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Abstract

An X-ray diffractometry study of Ti—47.0 to 50.7 at.%Ni alloys was performed. In the 50.0-50.7 at.% range of nickel content, a
concentration dependence of B19'-martensite lattice parameters (MLP) is observed. MLP are found to be identical for 47.0 and 50.0
at.% of nickel content. The temperature dependence of MLP is observed, and this dependence is enhanced in the reverse trans-
formation temperature range for Ti-50.0 at.%Ni alloy. MLP are different for the quenched martensite and for the martensite formed
from the austenite containing a well-developed dislocation substructure. It is proven that the presence of an intermediate R-phase
during martensitic transformation is not responsible for the changes in MLP, observed in hyper-equiatomic alloys or in alloys
having a highly dislocated austenite substructure. In the 50.0 at.%Ni alloy, no changes in MLP are observed after a 25% cold-

deformation of the already formed thermal martensite.

© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Crystal lattice parameters of the high-temperature
phase (austenite) and the low-temperature phase (mar-
tensite) are the basic characteristics of shape memory
alloys because the level of the transformation lattice
strain generated during austenite-martensite transfor-
mation determines a maximum resource for recovery
strain. In binary Ti-Ni alloys, the crystal lattice of the
martensite formed either directly from B2-austenite, or
through an intermediate rhombohedral R-phase, repre-
sents the B19'-type monoclinic lattice [1-12]. The al-
loying of Ti—Ni alloys by a third element (Fe, Co, Cu,
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Au, Al, Mn, Pd, etc.) changes B19’-martensite lattice
parameters and temperature ranges of transformations,
and can lead to a separation of the B2-austenite trans-
formations into R- or B19-phases as intermediate and
final phases of the martensite formation [10,13]. While
the influence of alloying elements in ternary Ti—Ni-based
alloys on the B19'-martensite lattice parameters (MLP)
has been studied quite extensively [10,13], the nickel-
concentration dependence of the B19-MLP in binary

Ti—Ni alloys remains questionable. To the best of the

authors’ knowledge, the published results on B19’-MLP

measurement in binary Ti-Ni alloys ([1-12,14-16],

Table 1) can be summarized as follows:

1. In the majority of investigations, the MLP are mea-
sured for a single alloy, which mainly has a near-equi-
atomic or pre-equiatomic (in nickel) nominal
composition. A broad scattering in these results
between various investigators does not allow a
clear judgment about the MLP variations with
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Table 1
19'-Martensite lattice parameters in Ti-Ni binary SMA from references
at.%Ni Treatment Ms/Tx Recording B19’-martensite lattice parameters Note
(nominal) (°O) temperature (°C) a (nm) b (nm) ¢ (nm) )
49.75 Aging 20/45 23 (reheating) 0.2870+0.0010 0.411040.0030 0.4600 +0.0030 97.4+0.4 Caculated using d; from [1]
50.0 Aging 90 20 0.2904 +0.0005 0.4121 +£0.0002 0.4649 £ 0.0006 97.9+0.1 Caculated using d; from [2]
450 °C, 48 h
49.75 Quenching —40 to -192 0.2889 +0.0005 0.4120+0.0012 0.4622+£0.0016 96.8£0.32 Taken from [3]
1000 °C, 1 h -50 (20998 — 2054 )? = 0.096 deg?
0.2874 £ 0.0006 0.4113+£0.0009 0.4630 £ 0.0009 97.0£0.1 Caculated using d; from [3]
(20908 — 205 )2 = 0.026 deg?
49.75 Quenching —40 to =53 0.2880 £ 0.0005 0.4148 +£0.0002 0.4621 £0.0003 96.4£0.1 Caculated using 9, from [4]
1000 °C, 1 h -50
-178 0.2872+£0.0003 0.4124 +£0.0002 0.4632+0.0003 96.9+0.1
50.5 0.2883 0.4117 0.4623 96.8 Taken from [5]
50.0 Cold rolling 35 RT 0.2909 £ 0.0007 0.4141 £0.0003 0.4639 £ 0.0005 96.8+0.2 Caculated using d; from [6]
e =30%
49.8 Aging 85 RT B19;  0.2893 0.4120 0.4657 97.6 B19) Taken from [7,14]
800 °C, 1 h
50.0 35/10
50.3 30/10 B19,  ~0.2889 ~0.412 ~0.4622 ~96.8 B19,
50.75 0/10
50.0 0.2885 0.4120 0.4622 96.8 Taken from [8]
49.2 Quenching 50 RT 0.2898 0.4108 0.4646 97.78 Taken from [9]
from 1000 °C, 1 h
48.5 20 0.290 0.411 0.466 97.8 Taken from [10]
50.0 20 0.289 0.412 0.464 97.3
50.5 -50 0.289 0.415 0.464 97.1
51.0 -150 0.289 0.414 0.465 97.1
50.1 Aging 55/48 21 0.2896 + 0.0006 0.4120 +0.0008 0.4640 +0.0009 97.2 Taken from [11]
800 °C, 1h (20998 — 20954 ) = 0.136 deg’
0.2904 +0.0004 0.4141 £0.0003 0.4654 +0.0003 97.1+£0.1 Caculated using d; from [11]
(20998 — 20 )* = 0.002 deg?
74 0.2893 +0.0003 0.4136 +0.0008 0.4629 +0.0009 96.8 Taken from [11]
(20998 — 20954 )7 = 0.110 deg’
0.2902 +0.0006 0.4155+0.0003 0.4632 +0.0003 96.6+0.1 Caculated using d; from [11]

