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Abstract: Cyclic loading of superelastic NiTi shape memory alloy (SMA) causes forward and reverse austenite–martensіte transfor-
mations, and also increases the volume of stabilized martensite. This appears in the change of stress-strain curve form, the decrease  
of dissipation energy, and increase of residual strain, that is, named transformation ratcheting. In real structures, the SMA components  
in most cases are under the action of variable amplitude loading. Therefore, it is obvious that the loading history will influence 
 the functional fatigue. In the present work, the effect of stress ratio on the functional properties of superelastic NiTi shape memory alloy 
under variable amplitude loading sequence with two blocks was investigated. The studies were carried out under the uniaxial tension of cy-
lindrical specimens under load-full unload and load-part unload. The change of residual strain, strain range, dissipation, and cumulative 
dissipation energy density of NiTi alloy related to load sequences are discussed. Under both stress ratios, the residual strain in NiTi alloy  
is increased depending on the number of loading cycles on the high loading block that is similar to the tests at constant stress or strain 
amplitude. An unusual effect of NiTi alloy residual strain reduction with the number cycles is found at a lower block loading. There  
was revealed the effect of residual strain reduction of NiTi alloy on the number of loading cycles on the lower amplitude block. The amount 
of decrement of the residual strain during a low loading block is approximately equal to the reversible part of the residual strain due 
 to the stabilized martensite. The decrease of the residual strain during the low loading block is approximately equal to the reversible part 
of residual strain due to the stabilized martensite. A good correlation of the effective Young’s modulus for both load blocks with residual 
strain, which is a measure of the volume of irreversible martensite, is observed. 
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1. INTRODUCTION 

Shape memory alloys (SMA) are functional materials, which 
are characterized by shape memory effect and pseudoelasticity. 
Due to these properties, they are widely used in bioengineering 
(Nematollahi et al., 2019), aeronautics (Pecora and Dimino, 
2015), robotics (Zeng et al., 2020), and civil and mechanical 
engineering (Zeng et al., 2020).  

Recovery and residual strains are important parameters, 
which represent a quantitative measure of the cyclic evolution of 
the SMA pseudoelastic properties during loading. Recovered 
strain is pseudoelastic recovery from mechanical unloading and 
residual strain is unrecovered strain upon unloading. The accumu-
lation of inelastic deformation (residual strain) occurring in NiTi 
shape memory alloy under the cyclic loading is named transfor-
mation ratcheting, since it is mainly caused by the solid-solid 
transformation from austenite to martensite phase and vice versa 
(Auricchio et al., 2004; Kang, 2013). This evolution associated 
with deterioration of super-elastic characteristics is referred as 
“functional fatigue.” Recovered and dissipated energy are the 
parameters that represent the shape of the stress–strain hystere-
sis loop. 

The functional properties of the pseudoelastic SMA deterio-
rate under cyclic loading (Auricchio et al., 2004; Araya et al., 

2008; Kang G., 2013; Vantadori et al., 2018). In particular, there is 
a significant decrease of recovered strain, recovery energy, dissi-
pated energy, Young’s modulus, direct transformation stress, and 
increased residual strain at strain-controlled and stress-controlled 
tests (Maletta, 2014; Kang G., 2013).  

It is known that the temperature (Araya et al., 2008), type of 
loading (Mammano and Dragoni, 2012), stress ratio (Iasnii and 
Yasniy, 2019b; Mahtabi et al., 2015), and heat treatment (Wagner 
et al., 2008) affect the functional and structural fatigue of SMA. 

Most structures and structural elements made of SMA operate 
under variable amplitude loading at real conditions. However, 
there exist a few studies regarding the effect of load sequence 
(Soul and Yawny 2015; Mahtabi at al., 2018) and variable ampli-
tude loading (Soul and Yawny, 2017; Mahtabi et al., 2018) on 
SMA functional fatigue. In particular, there was studied the effect 
of various amplitude block loading history under the controlled 
crosshead displacement on the functional properties of pseudoe-
lastic NiTi alloy (Soul and Yawny, 2017). These blocks were ap-
plied with an increasing amplitude sequence, a decreasing ampli-
tude sequence, and interleaved amplitudes. It was shown that the 
loading type, namely, the block with increasing or decreasing 
amplitude sequence affects significantly on the residual strain 
evolution. The linear damage rule cannot be not applied complete-
ly to the test full austenite partial martensite (FAPM) cycles, for 
which the decreasing ordering sequence resulted in lower values 
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of maximum residual drift (Soul and Yawny, 2017). 
Though, it is not clear how the functional properties of supere-

lastic SMA will change after the alternation of blocks with high and 
low stress amplitude, and different stress ratio. Since degradation 
or total loss of functional properties may cause failure of a struc-
ture, machine or other object, it is important to study the functional 
behavior of SMA under variable amplitude loading. It is then 
expected that the global stress–strain response would reflect the 
previous cycling history of the specimen. 

