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Abstract

The influence of the thermocycling under a stress of 200 and 300 MPa on the martensitic
transformation temperatures, recoverable and irreversible strain was study in the NiTisamples
produced by wire arc additive manufacturing (WAAM). Two types of samples were used: the T'1
sample including the Ti-rich NiTiand Ni-rich NiTi layers in the working length and the T2 sample
including only the Ni-rich NiTi layers. It was found that the variation in the martensitic
transformation temperatures on thermal cycling depended on the chemical composition of the layer.
The transformation temperatures decreased on thermal cycling in the Ti-rich NiTilayer (in T1
sample), whereas they were constant in the Ni-rich NiTilayers (in T1 and T2 samples). The
recoverable strain in both samples did not change during thermal cycling. The irreversible strain was
found in the T1 sample regardless of stress acting on thermal cycling, while T2 sample showed the
plastic strain only in the first cycle under 300 MPa. It was shown that the difference in a functional
behavior of the T1 and T2 samples on thermocycling was due to that the T1 sample contained the Ti-
rich NiTi layer, that was characterized by a low dislocation slip limit contrary to the Ni-rich layers
which were hardened by the Ni, Ti; precipitates.

1. Introduction

Shape memory alloys are functional materials showing a unique ability to recover unelastic strain on heating
(shape memory effect) or unloading (superelasticity) that make them to be promising for applications in space,
medicine, and robotics [1-3]. Among the shape memory alloys, the NiTi alloys demonstrate large shape memory
effect, superelasticity and good mechanical properties so these alloys are promising for application [2, 3].
However, the poor workability of NiTi-based alloys limits their extensive utilization as products with complex
shapes. This problem may be solved by using the additive manufacturing: by selective laser melting (SLM) or
wire-arc additive manufacturing (WAAM). The SLM was comprehensively studied earlier and this technique is
more suitable for production of small size objects [4]. The WAAM is more preferable for the production of large
size objects due to a high rate for the manufacturing. The properties of the NiTisamples produced by WAAM
have been studying since 2019 and main results are published in [5-23].

Previously it was shown that the NiTi samples produced by WAAM demonstrated all shape memory effects
[6-11,13-18,23]. However, their structure and martensitic transformations differed significantly from the NiTi
alloys produced by conventional techniques [5, 7, 10, 13]. The main feature was that the chemical composition
of the NiTi phase in various layers was different [9-11] that significantly affectd the martensitic transformation
temperatures [1]. Moreover, the different layers were characterized by different volume fraction and the size of
the precipitates [10] that additionally affected the transformation parameters [1]. Therefore, in the NiTisamples
produced by WAAM, the martensitic transformations occurred at different temperatures in various layers [10].
The second feature was that the columnar grains formed due to the presence of the preferable direction for heat
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transfer during solidification. As a result, [001] texture appeared that affected the functional properties
[5,7,13,15, 19,20, 22] as it was observed in the NiTi alloys produced by conventional technique [24]. All these
factors (chemical composition, texture, and the precipitates) affected the mechanical and functional properties
of the NiTisamples produced by WAAM.

In many applications, the NiTi elements are subjected to repeating cooling and heating through a
temperature range of the martensitic transformations. For such devices, a thermal cycling stability of the
functional properties (martensitic transformation temperatures, recoverable strain) is the key factor. In the NiTi
samples produced by conventional way, the thermal cycling stability of the properties depends on the chemical
composition and the structure of the alloys which influenced the yield limit for dislocation slip [25-29]. In the
equiatomic NiTi or quenched Ni-rich NiTi alloys, the dislocation yield limit was small, as a result, the plastic
strain appeared during the formation of the martensite crystals that decreased the transformation temperatures
in next cycles, affected the recoverable strain and increased the plastic irrecoverable strain [ 1, 25, 26]. At the same
time, the annealed Ni-rich NiTi alloy was hardened by the Ni, Ti; particles that increased the dislocation yield
limitand prevented to an increase in defect density [1, 27]. As a result, the temperatures and recoverable strain
remained constant while the irrecoverable plastic strain was small. Thus, the martensitic transformation
temperatures as well as the recoverable and irrecoverable strain depend on the chemical composition of the NiTi
phase and precipitates. As the NiTisamples produced by WAAM include the layers with different chemical
composition of the NiTi phase and the precipitates distribution hence, the variation of the functional properties
in various layers during thermal cycling may be different. As the NiTisamples produced by WAAM may be used
for repeating action devices, hence the thermal cycling stability of the functional properties is the very important
for application. The analysis of the published papers showed that the thermal cycling behaviour in the NiTi
samples produced by WAAM had never been studied. Therefore, the aim of the paper was to study the stability of
martensitic transformations and strain variation during thermocycling under constant stress in the NiT1
samples produced by WAAM.