(20998 — 2954 ) = 0.005 deg’
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Caculated using dj,;; from [12]

96.7+0.1

0.4138 +0.0002 0.4629 +0.0002

0.2886 £ 0.0003

Quenching <10 RT (reheating)
800 °C

50.5

96.9 +0.1

0.4132 40.0003 0.4636 +0.0003

0.2883 +0.0003

—20 (reheating)

Caculated using 1, from [15]

96.7+0.1
97.3+0.1

0.4634 +0.0002
0.4653 +£0.0003

0.4144 +0.0003

0.4143 +0.0002

0.2887 +0.0003

45

Aging 800 °C ~=50

51.0

0.2898 +0.0004

-150

Taken from [16]

0.46256 97.0

0.41232

-10/22 =71 0.28815

Drawing +

50.5

quenching from

500 °C
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nickel-concentration. Furthermore, in some works

(for example [1,3,4]), the nominal nickel content in

studied alloys does not correlate with the position

of their Mg temperatures (the latter is determined

by a real nickel content in solid solution [17-19]).

As a result, a correlation analysis of MLP dependen-

cies on the nominal nickel content with the Table 1

data gives very low correlation coefficients: R, = 0.08,

Ry, =0.52, R, =0.13, Ry = 0.43 (see also Appendix

A, Fig. 8). (Here, a,b,c and f§ are the MLP.)

2. Some authors have reached conclusions on the MLP
changes in the pre-equiatomic composition range
[9,10], where such changes are normally not expected
since, in this concentration range, Ti—Ni-phase com-
position remains constant.

3. Temperature dependencies of Ti-Ni B19’-MLP found
in [11,20,21] (in the martensitic transformation range)
and in [12] (in the pure thermal expansion—contrac-
tion range) were not generally taken into consider-
ation. > For example, in [10], the difference between
MLP (which are determined with relatively low preci-
sion, see Table 1) for 50.0, 50.5 and 51.0 at.%Ni al-
loys is noted, but this conclusion, being based on
the X-ray data obtained at essentially different tem-
peratures (from +20 to —150 °C), is not valid since
the influence of temperature variations on the mea-
sured parameters is not taken into account.

Also, it is unclear whether MLP are influenced by the
transformation sequence (with or without an interme-
diate R-phase [7,14]), or by the structural and sub-
structural state of the austenite (presence or absence of a
well-developed dislocation substructure), or are affected
by recovery and polygonization heat treatment [12,22].
It is also unclear whether MLP are affected by the
structural and substructural state of the martensite, the
latter can be either temperature-induced, reoriented, or
plastically deformed [21,23]. Finally, as it can be seen
from the notes to [3,11] in Table 1, the calculated MLP
values depend on the number of X-ray lines used for
calculations and the method of their treatment.

The aim of this work is thus to study — using identical
experimental conditions, the same set of X-ray lines, and
the same method of MLP calculation — the effects of
nickel-concentration, temperature, strain, structural
state of the parent phase and martensite on the B19'-
martensite lattice parameters in binary Ti-Ni shape
memory alloys. It was also interesting to compare B2-
austenite and R-phase lattice parameters in alloys hav-
ing different nickel-concentrations.

21t is stated in [4] that a temperature dependence of the MLP is
absent; however, the existence of such a dependence is evident from the
X-ray diffractograms presented in the same work (see also Table 1).
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2. Experimental procedure

Binary Ti—Ni alloys containing 47.0, 50.0, 50.5 and
50.7 at.%Ni were studied. Their transformation tem-
peratures after 900 °C-quenching were as follows:
Ms=66 °C (47.0 at.%Ni); Ms=68 °C (50.0 at.%Ni);
Mg =28 °C, Tr =30 °C (50.5 at.%Ni); Mg=-20 °C,
Tr = -2 °C (50.7 at.%Ni). It must be emphasized that
special attention will be further paid not only to a
nominal nickel content in specific alloys, but also to
their Mg temperature, the latter determined by a real
nickel-concentration in solid solution [10,17-19].

Ribbon samples 0.5-1 mm thick were heated at 700 °C
for 15 min, and then water-quenched. Some of the
quenched Ti—50.0 at.%Ni alloy samples were deformed
by rolling at room temperature (RT) with 5% or 25% of
strain, which correspond, respectively, to the reorienta-
tion and plastic deformation of the martensite. Some of
the 25%-strained samples were annealed at 400-430 °C
for 1-2 h. Some of the quenched Ti-50.7 at.%Ni samples
were aged at 450 °C for 1.5-3 h. Some of the aged Ti—
50.7 at.%Ni samples were deformed by rolling at RT
with 25% strain and then heated to 550 °C with a
heating rate of 10°/min and quenched. Between 3 and 10
samples were used for each treatment. The 0.2 mm ox-
idized surface layer was removed by grinding and
chemical etching from all samples.