In this paper, the uniaxial functional behavior of superelastic 
NiTi alloy under two blocks variable amplitude loading was studied 
experimentally, especially the evolution of the residual strain and 
energy dissipation of NiTi alloy. 

2. MATERIAL AND EXPERIMENTAL SETUP 

A commercial pseudoelastic Ni55.8Ti44.2 rod ( Wuxi Xin Xin glai 
Steel Trade Co., China) with diameter 8 mm was analyzed. The 
chemical composition of alloy was given in the paper (Iasnii et al., 
2018a). Mechanical properties were determined according to 
ASTM F2516-14 standard (2014) in ice water at 0°С, which is 
higher than the austenite finish temperature (Af = −38.7°С): yield 

strength, 0,2 = 447 MPa, ultimate tensile strength, UTS = 869 
MPa (V Iasnii et al. 2018a). The phase transformation tempera-

tures were identified as As = –60.5С and Af = –38.7С using 
differential scanning calorimetry by Q1000 TAI during heating and 
cooling of the specimen (Iasnii and Junga, 2018; V Iasnii et al., 
2018b). 

The effect of two blocks’ variable amplitude loading on func-
tional properties of NiTi alloy under uniaxial tension of the cylin-
drical specimens with a diameter of 4 mm and a gage length of 
12.5 mm at 0°C was investigated. The test technique at constant 
amplitude loading is described in the paper (Iasnii et al., 2018). 
Stress-controlled tests were carried out on servo-hydraulic testing 
machine STM-100 (Yasniy et al., 2005) with automated control 
and data acquisition system under sinusoidal loading with a fre-
quency of 0.5 Hz. Tests were performed under two blocks varia-
ble amplitude loading (Fig. 1a).  

a 
 

b 

Fig. 1. Loading history (а) and scheme of specimen testing (b):  

1  metal box; 2  ice and ice water; 3  specimen; 4  clamps;  

5  extensometer; 6  extenders; 7  insulation wrap 

The maximum and minimum loads were increased linearly in 
each block and jump-like every 50 cycles. This type of loading 
was chosen due to its similarity with the loading, which undergo 
the cardiovascular stents in the human body during the change of 
physical activity (Duerig T. et al., 2003; Pelton, A.R. et al., 2008), 
the structural elements of bridges due to the change of traffic, and 
so on. On the one hand, this allows studying the effect of loading 

history on the functional fatigue of SMA, that is necessary for the 
physical substantiation and building of SMA fatigue failure models 
under the variable amplitude loading. On the other hand, the 
features of functional behavior at variable amplitude loading are 
important for the design of models of structural fatigue of alloys 
(Soul H., Yawny A., 2017). 

Two series of tests were performed. In the first series, the 

stress ratio was R = min/max = 0.09–0.13, and in the second 

one, R = 0.33–0.51 (here min and max are the minimum and 
maximum stresses of loading cycle, respectively). The cyclic 
loading parameters are given in Table 1: 

(𝜎min 𝑠
𝐼 , 𝜎max 𝑠

𝐼 , 𝜎min 𝑓
𝐼 , 𝜎max 𝑓

𝐼 ) are the minimum and maximum 

stresses in the first and last cycle of the first (I) loading block; 

(𝜎min 𝑠
𝐼𝐼 , 𝜎max 𝑠

𝐼𝐼 , 𝜎min 𝑓
𝐼𝐼 , 𝜎max 𝑓

𝐼𝐼 ) are the minimum and maximum 

stresses in the first and last cycle of the second (II) loading block 
(Fig. 1a). The previously described sequences (Fig. 1a) and 
stress parameters (Tab. 1) provided the start of the tests from the 
fully austenitic side (R = 0.09–0.13), and from the fully martensitic 
side (R = 0.33–0.51). The force, crosshead displacement and 
longitudinal strain were recorded during the testing. The longitu-
dinal strain was measured by Bi-06-308 extensometer (Bangalore 
Integrated System Solutions); maximum error did not exceed 
0.1%. The crosshead displacement was determined by inductive 
Bi-02-313 sensor with an error not more than 0.1%. The tests 
were carried out in the chamber filled with ice and ice water (Iasnii 
et al., 2018b). Testing scheme is presented in Fig. 1b. This pro-
vided the constant temperature of 0°C measured by chromel–
alumel thermocouple mounted on the sample with an error not 
more than 0.5°C. 

