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Abstract The effect of the microstructure formed as a

result of ageing in a Ti-50.7 at.% Ni alloy with different B2

austenite grain sizes on its functional properties under

bending is studied. The maximum recovery strain of er-
= 15.5% is obtained as a result of annealing at 600 �C for

1 h (fine-grained structure). The subsequent degradation of

the functional properties after ageing is caused by the

reduction of the difference between the dislocation and

transformation yield stresses. The material with a coarse-

grained structure and the worst combination of functional

properties after recrystallisation annealing, on the contrary,

represents the poorest combination and should be aged in

order to improve the shape recovery characteristics. The

revealed regularities can be used as an additional tool for

the precise regulation of functional properties in shape

memory alloys.

Keywords Shape memory alloys � Titanium nickelide �
Functional properties � Recovery strain � Two-way shape

memory effect

Introduction

Titanium nickelide-based shape memory alloys are widely

used functional materials [1-12]. They possess unique

functional properties, such as a controllable temperature

range of shape recovery, superelasticity, one-way and two-

way shape memory effects (SME and TWSME,

respectively) and recovery stresses. Functional properties

are highly sensitive to structure changes. The use of cold

deformation, followed by post-deformation annealing,

including ageing allows efficient and precise control of

SMEs in a wide range [13-21]. As shown in [22-25], the

variation of shape memory-inducing modes by varying the

initial phase state serves as an additional powerful tool for

the control of functional properties.

It was revealed in [26] that the grain size of the recrys-

tallisedB2 austenite ofNi-rich titaniumnickelidemanifests a

pronounced effect on the morphology, size and distribution

of Ti3Ni4 particles precipitating under isothermal ageing. It

was also shown that the grain size and ageing-induced

microstructure strongly affect the sequence and kinetics of

martensitic transformations [26]. The obtained regularities

allow us to assume that these structure features will affect the

functional properties of the alloys. To the best of the authors’

knowledge, such information is not presented in any related

publication. The present work aims to carry out a compara-

tive study of the functional properties in a hyper-equiatomic

Ti-50.7 at.%Ni alloy with different recrystallised grain sizes

in the initial state and after isothermal ageing.

In order to trace the effect of microstructure transfor-

mation peculiarities on functional properties, we refer to

[26] where these aspects are described and discussed in

detail.

Experimental Procedure

The present study was performed using a 0.3 mm diameter

wire of Ti-50.7 at.% Ni alloy obtained as a result of mul-

tipass cold drawing with an accumulated strain of e = 44%

(a true logarithmic strain of e = 0.6). The wire was cut into

50 mm long specimens and shaped for loop-like samples
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(Fig. 1a). Recrystallisation annealing was performed at

temperatures of 600 �C (1 h), 700 �C (20 min) and

800 �C (1 h), followed by water quenching in order to

obtain the recrystallised structure of B2 austenite with

various grain sizes. The subsequent ageing was carried out

at 430 �C for 1 and 10 h (it was proved in [19, 27] this

temperature is optimal for the most intense ageing process).

Application of Ti–Ni devices is mainly based on bend-

ing [2, 3, 28–32]; therefore, bending procedure was chosen

for this study. The SME-inducing procedure was carried

out using cylindrical mandrels (Fig. 1a, b) and the fol-

lowing mode: loading at a peak temperature TR (initial

metastable R martensite), exposure, then cooling in the

constrained state to a temperature of - 196 �C, exposure
under load and unloading at the same temperature and

finally heating up to 100 �C (Fig. 1c). It was proved in [25]

that using this mode provides the highest combination of

functional properties. The corresponding peak tempera-

tures of the B2 ? R transformation for each structure state

were determined using differential scanning calorimetry

(DSC) curves presented in [26]; the inducing temperatures

are given in Table 1. The tensile total strain (et) of the

external layer of the wire under load varied from 12 to

20%. The induced strain (ei) was determined at - 196 �C
after unloading (Fig. 1b, c–position 2). The TWSME value

was determined after shape recovery and subsequent

cooling at - 196 �C.
The strain parameters were determined as

e ¼ d

d þ D
� 100%; ð1Þ

where d is the wire diameter and D is the diameter of the

mandrel for calculation of the total strain et or the diameter

of the arc formed by a sample in the process of shape

recovery (see Fig. 1a). Note that only the deformable zone

of the sample (coloured with grey) was taken into account.