An X-ray diffraction study was performed using an
“X’ Pert Philips” diffractometer in monochromatized
Cu Ka radiation. The diffractometer was equipped with
special heating and cooling stages, allowing diffracto-
grams to be obtained in the —15 to 120 °C temperature
range. X-ray lines were recorded in the 29 = 36-84°
range included B19’-martensite lines from (110) to
(032). The precision of the camera adjustment was
constantly checked, and variations in the 29 angle po-
sitions of the X-ray lines of a standard quartz single
crystal did not exceed 4+0.01° throughout the time of the
experiment.

The parameters a, b, c and f§ of the monoclinic B19'-
martensite crystal lattice were calculated from the 219,
peak positions of (110), (002), (111), (020), (111),
(112), (022) and (032)* lines using the least-square
method. The examples of the X-ray diffractograms of
quenched Ti—50.0 and Ti-50.7 at.%Ni alloys recorded at
1 °C are presented in Fig. 1.

For the MLP calculation, the minimization of the
quadratic form 37205, — 20%0¢)> was performed,
where (29;)) and (2953) are diffraction peak positions

3 The last line is usually referred to as (220), but the direction of its
angular shift as a function of the concentration variations does not
correlate with the corresponding shift of the (1 10) line. The indexing
of this line as (03 2) gives minimum deviations of the calculated 29,
values from the experimental ones, in all cases satisfying the Fisher
criterion.

determined experimentally and from the backward
MLP-based calculations. To every step of optimization,
F-statistic was consistently used to test the equality of
two standard deviations as referred to the measured and
calculated MLP values [24]

F— ZSezxp

Z Sczalc ’
where S7 = LS (A205F,)7 is the variance of the ex-
perimental data with A2¢;7, representing the deviation
of the experimentally measured diffraction peak posi-
tions, and S, = 13205, — 2054¢)* is the variance
between experimentally measured and calculated peak
positions. The F-distribution having 7 degrees of
freedom for both normal populations (7= 8—-1 where 8
is the number of diffraction lines involved in the cal-
culation) with a probability of 0.95 (5% significance
level) was used. To find the MLP values, the steepest
ascent (descent) method was employed. The calcula-
tions steps were affined, as a minimum of the qua-
dratic function was approaching, and calculations were
stopped when the last calculation path gave the F-
value decrease lower than 0.01, while the optimization
region was within 1074% of the calculated MLP values
[24].

The precision of the MLP calculated for each set of
lines is a function of the precision of the direct 2¢
measurement, which was +0.02-0.03° for the (110),
(002), (111),(020) and (11 1) lines; from 0.04° to 0.05°
for the (112) line; ~0.05° for the (022) line; and from
0.05° to 0.06°, for the (03 2) line.

It must be noted that the “quality” of the results
depends on a number of lines involved in the calcula-
tion. In analyzing this issue, all calculations were re-
peated twice: firstly, the first seven lines (excluding the
last one) were used, and secondly, only the first five
lines were used. In both cases, after calculation, a de-
viation of 294 from 2v;F, was verified for all eight
lines measured. In the case of the seven-line calcula-
tion, a good correspondence between the calculated
and measured parameters was obtained, and the value
of the Fisher criterion came in under the critical
threshold. For the five-line calculation, the MLP
obtained by this method sometimes differ from the
eight-line verification results beyond the accepted error
limits. Finally for the sake of the maximum possible
exactness, it was decided to use all eight measured lines
for calculations.

The parameters ar and ar of the rhombohedral R-
phase crystal lattice were calculated in an analogous
fashion using the angular coordinates of the (33 0)r and
(330)g lines. The error limits were 4+0.0002 nm and
0.05°, respectively.

The austenite lattice parameter ag, was determined
using the method of extrapolation to the ¥ = 90°.
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Fig. 1. X-ray diffractograms of quenched Ti—50.7 at.%Ni (a) and Ti—50.0 at.%Ni (b) alloys recorded at 1 °C: (a) after heating from —196 °C; (b) after

cooling from RT.

The {110}, {200} and {211} lines and the Nelson—
Riley extrapolation function were used for this
calculation.

Finally, the maximum transformation lattice strain
was calculated from the B19-martensite and B2-
austenite lattice parameters obtained in accordance with
[25]. This strain represents a maximum relative elonga-
tion along one of the three principal strain axes when the
tetragonal lattice of the austenite with the parameters
apy = ag, bpy = cpr = apV/2 transforms into the mono-
clinic lattice of the martensite with parameters a, b, ¢ and
p. The procedure of calculations is based on the fol-
lowing considerations.

In general, when the crystal lattice is set by six pa-
rameters (three-dimensional: @, b,c¢ and three angular:
o, f,7), the components of the metric tensor are the
following:

(a* —ad)/2a; — ¢ 0
(B> —Db)/2b3 — ¢

Det 0
c-a-cosfi/2c - ap 0
a? a-b-cosy a-c-cosp
b-a-cosy b? b-c-cosa
c-a-cosf c-b-cosa c?