2. Materials and methods

Five-layered NiTisample was deposited on Ti substrate (a thickness of 8 mm) by wire arc additive
manufacturing, using the Nisq ¢ Tiy9 ; wire with a diameter of 1.2 mm as feedstock (the details of the deposition
parameters were presented in [10]). The cross-section plates with a thickness of 0.5 mm were cut from as-built
sample by Electrical Discharge Machine ‘Arta 153 Pro’. These plates were used to cut the dog-bone samples for
tensile test with a working length of 6 or 10 mm, a width of 1 mm and a thickness of 0.5 mm (figure 1(a)-b).
Previouslyin [10], it was shown that the variation in chemical composition and precipitate distribution was
observed in first four layers. So, to obtain the samples with various structure of the layers, it is necessary to
include these layers in the working length subjecting to deformation. Thus, two types of samples were used: the
T1 sample included the 2nd—4th layers and the T2 sample included the 3rd—4th layers in the working length as
shown in figure 1. The samples were subjected to annealing at 450 °C for 10 h (these parameters were chosen on
the basis of the results [9, 12, 18]). After such heat treatment, the 2nd layer contained the Ti-rich NiTi phase and
coarse Ti,Ni precipitates on the grain boundaries which formed during manufacturing. The 3rd layer included
the Ni-rich NiTi phase with fine Ti,Ni precipitates on the grain boundaries which formed during
manufacturing. The 4th layer had the Ni-rich NiTi phase with fine Ni, Ti; precipitates formed during annealing
(figure 1(c)). Thus, the T1 sample included the 2nd layer with Ti-rich NiTi phase and Ti,Ni precipitates; the 3rd
and 4th layers with the Ni-rich NiTi phase and Ti,Ni or Ni,Ti; precipitates. The T2 sample had the 3rd and 4th
layers with the Ni-rich NiTi phase and Ti,Ni or Ni,Ti; precipitates.

To study the martensitic transformation, small samples were cut from the 2nd, 3rd and 4th layers of the
annealed samples. The martensitic transformations were studied by differential scanning calorimetry (DSC) in a
Mettler Toledo 822e apparatus on cooling and heating at a temperature range of 140 °Cto —110 °C (cooling/
heating rate was 10 °C/ min) (figure 2).

The martensitic transformation temperatures were determined according to ASTM standard and presented
in table 1. Itis seen that even after annealing at 450 °C for 10 h, the transformation temperatures and sequences
were different in various layers. The 2nd and 3rd layers underwent the B2 «<» B19’ transformation, whereas the
4th layer demonstrated the B2 — R — B19’ transformations on cooling and the B19’ — B2 transformation on
heating. The formation of the R phase on cooling was due to the presence of the Ni,Ti; precipitates in the NiTi
matrix (figure 1(c)) [1].

‘Lloyd 30k Plus’ testing machine equipped with a thermal chamber was used to study the influence of
thermocycling on functional properties of the NiTi alloy produced by WAAM. The special inter-grippers were
used to fix the sample in the standard grips of the testing machine (see details in [10]). The stress was measured as
the ratio of force detected by a standard S-shaped force cell to cross-section square. The strain was measured by
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“Micrich NiTi

Figure 1. The scheme of the cutting of the T1 and T2 samples for tensile test (a). L1-L5 numbers of the layers from the bottom to the
top of the sample. Image of the T1 sample (b). The scale paper has step of 1 mm. The scheme of the structure in the layers of T1 and T2

sample (c).
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Figure 2. Calorimetric curves obtained on cooling (a) and heating (b) of the samples cut from 2—4 layers of annealed 5-layered NiTi
sample. L2-L4—Tlayer’s number.

video extensometer as the variation in the gap between two white marks on the sample surface. The working
length between two marks included the 2nd — 4th layers in the T1 sample, and the 3rd — 4th layers in the T2
sample. The sample was heated to a temperature at which all layers were in the austenitic state, loaded by 200 or
300 MPa and subjected to 10 thermocycles through the temperature range of the martensitic transformation

under constant stress.

