .Hf Ti Ni alloys with x-6 at.% is mono-x 50yx 50

clinic B19X martensite, while for 20-x-30 at.%,
the crystal structure is orthorhombic B19. It can be
proposed that the structure of martensite is in a
transition condition when changing from monoclinic
to orthorhombic in the present alloy, although the
X-ray diffraction results reveal it is still monoclinic.
As is well-known, one lattice belonging to mono-
clinic system can change into another lattice belong-
ing to the orthorhombic system simply by decreasing
b-angle to 908. The reduction of b-angle can be

w xrealized by atomic displacement along the 100 di-
Ž .rection in the 001 plane. In other words, an ‘bias’

internal elastic stress fields is suggested so as to exist
to correct the structure during the transformation of
the parent phase to the ‘unstable’ monoclinic
martensite, which may be relieved by slip on the
Ž . Ž .001 plane inside the martensite forming 001 twins

Ž .or 001 faults, since it is the easiest and most direct
way.

All in all, the Ti–Ni–Hf alloy allows for effective
Ž .means to introduce slip on the 001 plane compared
Ž . Ž .with TiNi alloy. As a result, 001 twins and 001

stacking faults are considered to be the substructure
of martensite, that is, they appear as the subunit

² :smaller than the 011 Type II twin-related units,
although they could not act as the lattice invariant
shear according to the phenomenological crystallo-
graphic theory.

4. Conclusions

Ž .1 The substructure of martensite consists mainly
Ž . Ž .of 001 compound twins and 001 stacking faults.
Ž .The 011 stacking faults are observed occasionally

Ž .for the first time. The feature of the 001 twinning
boundary is straight with some blurred region and
Ž .001 faults existing near the interface. The streaks

w xalong the 001 reciprocal vector should be inter-
Ž .preted as the result of both 001 stacking faults and

Ž .001 microtwins.
Ž . Ž .2 The 001 compound twin is shown alone to

be unable to produce the lattice invariant shear nec-
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essary in the martensitic transformation. The main
reason for it to appear as the dominant substructure
lies in the change of the internal condition of marten-
site caused by the addition of Hf to the TiNi alloy.
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