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It has been experimentally shown that in the isothermal mechanocycling of continuous 
cylindrical samples of saponite–titanium composites under conditions of a complex stress 
state, a reversible deformation of the properties of martensitic inelasticity is observed, which 
appears during thermal cycling at intervals of martensitic transformations.

According to the results of the experiment, the influence of the ratio between the static and 
cyclic components of the stress on the change of shear deformation in a complex stress state 
during mechanical cycling with axial load is estimated.

Keywords: Complex stress state, cylindrical samples, mechanocycling, orthogonal load-
ing saponite–titanium composites.

1. INTRODUCTION

Details of executive power mechanisms 
of different functional purposes in mechani-
cal engineering made materials with the 
effect of shape memory (ESM) [1]. They 
are usually under the simultaneous influ-
ence of axial and tangential stresses. For 
their manufacture it is necessary to choose 
metals or alloys that have the appropriate 
mechanical characteristics and deformation 

properties of materials at different tempera-
ture and force effects [2]. There are a few 
publications on the mechanical behaviour 
of composites based on saponite–titanium 
and other materials with shape memory in a 
complex stress state today and this suggests 
the relevance of the research in this area [3].

ESM, the phenomena of martensitic 
inelasticity, the effects of multiple revers-
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ible shape memory, transformation plastic-
ity, reversible shape memory, deformation 
of oriented transformation, etc. have been 
widely studied [4]. The above-mentioned 
phenomena are usually initiated by mar-
tensitic reactions associated with thermal 
cycling of the material. Work on mecha-
nocycling of ESM material in a complex 
stress state in most cases is devoted to the 
determination of long-term strength, less 
often the structure of the material under 
similar exposure is studied [5]. The authors 
[6] recorded that during isothermal mecha-
nocycling in the two-phase state, the mate-
rial was more plastic and less susceptible to 
equalization of the voltage intensity ampli-

tude. In [7], it was shown that the active 
deformation of the ESM material in iso-
thermal conditions may be accompanied by 
phenomena of martensitic inelasticity, simi-
lar to those caused by the transformational 
change in temperature [8]. Therefore, it can 
be argued that the phenomena of martens-
itic inelasticity are initiated by isothermal 
mechanocycling.

This article presents the method of 
experiment and, in part, the results of sys-
tematic research on the study of the defor-
mation behaviour of a material with the 
effect of shape memory, which is in a com-
plex, stress state under conditions of active 
deformation at constant temperature. 

2. MATERIALS AND METHODS

An experimental setup was constructed 
in the scientific laboratory of Lutsk National 
Technical University [9], which allows tak-
ing readings from the sample separately or 
simultaneously by stretching or compress-
ing at forces up to 5000 N and torque up to 
5 N×m under conditions of change or con-
stant temperature [10].

During the experiment, coaxial fixation 
was reached by twisting angle of the sample 
and the axial movement of the end face of 
the shaft. This allows you to calculate the 
shear and longitudinal deformation of the 
sample. Heating was performed using self-
propagating high-temperature synthesis 
[11]. The temperature of the sample during 
the experiment was recorded using a ther-
mocouple of tungsten rhenium TR5 with a 
diameter of 100–200 μm [12]. To control 
the homogeneity of the heating of the sam-
ple, two thermocouples used, which were 
installed at different points. 

Method of determining the axial defor-
mation. When determining the axial defor-
mation, the instrumental error associated 

with the thermal effect of the installation 
was taken into account [13]. In the instal-
lation a reference sample made of St.3 
was fixed with a well-known coefficient of 
thermal linear expansion α = 1.06×10-5 K-1 
and the dilatogram was determined from 
the compatible thermal effect of the refer-
ence sample and installation [14]. From the 
obtained total dilatogram, dilatogram of the 
reference sample was determined, high-
lighting the thermal effect of this installa-
tion. Subsequently, the greenhouse effect 
of the installation was calculated either by 
adding it to the reversible composition of 
the strain during stretching and subtraction 
during compression. The error in the data 
of axial deformation was ±0.005 %, and the 
temperature was ±1 K [15].

The experimental setup made it pos-
sible for axial deformation to obtain and fix 
in isothermal conditions significant inelas-
tic axial deformations during torsion and 
shear [16].

The samples were made of one batch of 
saponite–titanium composite rods (Table 1) 
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and had the shape of solid cylindrical rods 
with a diameter of 5 mm [17]. The length of 
the working part of the first series was 25 
mm, the second – 15 mm, the total length 

was 55 and 45 mm, respectively. Samples 
of the second series were used for mecha-
nocycling under conditions of constant or 
variable compressive force [18].