The corresponding radius R is shown in Fig. 1b. The

measurements of the arc diameter were performed using

templates presented in Fig. 1d.

The main parameters of shape recovery in bending were

evaluated: eel—elastic recovery strain; ei—induced strain;

er—recovery strain due to the shape memory effect; etotr —

total recovery strain (reflects a total shape recovery upon

unloading); ef—residual strain; eTW—TWSME value.

These parameters are related to each other by the following

equations:

Fig. 1 SME inducing and measurements: a total strain fixing;

b schematic representation of shape recovery process under heating

after bending; deformable zone of the sample is given in grey: 1—

initial shape, 2—shape under deformation, 3—shape after unloading,

4—shape after heating and SME realisation; c strain-temperature

curve illustrating measured SME/TWSME parameters; d arc

templates
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eel ¼ et�ei; ð2Þ
er ¼ ei�ef ð3Þ

and

etotr ¼ et�ef ð4Þ

Note that a possible contribution of superelastic (pseu-

doelastic) recovery strain eser cannot be separated from the

true elastic recovery in this experiment; therefore, the total

recovery strain etotr includes all three components:

etotr ¼ eel þ eser þ er ð5Þ

The shape recovery rate was determined as

R ¼ er
ei

ð6Þ

Tensile tests were performed with a strain rate of 2 mm/

min at a testing temperature of 24 �C and 100 �C using a

0.3 mm diameter wire samples and a computer-controlled

machine ‘‘Zwick/Roell’’. The force and deformation

parameters of the wires were determined, including trans-

formation yield stress associated with B2 austenite or the

R-phase transformation into B190 martensite or with

reorientation of martensite (rtr) and conventional disloca-

tion yield stress (ry).

Results and Discussion

The structure of B2 austenite with grain sizes of 5, 11 and

15 lm is formed as a result of recrystallisation annealing at

600, 700 and 800 �C, respectively. The details of this

structure are published in [33]. The ageing-induced

microstructure formed by Ti3Ni4 particles after subsequent

ageing at 430 �C for 1 and 10 h strongly depends on the

grain size and ageing time, as schematically illustrated in

Fig. 2 (see [26] for details). The calorimetric curves of the

forward martensitic transformations obtained by the DSC

method and corresponding to the certain grain zones are

also presented. The schematic is drawn with respect to the

real ratio of the grain size and particle size.

To trace the effect of B2 austenite grain size on func-

tional properties, we must analyse the curves shown in

Figs. 3, 4, 5. The strains ei, er and eTW are presented by the

curves. The eel is shown as the difference between the et

and ei curves, while the ef is marked as the difference

between the ei and er curves.
In the fine-grained structured alloy (grain size of 5 lm

after recrystallisation annealing without subsequent age-

ing), the following regularities are observed (Fig. 3a): The

et growth from 12 to 19% results in an elastic recovery

strain; eel increase from 0.2 to 3%, with the induced strain

and ei increasing from 12 to 16%. Note that the values of ei
and er almost coincide due to a small ef , which remains in

the range of 0.2–0.6%. The TWSME recovery strain eTW
increases from 0.2 to 4% (Fig. 3a). The shape recovery rate

R remains very high (97–100%).

The increase of B2 austenite grain sizes up to 11 lm
(recrystallisation annealing at 700 �C) is accompanied by eel
and ef growth and causes degradation of ei and er (Fig. 3b).
The R value varies in the range of 95–98%. Further grain size

growth up to 15 lm (recrystallisation annealing at 800 �C,
1 h) results in further degradation of the main functional

properties: er significantly drops to 5–11% and eTW drops to

1.1–1.3% (Fig. 3c). The residual strain increases and reaches

3.4–5.7%. The R value reduces to 60%.