3. Results and discussion

Figure 3 showed the strain variation on the first cooling and heating of the T1 and T2 samples under a stress of
200 or 300 MPa. It is seen that the strain variation in the T1 sample occurred in some stages regardless of stress
(figures 3(a), (). The first stage on cooling starts at temperature of 73 °C and finishes at a temperature of 55 °C

3
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Figure 3. The dependences of the strain (¢) on the temperature (T) on the first cooling and heating of the T1 (a), (¢) and T2 (b), (d)
samples under a stress of 200 MPa (a), (b) or 300 MPa (c), (d). The layer number was indicated as upper case of the martensitic
transformation temperatures.

Table 1. Structure and parameters of martensitic transformations in different layers of the NiTi sample produced by WAAM
and annealed ata 450 °C for 10 h. The start (M;) and finish (My) temperature of the forward martensitic transformation, the
start (Ag) and finish (Ag) temperature of the reverse martensitic transition. The layer number was indicated as upper case of the

martensitic transformation temperatures. The B2 is the austenite phase, the B19’ is the monoclinic martensite structure and
the R is thombohedral martensite phase.

Cooling Heating
Layer Structure
Transformation Transformation

2 TisoNiso + Ti,Ni B2 —B19Y’ M?Z=79 °C; B19’ — B2 Al=85°C;
M} =61°C A} =106 °C

3 Tig9,6Nis,4 + TioNi M? =37 °C; Al =47 °G;
M}=16"°C A} =62°C;

4 Ti49,4Niso s + Ti3Nig + Ti,Ni B2 —R RY =41°C; A =36°C;
R{ =29 °C

R—BI19 M¢=8°G; Af =46

M{=-14°C

whereas, the second stage of the strain variation starts at 27 °C and finishes below zero. The comparison of these

temperatures to the transformation temperatures given in table 1 and in figure 2(a) showed that the first stage on
the £(T) curve was within the temperature range of the B2 — B19’ transformation in the 2nd layer (the
temperatures of this stage were denoted as MZ and M§). The second stage of the strain variation on cooling was
within the temperature range of the B2 — B19’ transformation that occurred in the third and fourth layers (see
table 1, figure 2(a)). As the M temperature of the B2 — B19’ transformation in the 3rd layer was larger than in
the 4th layer, hence it was clear that the transformation started in the 3rd layer. The M¢temperature in the 4th
layer was less than in the 3rd layer, hence the strain variation finished in the 4th layer. Thus, the temperatures of
the second stage of the strain variation on cooling was denoted as M2 and M?.

The strain recovery on heating of the T'1 sample was also observed in two stages (figures 3(a), (c). The first
stage was found within the temperature range of the reverse transformation in the 3rd and 4th layers; the
temperatures of this stage was denoted as A and A7 (because the A, temperatures in the 4th layer was the
smallest, while the Aftemperature in the 3rd layer was the largest). The second stage of the strain recovery on

4
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Figure 4. The variation in the temperatures of the strain variation (M, M) on cooling (a), (¢), (¢) and (A, A¢) heating (b), (d), (f) under
stress of 200 MPa (a)—(d) or 300 MPa (e), (f). Temperatures were measured in T1 sample (a), (b) or T2 samples (c)—(f). Upper case
shows the layer number where the transformation occurred.

heating was in the same temperature range as the reverse transformation in the 2nd layer (see table 1,
figure 2(b)). Thus, the temperatures of this stage were denoted as AZ and A7.

On cooling and heating of T2 sample under stress, one stage of strain variation was observed both on cooling
and heating (figures 3(b), (d)) within the temperature range of the forward and reverse transformation in the 3rd
and 4th layers. As the M and A¢temperatures in the 3rd layer were larger than in the 4th layer, while the Mrand
A, temperatures in the 4th layer were lower than in the 3rd layer, then the strain variation on cooling started at
the M? temperature and finished at the M{ temperatures, whereas the strain recovery on heating started at the A§
temperature and finished at A temperatures. Temperature ranges of the transformation in the 3rd and 4th
layers were overlapped that was why strain variation in these layers was observed in one stage.