3. RESULTS AND DISCUSSION 

Typical hysteresis loops for different values of the stress 
range and different number of loading cycles are shown in Fig. 2. 

The functional properties of pseudoelastic SMA can be char-

acterized by residual strain res. Fig. 3 shows the dependencies of 
residual strain upon the number of loading cycles at various stress 
ratio. The residual strain is generally increasing with the increase 

of loading cycles’ number at stress ratio R = 0.09–0.13 and 
reaches almost 7% before the failure (Fig. 3a). Nevertheless, the 
increase of residual strain at variable amplitude loading occurs 
only on the loading block with higher stress amplitude. The larger 
volume of non-damaged material is included into the transfor-
mation during the transition from the lower to the higher loading 
amplitude. The nature of this process is reflected in the almost 
constant residual strain rate on block I. This is consistent with the 
evolution of NiTi alloy residual strain with the number of loading 
cycles for blocks with an increasing amplitude sequence (Soul 
and Yawny, 2015). However, with the decrease of the amplitude 
sequence, the residual strain shows opposite tendency with the 
number of cycles. The effect of residual strain decrease is ob-
served during the second loading block. This can be caused by 
the decrease of material volume involved in the transformation 
and reduction of the residual stresses during the second block. 
SEM and TEM studies (Hua P. et al., 2020) indicate that cyclic 
phase transformation results in the formation and glide of trans-
formation-induced dislocations. These dislocations inhibit reverse 
transformation and result in residual martensite and residual 
stresses. 

It can be assumed that similar to NiTi alloy heating above the 
austenite transformation finish temperature (Hua P. et al., 2020), 
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low-amplitude loading triggers reverse transformation of the resid-
ual martensite after high amplitude, due to partial reduction of the 
residual stresses. Obviously, a decrease in residual stress will be 
accompanied by a decrease in residual strain. 

However, this phenomenon requires a more detailed experi-
mental study of functional properties and transformation of the 
microstructure under variable amplitude loading sequence. 

 

 
Fig. 2. Typical hysteresis loops for variable loading amplitude at 

R = 0.09–0.13 (a) and at R = 0.33–0.51 (b) 

This regularity is preserved during each block of loading up till 

specimen failure. Therefore, one can conclude that the stepwise 
decrease of stress amplitude changes on the opposite the charac-
ter of residual strain dependency on the number of loading cycles. 
The above-mentioned regularity was also observed at higher 
stress ratio (Fig. 3b). The increase of residual strain changes with 
its decrease on the block of lower amplitude (II) during next 50 
cycles of loading. This alternation of the increasing and decreas-
ing blocks is observed in each block of loading up till specimen 
failure. 

Fig. 4 shows the dependence of the residual strain increment 
on the number of loading cycles in blocks I and II at the end of the 

corresponding block under variable loading at R = 0.09–0.13. 
The residual strain increment was calculated as follows: 

𝛥𝜀res =  𝜀res
𝑓

− 𝜀res
𝑠 , 

where  𝜀res
𝑠  and 𝜀res

𝑓
 are residual strains at start and finish of 

block loading, respectively. 
The increment of residual strain in the block with a high amplitude 
(block I) increases from 0.8% for N = 50 cycles to 1.1% for N = 
550 cycles. In block II, the decrement of the residual strain varies 
from –0.2% to –0.11% and is significantly smaller than those in 
block I. It was studied that the residual strain consists of two parts: 
plastic strain (~79% of total) due to dislocations and reversible 
due to residual martensite (~21%), estimated by the recovered 
strain after heating (Hua P. et al, 2020). In our case, the decrease 
of residual strain in block ІІ comprises from 10% to 25% of total 
residual strain in end cycle of block I. This almost coincides with 

the reversible part of residual strain. Unlike the stress ratio R = 

0.09–0.13, at R = 0.33–0.51, the residual strain at the end and at 
the start of each block is practically not sensitive to the number of 
loading cycles (Fig. 3b). This can be explained that in this case, 
the value of residual strain in the first cycle of loading comprises 
8.8%, which exceeds the maximum strain, at which the effect of 
pseudoelasticity is observed (Iasnii et al., 2018). It is also known 
that the pseudoelastic deformation of SMA, accompanied with the 
stress-induced martensitic transformations leads to heat release 
and, in its turn, it affects the functional properties. The amplitude 
of the temperature increase becomes more and more significant 
as the strain level increases (Bubulinca et al., 2013). 