Subsequent ageing at 430 �C for 1 h brings changes in

the described regularities (Fig. 3d–f). In the fine-grained

structure, ei and er decrease and eel and ef increase when

compared with the recrystallisation annealing (see Fig. 3a,

d). The R value reduces from 100 to 70%.

The grain size growth up to 11 lm results in an eel
decrease, an ei and ef increase and some growth of er in the

range of et = 12–16%, with a further decrease upon

et = 19.5% (Fig. 3e) when compared with recrystallisation

annealing (see Fig. 3b). The R value reduces from 90 to

60% in the whole range. In the coarse-grained structure

(grain size of 15 lm), after ageing for 1 h, all main func-

tional properties are improved (see Fig. 3f) when compared

with the initial state (see Fig. 3c) and the intermediate

grain-sized structure after the same ageing (see Fig. 3e).

The R value remains at * 60%.

The described tendency intensifies after ageing for 10 h

(Fig. 3f–h), leading to further degradation of the recovery

strain in the fine-grained structured material (see Fig. 3a, d,

g) and its growth in the coarse-grained material (see

Fig. 3c, f, i). In the material with an intermediate grain size

(11 lm), the corresponding changes are not pronounced

(see Fig. 3b, e, h). The R value reduces from 70 to 50% in

Table 1 Inducing temperatures

determined from DSC curves

[26] after various heat

treatments

Initial state (without ageing) Additional ageing at 430 �C for 10 h

600 �C, 1 h 700 �C, 20 min 800 �C, 1 h* 600 �C, 1 h 700 �C, 20 min 800 �C, 1 h

- 33 �C - 26 �C - 33�Ca 43 �C 40 �C 43 �C
aThe present data correspond to the peak temperature of B2 ? B190 transformation because of the absence

of B2 ? R transformation
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Fig. 2 Schematic illustration of ageing-induced microstructures after recrystallisation annealing and ageing. GC and GB represent the grain

centre and boundary, respectively (adapted from [26])

Fig. 3 Functional properties of alloy with different GS vs. total strain: a–c after RA—initial state; d–f after recrystallisation annealing and

subsequent ageing at 430 �C, 1 h; and g–i 430 �C, 10 h
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the material with a fine-grained structure and from 85 to

66% in the material with the grain sizes of 11 and 15 lm as

a result of ageing.

The strain-temperature curves permit comparison of the

shape recovery evolution in the initial state (Fig. 4a, c) and

after ageing (Fig. 4b, d) and tracing the degradation of the

shape recovery characteristics in the fine-grained structured

material (Fig. 5a, b) and their improvement in the coarse-

grained structured one (Fig. 5c, d).

The observed regularities permit the conclusion that in

the absence of ageing, the material with a fine-grained

structure manifests the best combination of functional

properties and the material with a coarse-grained structure

manifests the worst one. After ageing for 10 h, the worst

combination of functional properties is manifested by the

material with a fine-grained structure, while the best one is

the material with a coarse-grained structure.

For a comparative analysis of the main functional

properties vs. ageing time under a total strain of et = 16%,

diagrams are plotted in Fig. 5a–c. The material with the

fine-grained structure (GS = 5 lm) manifests the maxi-

mum value of etotr = 15.5–16% in two cases: (1) after

recrystallisation annealing (initial state) and (2) after

recrystallisation annealing and subsequent ageing for 1 h.

Note that such ageing brings a decrease of the recovery

strain er to 13% compared with case (1), but etotr remains at

Fig. 4 Strain-temperature curves under inducing upon et = 16%: after heat treatment of a 600 �C, 1 h; b 600 �C, 1 h ? 430 �C, 10 h; c 800 �C,
1 h; d 800 �C, 1 h ? 430 �C, 10 h

Fig. 5 Functional properties vs. ageing time after inducing upon et = 16%

Shap. Mem. Superelasticity (2020) 6:139–147 143

123



the same level when the contribution of the elastic recovery

strain increases (see Eq. 4).