Then the tetragonal lattice of the austenite can be
represented by

a% 0 0
0 2a 0|,
0 0 24

while the monoclinic lattice of the martensite, by

a; 0 a-c-cospf
0 b’ 0
c-a-cosff 0 2

The distortion tensor &; = &l(g,-j — g);) can therefore

be calculated, where g;; and g;; are the components of
the metric tensors of the final and initial lattices, re-
spectively. Consequently, the matrix of the B2 — B19’
transformation strain tensor takes the following form:

1 (@®—a})/a} 0 a-c-cosf/ag-co
s 0 (B — B2) /B2 0
c-a-cospf/cy-ay 0 (*=c))/c

The principal components ¢ of the transformation
strain tensor, i.e., relative elongations along principal
axes, can be determined from a solution of a charac-
teristic equation obtained from the following balance:

a-c-cosfi/2ag - co

=0.

(2~ )f2c —

Finally, maximum transformation strain components
along principal axes are calculated as

AL,‘/L()I' = (1 + 8,‘)0‘5 - 1.

Basic information for MLP calculations (angular
coordinates of X-ray line peaks as functions of the
nickel content and temperature) is presented in Appen-
dix A (Figs. 9 and 10).
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3. Results and discussion

3.1. Concentration dependencies of the Bl19'-martensite
and B2-austenite lattice parameters in quenched Ti-Ni
alloys

The dependencies of MLP on nickel content in
quenched Ti-Ni alloys at RT are presented in Fig. 2. In
the hyper-equiatomic nickel-concentration range, MLP
depend on the nickel-concentration. The higher the
nickel-concentration in this range, the larger the devia-
tion from the equiatomic alloy. Corresponding devia-
tions of X-ray lines from their “equiatomic” positions
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Fig. 2. Dependencies of the B19-MLP at RT on nominal nickel con-
tent: (@) after quenching; (O) after aging at 450 °C, 1 h 20 min; (+)
after 25% cold-rolling and subsequent annealing at 400 °C, 1 h; (x)
doubled unit cell volume of B2-austenite.

are presented in Fig. 1 for the Ti—50.7 at.%Ni alloy.
Primary 219, values are given in Appendix A, Fig. 9.

The MLP of quenched pre-equiatomic Ti—47.0
at.%Ni and equiatomic Ti—50.0 at.%Ni alloys at RT are
identical, that correlates with the constant chemical
composition of the Ti—Ni-phase in this nickel-concen-
tration range. The only difference between Ti—47 at.%Ni
and Ti-50.0 at.%Ni alloys consists in the different vol-
ume fractions of the Ti;Ni-phase.

MLP of the aged Ti—50.7 at.%Ni alloy are system-
atically shifted from the MLP of the quenched Ti-50.7
at.%Ni alloy towards the “equiatomic” values (see
Fig. 2). That correlates with the nickel impoverishment
in solid solution due to aging. For Ti-50.0 at.%Ni at
RT, the unit cell volume of the B19-martensite is
higher than the doubled unit cell volume of the B2-
austenite, that reflects the positive volumetric effect of
the B2 — B19’ transformation reported for the Ti-50.1
at.%Ni alloy [11], and for the Ti-50.5 at.%Ni alloy [26].
For the Ti-50.7 at.%Ni alloy, the difference between
these parameters does not exceed calculation error
limits.

The lattice parameter of the “pure” B2-austenite ag;
was determined for Ti—50.7 at.%Ni and Ti—50.0 at.%Ni
alloys. For the Ti-50.7 at.%Ni alloy, the measurements
were carried out in the 6-120 °C temperature range
(quenched state) and from 24 to 120 °C (aged state). For
the Ti-50.0 at.%Ni alloy, the measurements were per-
formed at 110-120 °C. In the Ti-50.7 at.%Ni alloy, the
agy amounts to 0.30121 £20.00007 nm at RT and to
0.30164 £+ 0.00008 nm at 120 °C. In Ti-50.0 at.%Ni al-
loy, ag, = 0.30203 4+ 0.00008 nm at 120 °C; extrapola-
tion to RT leads to ag, = 0.30164 + 0.00006 nm which
correlates well with the ap, value of 0.3015 nm, which is
usually referred to as a B2-austenite lattice parameter
for binary Ti—Ni alloys [27].

A decrease in the austenite unit cell volume wg, = a%z
in the hyper-equiatomic range (see Fig. 2) can be ex-
plained by an increase in nickel (having lower atomic
diameter than titanium) concentration in solid solution.
The martensite unit cell volume wgy = abc - sin § also
manifests a corresponding decrease in that range.

The ap, for aged Ti—50.7 at.%Ni alloy is systemati-
cally higher than the ag, for the unaged alloys because
of an impoverishment of the solid solution in nickel; at
RT, ag; = 0.30130 £ 0.00009 nm.

Finally for the sake of the validation, it is mandatory
to consider not only the nominal nickel content of the
alloy, but also the real nickel concentration in solid
solution, which correlates with the Mg temperature
position for the studied alloys (according to [10,17-19]).
If one considers a dependence of the calculated MLP
(using our own data as well as calculated data from
Table 1) not on the nominal nickel content but on the
Mg temperature, then the concentration dependence of
MLP in the hyper-equiatomic range is evident (Fig. 3).
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Fig. 3. Dependencies of martensite MLP at RT on the Mg temperature
position: (O, ) present investigation; (@, x) calculated using dj 4, or
Yni data from [2,4,11,12,15] (see Table 1); (O, x) extrapolated to RT
from lower-temperatures; (+) taken from [9,14]. R, are the correlation
coefficients.