It should be noted, that in both cases, the failure of the speci-
mens occurred at the loading block with the higher amplitude. 

Tab. 1. The cyclic loading parameters during testing (Fig. 1) 

Block Rσ = σmin/σmax 
σmins σminf σmaxs σmaxf σs σf 

ΔN, cycles 
MPa 

I 0.09–0.10 50 58 530 580 480 522 50 

II 0.10–0.13 55 47 430 470 375 423 50 

I 0.33–0.43 245 216 572 650 327 434 50 

II 0.49–0.51 220 280 450 550 230 270 50 
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Fig. 3. The dependency of residual strain on the number of loading cycles 

under variable loading at R = 0.09–0.13 (a) and at R = 0.33–
0.51 (b) 

The functional properties of pseudoelastic shape memory al-
loy can be characterized by the strain range per cycle. 

 
Fig. 4. The dependences of residual strain increment in block I and 

block II on the number cycles under variable loading at R = 
0.09–0.13 

Fig. 5 shows the dependencies of minimum and maximum 
strains (Fig. 5a) and the strain range (Fig. 5b) on the number 

of loading cycles at R = 0.09–0.13.  
 

 

 
Fig. 5. The dependency of minimum and maximum strain (a) and strain 

range (b) on the number of cycles under variable amplitude load-

ing at R = 0.09–0.13 

Unlike the residual strain, the maximum strain increases with 
each loading cycle at both loading blocks. Also, the more inten-
sive increase of maximum strain is observed at block I (Fig. 1), 
that is caused by the interaction effect under the stepwise de-
crease of specimen loading. 

The minimum strain remains invariant to the number of load-
ing cycles within the margins of the first and second block, and the 
general increase of minimum strain occurs only during the transi-
tion from one block to the other. The character of minimum and 
maximum strain change affects the dependency of strain range on 
the cyclic loading (Fig. 5b). The mentioned above dependency 
and the values of the parameters of this dependency within the 
loading block are almost insensitive to the number of blocks load-
ing up to the specimen failure. 

The sawtooth dependency of minimum and maximum strain 
on the number of loading cycles was observed that was increas-
ing on the first block and decreasing on the second one at two 

step variable amplitude loading at R = 0.33–0.51, unlike the 

stress ratio R = 0.09–0.13, (Fig. 5a). This dependency repeats 
from the loading block to loading block with the constant average 
strain value. Regardless, some increase of fluctuation of minimum 
and maximum strain after 2000 loading cycles, this does not affect 
the dependency of strain range on the number of loading cycles 
(Fig. 5b). The dependency of strain range on the number of load-
ing cycles and the values of this dependency parameters within 
the loading block are also almost insensitive to the number of 

block up to its failure, similarly to the data at values R = 0.09–
0.13 (Fig. 4b). 
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Fig. 5. The dependency of minimum and maximum strain (a) and strain 

range (b) on the number of cycles under variable amplitude load-

ing at R = 0.33–0.51 

The dissipated energy per cycle was calculated as difference 
between the areas under loading and unloading stress – strain 
curves, using numerical integration. Fig. 6 shows the dependenc-
es of dissipation energy on the loading cycle number under varia-

ble amplitude loading at stress ratio R = 0.09–0.13 and R = 0.3–
0.39. The intensive decrease in the dissipation energy was ob-

served for both values of stress ratio R during twenty loading 
cycles (block I), followed by stabilizing block. These data are 
consistent with the results obtained under constant amplitude 

loading at stress ratio R = 0.1 and R = 0.5 (Iasnii and Yasniy, 
2019b). 

Subsequently, with increasing the loading cycle number at R 
= 0.09–0.13, the dissipation energy increases at the start and at 
the end of second block, and decreases at the beginning and end 
of the loading unit first block (Fig. 6a). 

In contrast, the dissipation energy is proportional to the loading 
cycles at the beginning and at the end of first block at stress ratio 

R = 0.33–0.52 (Fig. 6b). The dissipation energy is also propor-
tional to the number of loading cycles within the first block. 