Ageing for 10 h results in the degradation of both

characteristics to 12 and 8%, respectively, and the

appearance of a significant residual strain of 5%.

Note that the effect of ageing time in the material with a

grain size of 11 lm is not so pronounced. After recrys-

tallisation annealing, etotr decreases gradually from 15 to

12.5% after ageing for 1 and 10 h, while er does not

practically change after ageing for 1 h (13%) compared

with the initial state (12%) and decreases to 11% after

10 h. The residual strain increases from 1% (in the initial

state) to 6% after ageing for 10 h (Fig. 5b).

In the coarse-grained material (grain size of 15 lm), etotr

amounts to 10% after recrystallisation annealing, grows up

to 13% after ageing for 1 h and reduces to 12% after ageing

for 10 h. The er value increases gradually from 7 to 12%,

and after ageing for 10 h reaches the value of etotr . The

residual strain decreases compared with the unaged mate-

rial (Fig. 5c).

The described results allow us to draw the conclusion

that the maximum values of SME recovery strain and total

recovery strain are realised in the fine-grained structured

material in the initial state (after recrystallisation anneal-

ing) and does not need the following ageing.

The material with a coarse-grained structure and with

the worst functional property combination in the initial

state should be aged. The ageing time must be determined

on the basis of obtaining the desired result. Note that the

maximum TWSME value (4%) is realised in a material

with a grain size of 5 lm in the initial state (after annealing

at 600 �C).
The obtained values of the total recovery strain etotr and

the recovery strain er are abnormally high because they are

almost 1.5 times the theoretical (crystallographic) resource

of martensitic transformation lattice strain which amounts

to 10.5% for the studied alloy composition [34]. According

to [35, 36], this phenomenon is determined by an additional

mechanical twinning on {113} and {201} planes in B190

martensite, and this contribution is not associated with the

stress-induced martensitic transformation. Aspects of

abnormally high recovery strain were discussed in [25] in

details.

The described regularities of the effect of the grain size

and ageing time on functional properties can be defined as

ambiguous. It was proved in [26] that the grain size has a

pronounced effect on the microstructure and calorimetric

effects (see Fig. 2). In the initial recrystallised state, a

material with grain sizes of 5 and 11 lm manifests the

continuous forward martensitic transformation B2 ?
R ? B190. In the case of a coarse-grained structure (grain

size of 15 lm), the B2 ? B190 forward martensitic

transformation is realised. The reverse B190 ? B2

martensitic transformation is recorded in all cases of the

initial structure state [26]. The increase in the grain size

from 5 to 15 lm and ageing duration to 10 h is accom-

panied by multiplication of martensitic transformations to

four stages. All these changes strongly affect functional

characteristics.

In order to explain the observed regularities, the analysis

of the concurrent factors that affect functional properties

must be taken into consideration.

1. Ageing brings an increase of the dislocation yield

stress for all studied treatments: compare Fig. 6a with

Fig. 6b (corresponding to a fine-grained structure) and

Fig. 6c with Fig. 6d (corresponding to a coarse-

grained structure).

2. The realisation of the recovery strain is determined by

the difference between the dislocation (conventional)

and the transformation yield stress [37]. The higher

this difference, the later the irreversible plastic yielding

by the dislocation mechanism that is involved in the

deformation process under SME inducing. The stress–

strain curves presented in Fig. 6 permit analysis of the

obtained regularities.

To analyse the described results, tensile tests were car-

ried out. Fig. 6 illustrates obtained strain–stress diagrams.

To compare mechanical characteristics for all studied

structures, the tensile test was performed at the same

conditions, regarding TR temperature.

The peak temperatures TR are the same (- 33 �C) for
the material after heat treatment 600 �C, 1 h and 800 �C,
1 h (see Table 2) and (43 �C) after subsequent ageing for

10 h (after quenching from 600 �C and 800 �C).
Therefore, the tensile test temperature was chosen 57 �C

higher than TR: 25 �C the material after heat treatment

600 �C, 1 h and 800 �C, 1 h and 100 �C after after

quenching from 600 �C and 800 �C and subsequent ageing

for 10 h (see Table 2). In both cases the test temperature

was 57 �C higher than the temperature TR (the used

machine ‘‘Zwick/Roell’’ cannot provide the test tempera-

ture lower than the room temperature).