Table 1. Material for Research

Series of samples Diameter,  
mm

Length of a working part, 
mm

Total length,  
mm

1 5 25 55
2 5 15 45

The values of the characteristic tem-
peratures of the phase transitions are given 
in Table 2. Heat treatment of samples was 

carried out: annealing at a temperature of 
820 K for 30 minutes, cooling in the atmo-
sphere.

Table 2. Temperature of Phase Transformations, К

М1 М2 А1 А2

334 292 382 492

In the first experimental studies (modes 
Ι÷ΙΙΙ), the samples were twisted with a con-
stant torque with a static voltage τo, and 
then mechanocycled with an axial voltage. 
During the second stage (modes IV÷VII), 
the samples were stretched or compressed, 
creating a static stress σ, after which they 

were mechanocycled by torsion [19]. The 
samples were subjected to isothermal mech-
anocycling (Fig. 1) at normal or tangential 
stresses under pulsation cycles under the 
action of constant orthogonal deformation. 
The pulsation period or half-period of sym-
metry of mechanocycles was 120 s.

Fig. 1. Load modes: a) static: I and II – torsion, IV – axial tensile deformation, V – compression; b) 
symmetrical: III – torsion, VI – axial tensile deformation, VII – compression.

Stress intensity due to the static com-
ponent of the stress state  (where 

 is the tangential stress that arises due to 
the action of static load). The maximum 
intensity due to the cyclic component of the 
stress state  (where  is the amplitude 
of cyclic stresses) was taken as 50 MPa, 
100 MPa, 150 MPa, 200 MPa for both volt-

ages [20].
The intensity of the DC component 

of the voltage ( ) from sample to sample 
was one of the following: 50 MPa, 100 
MPa, 150 MPa, 200 MPa. The amplitude 
of cyclic stresses  in a particular sample 
increased every 12–16 mechanocycles and 
consistently took all the above values [21]. 



15

In this case, in each of the studied samples, 
the ratio  in relation to the initial ratio 
changed equally, successively decreased 
by 2, 3, 4 times. Experimental studies were 

performed at three different temperatures 
(Table 3): martensitic ТM, biphasic ТB and 
austenitic state ТA of the samples.

Table 3. Temperature for Research, К

ТM ТB ТA

320 400 525

The relationship between static loads 
and amplitudes of cyclic loads are given in 
Table 4. At each temperature, 16 indicators 

 were determined. Shear and axial 
deformations caused by static or alternat-

ing cycling stress were recorded [22]. Then 
one or two mechanocycles were performed 
without static load in a complex stress state, 
after which the samples were thermocycled.

Table 4. Load

, MPa
50 100 150 200

, MPa

50 1 0.5 0.33 0.25
100 2 1 0.67 0.5
150 3 1.5 1 0.75
200 4 2 1.33 1

3. EXPERIMENTAL RESULTS AND DISCUSSION

The main results of experimental 
research are presented in Figs. 2–5. It is 
shown that the deformation of one com-
ponent of the deformation always causes a 
change in the orthogonal component of the 
deformation, but for different modes and 
temperatures of deformation the results are 
different. Some modes are characterised by 
curves showing the change in the orthogo-
nal component of the deformation from the 
number of mechanocycles (Figs. 6–8). In the 
first mechanocycles for all modes of defor-
mation, as a rule, unilateral deformation of 
the orthogonal component was observed due 
to static load. In Modes I and II at the mar-
tensitic state (Fig. 6a) during axial mecha-
nocycling there was a reverse deformation 
in the direction of torque (mechanocyclic 
creep), which practically stopped until the 

seventh or eighth cycle. The maximum 
shear deformations were recorded in the 
conditions of mechanocycling by stretching 
at amplitudes  = 200 MPa. Figure 6b 
shows the dependence of the amount of 
shear deformation 10 of the cycle on the 
ratio . This is due to  – the magnitude 
of the static voltage and σ – the amplitude of 
the pulsating axial voltage. Also, there was 
a sharp increase in shear deformation with 
increasing amplitude of normal stress to 

 = 200 MPa at a constant  MPa 
[23]. The greatest deformation occurred at 
the usual stress of the opposite sign. Both 
figures show that tension and compression in 
a complex stress state have different effects 
on orthogonal deformation under conditions 
of mechanocycling in the pulsation mode of 
the cycle [24]. 



16

In Mode III of loading (Fig. 5), the sam-
ple shows unusual behaviour where after 
the third cycle deformation “towards force” 
stops and passes to the phenomenon of 
mechanocyclic return, i.e., decreases in the 

general deformation on an orthogonal com-
ponent from a cycle to a cycle (curve 6 of 
Fig. 7) [25]. Thus, this phenomenon can be 
attributed to negative mechanocyclic creep.

Fig. 2. The dependence of shear strain on the normal stress σ in static stress mode Ι and at  (a),  MPa (b) 
and T = 290 K. The figures on the graphs correspond 

to the numbers of mechanocycles.