An increase in real nickel-concentration with a decrease
in Ms is also confirmed by the simultaneous lowering in
the martensite unit cell volume: from 55.2 x 1073 nm? at
Mg ~80 °C to 54.8 x 1073 nm? at Ms=-50 °C (from
the data of Fig. 3).

Note also that the MLP of the martensite formed
from the austenite containing a well-developed disloca-
tion substructure (resulted from 25% cold-rolling and
partial recovery heat treatment at 400430 °C for Ti—
50.0 at.%Ni alloy or polygonizing heat treatment at
550 °C for Ti-50.7 at.%Ni alloy — see [28]) deviate from
the corresponding MLP of the quenched martensite
formed from a low-dislocated recrystallized austenite
(see Figs. 2, 4 and 6).

3.2. Calculation of the maximum B19'— B2 transforma-
tion strain

Knowing the maximum B2 — B19’' transformation
lattice strain is important from a practical point of view,
because it determines the maximum fully recoverable
strain obtained from the material. A maximum trans-
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- ~i
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0,41 1 1 1 1 1 1 1 1 1 1 1 ]
Ti- 50,0Ni - —— =
s 0,291 | J
s a _.]-Ti-50,7Ni -
S op89 | T — OB (aged)
$—A—A— Ti-50,7Ni
0!287 1 1 1 1 1 1 1 1 1 ]
99
Ti-50,0 Ni
.98 -~
L ~<
~ _ ) \
Q: 97 _ Ti-50,7Ni =-—__"_
'th:-(aged)
v - .
926 1 Ti .5 ’7N| 1 1 1
20 0 20 40 60 80 100
T, °C

Fig. 4. Temperature dependencies of B19-MLP: (O,®) Ti-50.0
at.%Ni, after quenching at 1 °C; A, A Ti-50.7 at.%Ni, after quenching
at —196 °C; (O, M) Ti-50.7 at.%Ni, after quenching and aging at
450 °C, 1 h 20 min and subsequent cooling down to —196 °C; (V) Ti—
50.7 at.%Ni, after quenching, aging, cold rolling, annealing at 550 °C,
cooling to —196 °C and reheating to —15 °C; (O, A,[0, V), heating;
(@, A, W), cooling.

formation strain for the quenched Ti-50.0 at.%Ni and
Ti-50.7 at.%Ni alloys was calculated for the two dif-
ferent temperatures: (a) using B2 and B19’ lattice pa-
rameters near the Mg temperature of each alloy, and (b)
using the lattice parameters referred to RT. The results
of the calculations are presented in Table 2, and show
that the maximum transformation strain, and conse-
quently the theoretical resource of the maximum re-
covery strain in the Ti-50.0 at.%Ni alloy (12.07 at RT),
is from 11% to 17% higher than in the Ti-50.7 at.%Ni
alloy (10.31 at RT).

3.3. Temperature dependencies of the Bl9'-martensite
lattice parameters

3.3.1. General remarks
Temperature dependencies of MLP are observed in
the investigated nickel concentration range and they are
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approximately the same for different alloys (including
the aged Ti—50.7 at.%Ni alloy): for each alloy, in the
range of the martensite existence, the difference between
MLP measured at various temperatures remains ap-
proximately constant (Fig. 4).

The resulting volume expansion of the martensite
lattice is observed upon heating (see Fig. 4). However, if
the lattice changes are considered in terms of thermal
expansion coefficients (TEC), then, as can be concluded
from the 299,;, variations (see Appendix A, Fig. 10),
TEC is positive for the directions normal to the (110),
(020), (111), (022) and (032) planes, while being
negative for the (111), (112) and, under certain con-
ditions, for the (002) planes.

The same shifts of 29, coordinates caused by tem-
perature variations were noted for the (002), (111),
(020) and (111) lines in [12], for the (110), (111),
(112) and (032) lines in [22,23], and could be also ob-
served on the diffractograms presented in [4] — (110),
(111),(020)and (111)lines, [11]—(110), (111),(020)
and (111) lines, and finally, [20] — (111), (020) and
(111) lines.

The negativity of the TEC in the direction normal to
the (002) plane (which was also found for the Ti-50.5
at.%Ni alloy in [12]), is not very obvious for the quen-
ched pre-equiatomic and equiatomic alloys (as also in
[11]). It would be more prudent to conclude here that the
TEC in these alloys is close to zero within small error
limits (see Appendix A, Fig. 10). However, for the Ti—
50.7 at.%Ni alloy, the TEC is evidently negative (see
Appendix A, Fig. 10).