The variation in the temperatures of the strain stages on thermal cycling under stress is given in figure 4. On
thermal cycling under stress of 200 MPa, the M2, Mf, A7 and A7 temperatures of the transformation in the 2nd
layer decreased in the T'1 sample (figures 4(a)—(b), while the M2, M{, A2 and A} temperatures did not change both
in the T1 sample (figures 4(a)—(b) and in the T2 sample (figures 4(c)—(d). On thermal cycling of T2 sample under
300 MPa, the A{ temperature decreased, whereas the M7, M{ and A{ temperatures were stable (figures 4(e)—(f).
In the T1 sample, in the first cycle under 300 MPa, the transformation temperatures were Mz = 73 °C, Mf
=57°C,M?=35°C,Mf=0°C,A?=62°C, A} =83 °C, A2 =135 °Cand A7 = 150 °C. On the second cooling,
the temperatures were M; = 80 °C, Mf = 70 °C, M = 42 °C, M{ = 13 °C. At the end of second cooling under
300 MPa, the T1 sample was broken. The comparison of the forward transformation temperatures during first
and second cooling of T1 sample under 300 MPa showed that the temperatures increased that may be attributed
to the influence of the plastic strain on the transformation [1]. As the T1 sample did not undergo more than one
and half cycles under 300 MPa, it was excluded from further analysis.
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Figure 5. Dependences of recoverable strain (M) (a) and irreversible (;,,) (b) strain on the cycle number (N) obtained on cooling and
heating under a stress in the NiTi alloy produced by WAAM.

Comparing the data found on cycling of T1 and T2 samples under 200 MPa and on cycling of T2 sample
under 300 MPa, one may conclude that the temperatures of the transformation were stable in the Ni-rich NiTi
layers of the WAAM sample (M3, M, Af and A7), while the temperatures of the same transformation in the Ti-
rich NiTilayer (MZ, M7, AZ and A7) were unstable. An increase in stress acting on cooling hardly affected the
variation in the transformation temperatures tin he Ni-rich NiTi layers during thermal cycling.

Figure 5 showed the dependences of recoverable and irreversible strain on the thermocycle number. It is seen
that the recoverable strain (™) was stable on thermal cycling of both T1 and T2 samples regardless of the stress
acting on cooling and heating (figure 5(a)). Thus, it may be concluded that the strain variation was less sensitive
to the structure of the NiTi alloy produced by WAAM contrary to the observation in the NiTi alloys produced by
conventional way where the recoverable strain increased or decreased on thermal cycling depending on stress
[25-29]. At the same time, the variation in irrecoverable strain depended on the stress acting on thermal cycling
of the studied samples (figure 5(b)). In the T1 sample, the irrecoverable strain was 0.6% in the 1st cycle under
200 MPaand it decreased on further thermal cycling. In T2 sample, the plastic strain was zero during thermal
cycling under 200 MPa and it was 0.1% in the 1st cycle under 300 MPa that decreased to zero in the 2nd and
further cycles.

The results of paper showed that the NiTi sample produced by WAAM including the layers with the various
chemical composition demonstrated different stability of functional behaviour on thermal cycling. In NiTi
alloys produced by conventional technologies, the thermal cycling stability of the functional properties
depended on the chemical composition, heat treatment, the presence/absence of precipitates, the initial density
of defects (dislocations), the preliminary deformation [25, 28-31]. In the NiTi samples produced by WAAM, the
preliminary deformation was equal zero, the heat-treatment and dislocation density were the same for all layers.
Atthe same time, the chemical composition of the NiTi phase and the type of precipitates were different in the
layers.

The various chemical compositions in the layers were due to the deposition of the first layer led to partial
melting of the titanium substrate that increased the Ti concentration in the NiTi melt. As a result, the first layer
was enriched by Ti elements that resulted in the formation of the Ti-rich NiTi phase and a lot of coarse Ti,Ni
particles. During the deposition of the second layer, the first layer was partially remelted and excess of Tiatoms
came to the NiTimelt of the second layer. The concentration of Tiatoms were less than in the first layer
however, it was enough to increase the Ti concentration from 49.2 at. % in wire used for deposition to 50.5 at. %
in the second layer (measured in [10]). In the third layer the concentration of the Tiin the NiTi phase was
49.6 at %. Starting the fourth layer, the Ti content was close to nominal composition in the wire. The coarse
Ti,Ni particles were observed in the first and second layers, while fine precipitates of this phase were found on
the grain boundaries in the third and next layers [10]. The heat treatment at 450 °C hardly affected the structure
and chemical composition in the 1st—3rd layers due to the Ni concentration was 50.5 at. % or less (see [1]). In
Ni-rich layers (the 4th and 5th), annealing decreased the Ni concentration by 50.5 at. % due to the formation of
Ni,Ti; precipitates in the grain interior [10]. Thus, after WAAM manufacturing and annealing, the five-layered
wall had different chemical composition of the NiTi phase and various precipitates in layers that affected the
martensitic transformation. T1 sample included the second layer with Ti-rich NiTi phase which underwent the
B2 < B19’ martensitic transformation at high temperatures; the third layer with Ni-rich NiTi phase where the
B2 — B19’ occurred at low temperatures; and the 4th Ni-rich NiTilayer which anderwent the B2 —R — B19’
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transformation at low temperatures (the intermediate R phase appeared due to the presence of the Ni, Ti;
precipitates). T2 sample included the third and fourth layers only.