Fig. 6 shows the dependences of accumulated dissipation en-
ergy on the loading cycle number under variable amplitude load-

ing at stress ratio R = 0.09–0.13 and R = 0.33–0.51. 
The total dissipation energy up to i-th cycle was determined by 

formula: 

𝑊𝑖 = ∑ ∆𝑊𝑖
𝑁𝑘
𝑖=1 , 

where Wi is the dissipated energy for i-th loading cycle. 
 

 

 
Fig. 6. Dependence of dissipation energy on the number of cycles under 

variable amplitude loading at R = 0.09–0.13 (a)  

and R =0.33–0.51 (b) 

 
Fig. 7. Dependence of total dissipation energy on the number of cycles 

under variable amplitude loading at R = 0.09–0.13 (a) and R = 
0.33–0.51 (b) 
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The total dissipation energy increases almost proportionally to 
the number of loading cycles for both stress ratios. Increasing of 

stress ratio from R = 0.09–0.13 to R = 0.33–0.51 decreases the 
total dissipated energy in two times for the same number of load-
ing cycles, but increases the total dissipated energy in more than 
3 times up to failure. It should be noted that under the lower value 
of mean stress, the stress range Δσf exceeds the stress range at 

R = 0.33–0.51 on the first block of loading spectrum (Fig. 1a) at 

the R = 0.09–0.13, which determines the intensity of the total 
dissipation energy increase. 

An important parameter that characterizes the functional 
properties of SMA is Young’s modulus of austenite. During cyclic 
loading the effective Young’s modulus decreases due to the in-
creased volume fraction of stabilized martensite. 

Fig. 8 shows the dependence of the effective Young’s modu-
lus at the last cycle of blocks I and II on the residual strain under 

variable amplitude loading at stress ratio R = 0.09–0.13. 
 
 

 
Fig. 8. Dependence of effective Young’s modulus austenite in the last 

cycle of blocks I and II on the residual strain under variable  

amplitude loading at R = 0.09–0.13 

There is observed a good correlation of the effective Young’s 
modulus for both loading blocks with the residual strain, which is a 
measure of irreversible martensite volume. Increasing the residual 
stress, the effective Young’s modulus decreases in the last load-
ing cycle of blocks I and II. There is a significant difference be-
tween the values of the effective elasticity modulus for I and II 
blocks. At equal residual strain, the effective Young’s modulus is 
smaller at high stress amplitudes. Therefore, the effect of the 
maximal stress on the effective Young’s modulus for a variable 

amplitude loading at R = 0.09–0.13 is similar to the test at con-
stant strain amplitude (Maletta et al., 2014).  

4. CONCLUSIONS 

The effect of stress ratio on the functional properties of super-
elastic NiTi SMA under variable amplitude loading sequence with 
two blocks at temperature above the austenite finish temperature 
was studied. 

Residual strain significantly increases with the increase of 

loading cycles number at stress ratio R = 0.09–0.13 and reaches 
almost 7% before failure. The residual strain is not sensitive to the 
number of cycles at the end (or start) of loading block under stress 

ratio R = 0.33–0.51. This can be explained by the fact that in this 
case, the residual strain in the first cycle is 8.8% that exceeds the 
maximum strain under which the pseudoelastic effect is still visi-
ble. 

The dependence of NiTi alloy residual strain on the number of 
loading cycles increases on the high loading block similarly to the 
test at constant stress or strain amplitude during both stress rati-
os. 

An unusual effect of functional properties partially recovery – 
reduce of the NiTi alloy residual strain with the number of loading 
cycles is found at a lower block loading. It can be assumed that 
similar to heating of NiTi alloy above the austenitic transformation 
finish temperature, low-amplitude loading after high amplitude one 
triggers residual martensite reverse transformation, which partially 
reduce the residual stresses. The amount of residual strain dec-
rement during a low load block is approximately equal to the 
reversible part of the residual strain due to the stabilized marten-
site. This effect can be used to the partial recovery of SMA func-
tional properties. 

With the increase of loading cycles’ number, the dissipation 
energy increases at the start and end of block II, and decreases 

at the start and end of block I at the stress ratio R = 0.09–0.13. 
In contrast to this, the dissipation energy is proportional to the 
number of loading cycles at the start and end of block I at stress 

ratio R = 0.33–0.51. Also, the dissipation energy is proportional 
to the number of loading cycles within the block I. 

Increase of stress ratio decreases the total dissipated energy 
for the same number of loading cycles, though increases the total 
dissipated energy up to failure. 
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