The transformation sequence in alloys with different
nickel content is not the same. At RT, the structure of
the as-quenched Ti—50.0 at.%Ni alloy is fully martensitic
(without considering a small quantity of the Ti,Ni-
phase, which is present in all studied alloys, but to a
different extent). Changes in MLP in the temperature
range below the starting point of the reverse transfor-
mation are fully reversible. During heating of the Ti-
50.0 at.%Ni (as well as Ti—47.0 at.%Ni) alloy in the
70-80 °C range, the B19’-martensite partially transforms
into austenite (see Fig. 5(a); note that in this particular
experiment, the pure austenitic state was not reached,
and that at 80 °C, the material contained about 25-30%
of the retained martensite). Upon subsequent cooling,
first, at 60 °C, the austenite starts the direct transfor-
mation to martensite, then just above 40 °C, the trans-
formation passes through an intermediate R-phase, and
at 40 °C and lower, only the B19’ and R-phases coexist.
Finally at 30 °C, the R-phase completely transforms to
the B19’ phase (see Fig. 5(a)). The Ti-47.0 at.%Ni alloy
differs from the Ti-50.0 at.%Ni alloy in a somewhat
higher fraction of the Ti;Ni-phase and in presence of
~5% of the retained austenite after quenching, but
the structural changes in heating—cooling cycles are
analogous.
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Fig. 5. Temperature dependencies of the B19’ (002) line half-width
and martensite volume fraction: (a)—(c), Ti-50.0 at.%Ni alloy: (a) after
quenching; (b(1)) after quenching, (b(2)) after a cycle of the complete
reverse-direct transformation; (c) after cold plastic deformation and
partial recovery at 400 °C; (d) Ti-50.7 at.%Ni after quenching; light
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It seems that the partial reverse martensitic trans-
formation (RMT) in the 70-80 °C range for the Ti-50.0
at.%Ni alloy enhance the MLP temperature dependen-



S.D. Prokoshkin et al. | Acta Materialia 52 (2004) 4479-4492 4487

0,467
. (3) (1)
0,465 | 4~ e 1
— S
§ 0,463 | (2
<
0,461 |
0,459
0,416 |
S 0414 |
s | .
< (3) x=
0412 | j%ﬁ
L 2) (1)
0,41 . . . . .
0,291 (3) (1)
g L~ ST =58
N
0,289 |
S 2)
0,287
99
.98 | (1)
L | T~ o\)\qg
= (3) + = ~; o
& 7 2)
96
-20 0 20 40 60 80 100
T,°C

Fig. 6. Temperature dependencies of the B19-MLP for the Ti-50.0
at.%Ni alloy: (1) after quenching; (2) after one complete cycle reverse-
direct transformation (transformation-induced hardening); (3) after
cold plastic deformation with partial recovery at 400 °C. (O, x)
heating; (@, +) cooling.

cies (see Fig. 4). Temperature dependencies of the 219,
which are determined with higher precision than the
calculated MLP, demonstrate this phenomenon more
clearly (see Appendix A, Fig. 10). For the Ti-50.7
at.%Ni alloy, this effect is not observed (see Fig. 4).

At RT, while Ti-50.5 at.%Ni alloy contains almost
exclusively R-phase and B19’-martensite, quenched Ti-
50.7 at.%Ni alloy is fully austenitic. During cooling of
the Ti-50.7 at.%Ni alloy, the R-phase appears at -2 °C,
and partially transforms to the B19’-martensite in the
—10 to —35 °C temperature range (see Fig. 5(d)) (=10%
of the R-phase still remains after cooling down to even
—196 °C). During subsequent heating, in the —5 to 12 °C
range, the martensite transforms to the B2-austenite
through an intermediate R-phase; incidentally B19’ — R
and R — B2 transformations overlap (which follows
from diffractograms as well as from an independent
DSC study).

At RT, the structure of the aged Ti—50.7 at.%Ni alloy
represents a mixture of 60% R-phase and 40% B2-

austenite. During cooling, the austenite transforms to
the martensite through the R-phase. This process fin-
ishes somewhat below —15 °C. RMT in aged alloys
proceeds through the same transformation sequence as
in as-quenched alloys, but at higher-temperatures (be-
tween 10 and 35 °C) because of the impoverishment of a
solid solution in nickel due to aging.

3.3.2. Influence of the austenite dislocation substructure
on the MLP temperature dependencies

At RT, the structure of the Ti-50.0 at.%Ni alloy
first cold-deformed and then partially recovered at
400 °C consists of B19’ and R-phases in approxi-
mately equal fractions (Fig. 5(c)). In this case, the
existence of the well-developed dislocation substruc-
ture in the austenite promotes R-transformation and
lowers the temperatures of the martensite formation
and reverse transformation [27]. Upon cooling, in the
40 to —10 °C range, the R-phase transforms to mar-
tensite (=10% of R-phase remains untransformed).
Upon heating, in the 50-80 °C range, the martensite
transforms back to the B2-austenite through the R-
phase (see Fig. 5(c)).

The MLP of the martensite formed in the Ti-50.0
at.%Ni alloy from the austenite containing a well-
developed dislocation substructure differ from the MLP
of the as-quenched martensite; their temperature de-
pendencies are preserved (see Fig. 6). In the cases pre-
sented in Fig. 6, the austenite was strengthened by
transformation-induced hardening resulting from a
completed RMT or by partially preserved strain-in-
duced hardening caused by cold-rolling and partial re-
covery annealing at 400430 °C. Note that in this case,
the TEC in the direction normal to the (002) plane is
obviously negative as also demonstrated in [12].