In Modes I, II, III, VI, VII after reaching 
a certain number of cycles (N = 6÷10), an 
inverse change in deformation was observed 
(curves 10, Figs. 2, 3a, 4, 5), the value of 
which in some experiments was 0.35 % for 
one load cycle (curve 10 in Fig. 2b) [26]. 
At minimum levels of static stresses, as a 
rule, deformations were recorded toward a 
fixed stress at the stage of active deforma-
tion and its return during unloading of the 
sample (curves 10 in Figs. 2 and 3) [27]. 
With the transition to higher levels of static 
voltages, the results changed. In this case, 
the active deformation of one of the com-
ponents of the stress tensor corresponded 
to the return of deformation to another and, 
conversely, the unloading of the sample cor-

responded to the accumulation of deforma-
tion toward a given fixed stress (curve 10 
in Figs. 2b, 5). Note that most often revers-
ible deformations were observed in Mode 
III (curve 15 in Fig. 5). In the process of 
axial mechanocycling under the conditions 
of a symmetric cycle, typical properties of 
martensitic inelasticity appeared, such as 
shape memory effect under active compres-
sion (sections of curves 1 – 1’; 2 – 2’; 3 – 3’, 
15 – 15’); plasticity of direct transformation 
at the subsequent unloading (sections of 
curves 1’ – 2; 2’ – 3; 3’ – 3’’, 15’ – 15’’). 
These phenomena can be considered the 
effects of martensitic inelasticity, which in 
this case are initiated by isothermal mecha-
nocycling [28].

Fig. 3. Dependence of shear deformation on the ordinary stress σ in Mode ІΙ of  
static stress and at  (a),   МРа (b) and Т = 290 К.



17

In the analysis of experimental studies 
of Mode III for the fifth and tenth mecha-
nocycles with increasing amplitude of the 
normal stress , (  = 50, 100, 150, 200 
MPa), change of shear deformation depend-
ing on the stress ratio  and tempera-

tures T has three fundamentally different 
trends: shear deformation increases with the 
number of cycles; shear deformation in the 
process of mechanocycling demonstrates a 
reverse change; shear deformation gradually 
decreases with the number of cycles [29].

Fig. 4. The dependence of the axial deformation on the tangential stress during mechanocycling in Mode VΙ 
mode, at the tensile stress  = 50 MPa (a), 200 MPa (b) and T = 290 K.

 

Fig. 5. Dependence of shear shift X axis on σ in Stress Mode III, at  = 115.5 MPa and T = 290 K.

Fig. 6. Dependences of shear deformation in Modes I, II at T = 290 K: a) on the number of cycles N and the 
amplitude of mechanocycling σ at  MPa; b) the magnitude of static voltage and the amplitude of 

mechanocycling σ γ.

Fig. 7. Dependences of shear (1÷6) and axial (7÷8) deformations formed in the process of mechanocycling on the 
number of cycles for Modes: I (1, 2) at (1, 2) at σi = 50 MPa and σa = 200 MPa (1), σi = 200 MPa and  

σa = 200 MPa (2); II (3 ÷ 5) at σi = 50 MPa and σa = 100 MPa (3), σa = 200 MPa (4), σi = 200 MPa and  
σa = 200 MPa (5); III (6) at σi = 50 MPa and σa = 150 MPa (6); VI (7, 8) at σi = 200 MPa and σa = 50 MPa (7),  

σa = 200 MPa (8) at T = 290 K.
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Figure 8 presents the dependence of 
orthogonal shear deformation on the num-
ber of cycles with additional and negative 
axial deformation in Mode III mode under 

conditions of gradual change of ampli-
tude of normal stress for different relations 

 between static stress and amplitude 
of cyclic stress change [30].

Fig. 8. Dependence of shear deformation on the number with additional and negative axial deformation (Mode 
III) under conditions of gradual change of amplitude of normal stress σa = 50 (region Ι), 100 (II), 150 (III), 200 

MPa IV) at T = 290 K (1), 370 K (2), 510 K (3), for the values σi = 50 (a), 100 (b), 150 (c), 200 MPa (d).

At the lowest σi = 50 MPa (Fig. 8), the 
value of the mechanocyclic return reaches 
the maximum value at a temperature corre-
sponding to the two-phase state (curve 2a). 
At σi = 100 MPa (Fig. 8b), there is the same, 
almost synchronous, increase, and then the 
shear deformation decreases at all tempera-
tures, i.e., the sample with increasing ampli-
tude of the axial stress of “untwisting”. For 
σi = 150 MPa (Fig.  8c) in the martensitic 
state (curve 1c) with increasing number of 
mechanocycles shear deformation accumu-
lated in the direction of constant tangential 
stress increases. At a temperature of 370 K 
after some increase in deformation, there 
is a negative mechanocyclic creep. It leads 
to the initial level of shear deformation at 
higher values of  = 200 MPa. At a 
temperature corresponding to the austenitic 
state of the sample, a gradual mechanocy-
clic return is observed. For all temperatures 
at σi = 200 MPa (Fig. 8d), slight changes in 
shear deformation are observed [31]. 