The Ni-rich NiTilayers (3rd and 4th) were characterised by a high yield limit for dislocation slip due to two
reasons. First of all, according to [32], the larger the Ni concentration in the NiTi phase, the higher the yield limit
for dislocation slip. In the 4th layer, the Ni, T1i; precipitates additionally increased the yield limit for dislocation
slip [1]. A high yield limit for dislocation slip suppressed the plastic strain during thermal cycling in these layers,
asaresult, the temperatures of the transformation and recoverable strain did not change, while the irrecoverable
strain was negligible. That is why the T2 sample including the Ni-rich NiTilayers only demonstrated the stable
functional properties during thermal cycling.

The equiatomic or Ti-rich NiTi layer was characterized by a small yield limit for dislocation slip (see [32]), as
aresult, the plastic deformation occurred on thermal cycling under stress that changed the transformation
temperatures and led to accumulation of the irreversible plastic strain. T1 sample included both the Ti-rich NiTi
phase with unstable functional properties (the second layer) and the Ni-rich NiTi phase with the stable
functional properties (the third and fourth layers) and this sample demonstrated unstable transformation
temperatures. Thus, the existence of the second layer in the working length was the reason for the unstable
functional properties observed during thermal cycling of the T1 sample. This is confirmed by the temperature
variation on cycle number in T1 sample where it is seen that the temperatures of the first stage on the £(T) curve
induced by the transformation in the second layer changed with cycles, whereas the temperatures of the second
stage on the e(T) curve caused by the transformation in the 3rd and 4th layers were stable (figures 4(a), (b).

An increase in stress from 200 to 300 MPa increased the transformation temperatures according to
Clausius—Clapeyron relation [ 1] but it hardly affected the variation in functional properties during thermal
cycling. This was due to the recoverable strain variation in the NiTi samples produced by WAAM were first
controlled by [001] texture which appeared during solidification [5, 7, 13, 15, 19, 20, 22]. According to [24], the
[001] orientation single crystal demonstrated the smallest recoverable strain and increase in stress hardly
affected this value. It is important to note that the plastic strain was the same in T1 sample after the first cycle
under 200 or 300 MPa. However, this sample underwent 10 thermal cycles under 200 MPa without failure and it
was broken on the second cooling under 300 MPa. This experiment was repeated for three samples and in all
cases T1 sample was broken on the second cooling under 300 MPa. One may assume that the failure was caused
by combine action of two reasons: large plastic strain and high stress.

4. Conclusions
Therefore, the results of the paper may be summarized as follows:

1. The NiTi sample produced by WAAM including the Ti-rich NiTi layer in the working length demonstrated
unstable properties. The irreversible strain was observed on thermal cycling that affected the martensitic
transformation temperatures in this layer during thermal cycling. This was typical for the conventional NiTi
alloys with the same chemical composition where the defect density increased during thermal cycling due to a
low dislocation yield limit.

2. The NiTi sample produced by WAAM including the Ni-rich NiTi layers only, demonstrated the stable
recoverable strain and transformation temperatures during thermal cycling. The irreversible strain was the
smallest and observed only in the first cycle under a high stress. Such behaviour was typical for the
conventional Ni-rich NiTi alloys hardened by Ni,Ti; precipitates.

3. The variation in the functional properties during thermocycling of the NiTi samples produced by WAAM,
was controlled by the same factors (chemical composition of the NiTi phase and precipitate type) as in the
NiTj alloys manufactured by conventional techniques. To avoid the variation in the functional behaviour on
thermal cycling of the NiTi alloys produced by WAAM it is necessary to exclude the equiatomic or Ti-rich
NiTi layers from the deformation.
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