The enhancement of the MLP temperature depen-
dencies in the course of the RMT of quenched mar-
tensite is also visible (see Fig. 6). In this case, the RMT
of quenched martensite during the first heating was
completed (unlike with the incomplete RMT presented
in Fig. 4). Obviously, transformation-induced hardening
caused by the completed RMT is higher than that due to
the partial RMT. It causes bigger changes in the MLP
after cooling (compare Figs. 4 and 6), and subsequently,
upon second heating, the MLP of the initially quenched
martensite become comparable to the MLP of the
martensite formed from the partially recovered austenite
(see Fig. 6).

This explanation of the MLP temperature depen-
dencies, based on the increase in dislocation density due
to transformation or strain-induced hardening, is pro-
ven by an increase in the (002) X-ray line half-width,
which, for Ti—50.0 at.%Ni alloys, turned out to be 1.5
times higher than for the as-quenched condition (see
Fig. 5(b) and (¢)).
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For the same Ti-50.0 at.%Ni alloy, in the case of the
initially hardened austenite, the X-ray line width in-
creases only slightly during RMT. What is more, in the
quenched or aged Ti-50.7 at.%Ni alloy, no changes in
X-ray line width were observed during RMT. It can be
concluded that in both cases, transformation-induced
hardening is not pronounced and does not influence the
temperature dependencies of MLP (see Fig. 5(c) and
(d)). In the first case, the accumulation of the transfor-
mation-induced hardening is prevented by the initial
substructural hardening, and in both cases, this hard-
ening is avoided by the presence of an intermediate
R-phase, which offers a better lattice accommodation
for transformation than a direct B19’ — B2 sequence.

It must be borne in mind that the calculated MLP can
be affected not only by stresses from the dislocation
substructure, but also by interphase stresses appearing
in the course of the martensitic transformation, * as well
as by residual stresses of various origins. The data pre-
sented in [12] indicate such a possibility, which requires
special examination.

3.3.3. On the influence of an intermediate R-phase on the
MLP temperature dependencies

It is important here to specify the role of the
structural state of the material on the MLP. Based on
the observed in [7,14] differences in the MLP of binary
Ti-Ni alloys of different compositions, it was first
supposed that these differences are related to different
phases, from which the martensite originates. Indeed,
on the one hand, the R-phase is the parent phase for
the martensite in alloys with hyper-equiatomic nickel-
concentration or with highly dislocated austenite. On
the other hand, for the martensite formed in quenched
Ti—47.0 at.%Ni and Ti-50.0 at.%Ni alloys, the parent
phase is B2-austenite.

However, as it is seen from Fig. 4 for the Ti-50.0
at.%Ni alloy, the transition, at 40 °C, from the
B2 —B19’ to B2—R — B19’ transformation sequence
does not provoke “backward” changes in the MLP
temperature dependencies. On the contrary, even in the
case when the martensite forms from the R-phase in all
cases (Ti-50.7 at.%Ni alloy), the MLP were found dif-
ferent for recrystallized (quenched), aged and highly
dislocated (partially recovered) initial austenites (Fig. 4).
It could therefore, be concluded, that changes in MLP
for the B19’-martensite in hyper-equiatomic alloys, or in
alloys with hardened austenite, compared to quenched
equiatomic alloys, are not affected in any way by the

4 The interphase stresses contribute to the X-ray line width, which
increases in the course of the RMT, especially in its final stage when
martensite crystals undergo elastic interaction with the surrounding
austenite (see Fig. 5(b) and (c)).

Table 2

Calculated maximum transformation lattice strain of B2 — B19’ transformation in quenched Ti~50.0% Ni and Ti-50.7% Ni alloys

At RT

Near Mg (at 50 °C for Ti-50.0 at.%Ni and at —12 °C for Ti-50.7 at.%Ni)

Alloy

emax (V0)

ap (nm) a (nm) b (nm) ¢ (nm) B ()

0.30164

a (nm) b (nm) c (nm) B (O) Emax (U 0)

ap; (nm)
0.30175

0.46570 9790 £0.10 12.07+£0.25

0.41135

0.29090

11.92+£0.26

97.80£0.10

0.46540

0.41230

0.29100

50.0% Ni

+0.00030 +0.00035 +0.00035

=+ 0.00006

+0.00030 +0.00035 +0.00035

+0.00007

0.28820 0.41430 0.46140 96.35+£0.15 10.31£0.35

0.30121

96.70 £0.15 10.74£0.35

0.41280 0.46230

0.28820

0.30107

50.7% Ni

=+ 0.00040 +0.00050 +0.00060

+0.00007

=+ 0.00040 +0.00050 +0.00060

+0.00007
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Table 3
R-phase lattice parameters in Ti-Ni alloys
Alloy, treatment Recoding Retained R-phase ar (nm) or (°)
temperature (°C) fraction (%)
Ti-50.7 at.%Ni, -12 10-15 0.3012 4+ 0.0002 89.28 +0.05
quenching + reheating from —196 °C
Ti—50.7 at.%Ni, -15 10-15 0.3014 +0.0002 89.20+0.05
quenching + aging + reheating from —196 °C
Ti—50.0 at.%Ni, 36 ~15 0.3021 +0.0002 89.49+0.05
quenching + OMT + cooling
Ti-50.0 at.%Ni, RT ~20 0.3017+0.0002 89.27+0.05
CW(e = 25%) +400° + reheating from —196 ° C
Ti—50.7 at.%Ni, -15 ~40 0.3012+0.0002 89.45+0.05
quenching + cooling
Ti—50.7 at.%Ni, 0 70-75 0.3014 +0.0002 89.30+0.05
quenching + aging + cooling
Ti—50.5 at.%Ni, RT 80 0.3015+0.0002 89.53+0.05
quenching
Ti-50.0 at.%Ni, RT ~70 0.3017+0.0002 89.36+0.05
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presence of the R-phase, but rather by the structural
state of the material.