The material with the fine-grained structure manifests

the maximum difference between the dislocation (con-

ventional) and the transformation yield stress and com-

pounds 400 MPa (see Fig. 1a, Table 2).

The degradation of functional properties in the material

with the fine-grained structure, which is observed after the

subsequent ageing is logically connected with the sup-

pression of the R ? B190 martensitic transformation (see

Fig. 2). At the same time, ageing results in the growth of

transformation and dislocation yield stresses and their

converging (compare Fig. 6a, b); the difference between

them drops. These changes explain the functional
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properties degradation which is caused by early involve-

ment of the irreversible plastic yielding in the deformation

process.

The grain sizes growth after recrystallisation annealing

at 800 �C (initial state) results in the decrease of the dis-

location yield stress, its converging with the transformation

yield stress and, as a consequence, the early start of plastic

deformation under SME inducing (compare Fig. 6a, c).

These changes become the governing factor of the func-

tional properties degradation.

After ageing at 430 �C for 10 h, the dislocation and

transformation yield stresses increase in a material with the

grain size of 15 lm up to 950 MPa and 1250 MPa,

respectively, (Dr = 300 MPa) compared with the initial

state after recrystallisation annealing (see Table 2), which

results in the improvement of the recovery strain.

The above arguments confirm that the obtained results

are logical and regular, and they can be used as an addi-

tional approach for precise regulation of the SMA func-

tional properties.

Conclusions

In the present work, we studied the effect of grain size and

ageing-induced microstructure on functional characteristics

of titanium nickelide. We reached the following

conclusions.

Fig. 6 Stress–strain curves: a, c at room temperature; b, d at 100 �C; a 600 �C, 1 h; b 600 �C, 1 h ? 430 �C, 10 h, 1 h; c 800 �C, 1 h; d 800 �C,
1 h ? 430 �C, 10 h

Table 2 Conditions of tensile

tests and mechanical

characteristics

Heat treatment regimes Temperature Mechanical characteristics

TR, �C Tdef, �C DT, �C rtr, MPa ry, MPa Dr, MPa

600 �C, 1 h - 33 24 57 200 600 400

800 �C, 1 h - 33 24 57 400 400 –

600 �C, 1 h ? 430 �C, 10 h 43 100 57 720 720 –

800 �C, 1 h ? 430 �C, 10 h 43 100 57 950 1250 300

TR peak temperature of B2 ? R transformation, Tdef temperature of tensile tests, DT the difference between

tensile tests and peak temperature of B2 ? R transformation, rtr transformation yield stress, ry dislocation
yield stress, Dr the difference between dislocation yield stress and transformation yield stress
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1. The maximum recovery strain of 15.5% and total

recovery strain of 16% are realised in the material with

a fine-grained structure (grain size of 5 lm) in the

initial recrystallised state without ageing. The grain

growth up to 15 lm brings degradation of these

parameters caused by the decrease of the difference

between the dislocation and transformation yield

stresses.

2. The effect of further ageing at 430 �C on functional

properties depends on ageing time and a grain size.

The fine-grained material manifests the degradation of

the functional properties as a result of ageing time

increase. On the contrary, the coarse-grained material

(grain size of 15 lm) manifests the improvement of

functional properties. In the material with the inter-

mediate grain size of 11 lm the effect of ageing time is

weakly pronounced; the maximum TWSME value

(3.3%) is realised as a result of ageing for 10 h.

3. The described newly revealed peculiarities are caused

by the influence of various factors: age harden-

ing and change of the difference between the disloca-

tion and transformation yield stresses after ageing. The

contribution of these factors is maximal in the coarse-

grained structure.

4. The obtained results are actually original; the revealed

regularities can be used as an additional arsenal for

precise regulation of the SMA functional

characteristics.
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