Therefore, according to the results of 
experimental data, in the martensitic state 

it is impossible to unambiguously deter-
mine the change in the deformation shift 
(its increase or decrease) in the process of 
mechanocycling along the axial stress com-
ponent, i.e., there is no necessary depen-
dence on the parameter . In the 
two-phase state, the orthogonal component 
of the deformation increases only when  
K > 1, i.e., the sample “twists” in the direc-
tion of static torque; in the case of K ≤ 1 the 
sample begins to “untwist”. In the austenitic 
state, it is impossible to unambiguously link 
the change in shear deformation with the 
parameter K; however, it can be noted that 
it practically does not change at the mini-
mum and maximum values of σi, namely, at 
50 and 200 MPa [32].

Analysing all experimental data on 
isothermal mechanocycling of continuous 
cylindrical samples of saponite–titanium 
composites in Mode III in the martensitic 
state, in 56 % of cases of different ratios 

  there is only an increase in shear 
deformation, i.e., an increase towards con-
stant torque. Mechanocyclic return is mainly 
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observed after 5–7 cycles, and provided that 
the intensity of the static and dynamic com-
ponents of the loads at K = 1. It is observed 
that in the two-phase state at K > 1 there 
is only accumulation of deformation, and at  
K ≤ 1 only return of deformation (during the 
first stage of 5–7 cycles, in the second and 
subsequent with the first mechanocycle). In 

the austenitic state, either accumulation of 
deformation (54 % of cases) or return from 
the first mechanocycle was detected. At the 
amplitude of cyclic stresses σa = 50 MPa at 
all temperatures in 85 % of all experiments 
there is an accumulation of shear compo-
nent deformation.

4. CONCLUSIONS

In the study of isothermal cycling of 
saponite–titanium composites under condi-
tions of complex stress state, the martensitic 
stress has a number of factors. The first is 
mechanocyclic creep, which usually leads 
to irreversible accumulated deformation 
towards a fixed stress. This may be due to 
the texturing of the material in the process 
of mechanical cycling, as well as the evo-
lution of oriented and undirected internal 
microvoltages. As the cycles are repeated, 
there is a mechanical slander, which signifi-
cantly reduces the intensity of deformation 
accumulation and leads to its saturation. The 
second factor is along with the irreversible 
deformation of mechanocycling. According 
to the Clausius-Clapeyron ratio, it can be 
accompanied by direct and inverse martens-
itic reactions and lead to reversible defor-
mation of the material. This also applies to 
Modes IV and V, as well as some schemes 
of Loaded Mode II. Of greatest interest is 
the case when, along with the reversible 
deformation in the process of mechanocy-
cling, there is a mechanocyclic return of the 
orthogonal component of the deformation or 
a negative mechanocyclic creep. This phe-
nomenon is obviously due to the fact that at 
the initial stage of the mechanocycle there 
is an accumulation of irreversible deforma-
tion, which is realised more due to the chan-
nels of martensitic inelasticity. After a cer-
tain number of cycles, irreversible complex 

deformations occur. It is almost completely 
neutralized due to mechanical hardening, as 
a result of which the restoration of deforma-
tion from cycle to cycle begins to appear. 

Analysing the results of research, we 
can draw the following conclusions:

The mechanocycle on one component 
of deformation always causes change of 
orthogonal deformations. In the first cycles, 
in all load modes, there is a gradual accu-
mulation towards the load.

With the accumulation of a certain num-
ber of cycles there is an inverse deformation 
or complete independence of the deforma-
tion from the number of cycles.

The strongest effect of reversible defor-
mation is manifested in Mode III, if the 
cycling is carried out in a symmetrical cycle 
“stretching – unloading – compression – 
unloading”.

Mode III is characterised by the phe-
nomenon of return mechanocycling, which 
has the largest value at small values of τ0 = 
50 MPa at a temperature corresponding to 
the two-phase state.

Different influence on the shear of 
half-compression and tensile deformation 
is recorded. In the two-phase state with 
increasing number of cycles the semi-cycle 
of compression has a predominant effect on 
shear deformation and in this state at  
there is a clear change of sign with increas-
ing shear deformation. In the austenitic 
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state, the semi-cycle of stretching has the 
predominant effect. In the martensitic state 
during semi-stretching and compression, 
changes do not occur.

Therefore, some of these phenomena 
can be explained by the presence of mar-
tensitic reactions that occur during mecha-
nocycling [3].
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