3.4. Lattice parameters of the deformed martensite

At RT, the MLP of either quenched, reoriented
(¢ = 5%), or plastically deformed (¢ = 25%) martensites
in the Ti-50.0 at.%Ni alloy are identical (see Fig. 7).
Evidently, an additional “mechanical” action on the
martensite during its formation (due to the presence of
the well-developed dislocation substructure in the
transformation- or strain-hardened austenite) modifies
the MLP, as shown in Figs. 2, 4 and 6. But if this me-

chanical action is applied to the already formed mar-
tensite, the MLP are not affected.

3.5. Lattice parameters of the R-phase

Since the rhombohedral distortion of the R-phase
lattice continuously increases upon cooling below Tg,
and stabilizes by the end of the R — B19’ transformation
only [11], it is reasonable to compare R-phase lattice
parameters in the same structural state, i.e., either at the
final phase of the R — B19’ transformation, or at the
same fraction of the R-phase transformed to the mar-
tensite. The results of corresponding calculations are
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presented in Table 3. It can be observed that the higher
the nickel-concentration, the higher the rhombohedral
distortion of the R-phase lattice. The same trend is ob-
served when the additional factors promoting R-phase
formation are present (aging or strain- or transforma-
tion-induced hardening).

4. Conclusions

1. In the hyper-equiatomic nickel-concentration range
of binary Ti-Ni alloys, concentration dependencies
of the lattice parameters of the quenched B19’-mar-
tensite are observed. The parameters a, ¢, § decrease,
while b increases as nickel-concentration increases.
The martensite unit cell volume wg;¢ incidentally de-
creases in accordance with a decrease in the B2-aus-
tenite unit cell volume wpg,, that is a direct result of
a solid solution enrichment in nickel. In the pre-equi-
atomic nickel-concentration range, the B19’-martens-
ite lattice parameters do not change.

2. For Ti-50.0 at.%Ni alloy, maximum martensitic

transformation lattice strain and, consequently, theo-
retical resource of the maximum fully recoverable
strain is from 11% to 17% higher than for Ti-50.7
at.%Ni alloys.

Lattice parameters of the B19’-martensite formed
from the austenite containing a well-developed dislo-
cation substructure (caused either by partial recovery
after cold working or by transformation-induced
hardening) differ from the lattice parameters of the
quenched B19’-martensite.

For binary Ti-Ni, temperature dependencies of the
B19-MLP are observed. These trends are approxi-
mately the same in the entire 47.0-50.7 at.%Ni
concentration range: as temperature increases, pa-
rameter a slightly varies, b increases, and ¢ and £ de-
crease. The unit cell volume increases during heating,
thus reflecting a thermal volume expansion of the
B19’-martensite lattice. For quenched Ti-47 at.%Ni
and Ti-50.0 at.%Ni alloys, an enhancement of the
temperature dependencies of the MLP occurs in the



4492 S.D. Prokoshkin et al. | Acta Materialia 52 (2004) 4479-4492

course of the RMT. Such enhancement is absent
when the martensite is formed in the Ti—50.7 at.%Ni
alloy from quenched austenite and in the Ti-50.0
at.%Ni and Ti-50.7 at.%Ni alloys, from the austenite
containing well-developed dislocation substructure.
In the latter cases, an additional transformation-
induced hardening is prevented because of the strong
preliminary strain-induced hardening of the austen-
ite, or because the transformation itself occurs
through an intermediate R-phase (good accommoda-
tion of lattices during transformation).

5. The change in the transformation sequence from
B2—B19" to B2—R —B19 is not a cause for
changes in the B19’-MLP connected to the nickel
concentration variations, or to the effect of strain-
or transformation-induced hardening of the B2-
austenite.

6. For the Ti—50.0 at.%Ni alloy, reorientation or plastic
deformation (25% of thickness reduction) of the B19'-
martensite do not affect its MLP.

7. An increase in rhombohedral distortion of the
R-phase lattice with the increase in the nickel-concen-
tration in solid solution is observed. The same effect
can also be initiated by other factors promoting
R-phase formation (aging and strain or transforma-
tion-induced hardening of the austenite).
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Appendix A

In the Appendix, the primary X-ray diffraction data
(293, angles) used for the correlation analysis of MLP
dependencies on a nominal nickel content (Fig. 8), as
well as for the MLP calculations (Figs. 9 and 10) are
presented. Fig. 9 corresponds to Fig. 2 and Fig. 10 to 4
of the article.
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