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a b s t r a c t

Heterogeneous microstructure designs have attracted a great deal of attention, not only

because they have the potential to achieve an ideal combination of two conflicting prop-

erties, but also because the processes involved in their fabrication are cost-effective and

can be scaled up for industrial production. The process parameters in the preparation

process have an important effect on the microstructure and properties of alloy members

prepared by wire arc additive manufacturing (WAAM) technology. It was expected that the

spatial heterogeneous microstructure with large microstructural heterogeneities in metals

can be formed through changing the process parameters. In this work, homogeneous NiTi

thin-walled component and heterogeneous NiTi thin-walled component were fabricated

using WAAM technology by adjusting the heat input. The effects of deposition height and

heat input on the microstructure, mechanical properties and wear properties of WAAM

NiTi alloys were investigated. The results show that grains were gradually refined with the

increase of deposition height in the homogeneous WAAM NiTi component. The ultimate

tensile strength of homogeneous WAAM NiTi component increased from 606.87 MPa to

654.45 MPa and the elongation increased from 12.72% to 15.38%, as the increase of depo-

sition height. Moreover, the homogeneous WAAM NiTi component exhibited excellent

wear resistance, the coefficient of friction decreased from 0.760 to 0.715 with the increase

of deposition height. Meanwhile, the grains in the heterogeneous WAAM NiTi component

shows the finest grains in the central region. The ultimate tensile strength of the lower

region, middle region and upper region of heterogeneous WAAM NiTi components were

556.12 MPa, 599.53 MPa and 739.79 MPa, and the elongations were 12.98%, 16.69%, 21.74%,

respectively. The coefficient of friction for the lower region, middle region and upper region

of heterogeneous WAAM NiTi components were 0.713, 0.720 and 0.710, respectively. The

microhardness and cyclic compression properties of the homogeneous components with
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higher heat input were better than those of the heterogeneous components for the same

deposition height. The tensile yield strength, elongation and wear resistance of the het-

erogeneous components were superior compared to the homogeneous components. These

results can be used to optimize theWAAM process parameters to prepare NiTi components

with excellent mechanical properties.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
NiTi alloys have a wide range of applications in medical de-

vices, aerospace and marine development due to its unique

superelasticity, good shape memory, excellent biocompati-

bility and corrosion resistance [1]. Due to their superelasticity,

these alloys can produce large deformations under external

forces, however, return to their authentic form after releasing

the exterior load. On the other hand, NiTi alloys with shape

memory properties can completely return to the original

shape before deformation when heated to a certain temper-

ature after a certain plastic deformation under some condi-

tions [2,3]. The traditional processing methods of NiTi alloy

mainly include powder metallurgy and traditional melting

method. However, NiTi alloys are difficult to machine owing

to their high hardness, adhesion and rebound response.

Therefore, it is particularly important to develop NiTi alloy

manufacturing technology with low cost, high efficiency and

high production accuracy [4,5].

Additive manufacturing technologies can be categorized

according to the heat source into laser additive manufacturing

(LAM), electron beam additive manufacturing (EBAM), and wire

arc additive manufacturing (WAAM) [6]. According to the way

thepowder isgiven, LAMtechnologycanbecategorized into two

types powder spreading and powder feeding. Although the

application of laser additive manufacturing technology is more

extensive, limitedby themolding size, equipmentprice, powder

cost, molding efficiency and other factors, is not suitable for

molding large structural components. Electron beam additive

manufacturing processing conditions are vacuum environ-

ments, which help to control the impurity content of the

component, but also limit the volume of the processed compo-

nents [7]. WAAM is getting more and more attention from re-

searchers at home and abroad due to that it has high heat input

and high molding efficiency and is suitable for large-size com-

plex components. Moreover, WAAM has low equipment costs

andhighmaterial utilization. It has the incomparable efficiency

and cost advantages of other additive technologies [8,9].

Therefore, WAAM has a huge advantage over other additive

manufacturing methods to obtain higher productivity of NiTi

alloy components [10,11].

Most studies on AM NiTi have focused on material

property optimization, studying the evolution of micro-

structure, phase transition and mechanical response of NiTi

alloys under different conditions [12,13]. It should be

pointed out that in the WAAM process, different process

parameters will lead to different heat input, which will
affect the change of microstructure and mechanical prop-

erties at different deposition heights. Moreover, the process

parameters also have a great influence on the martensitic

phase transition behavior of NiTi alloys because the

martensitic phase transition behavior of NiTi alloys is

affected by many factors, including material composition,

heat treatment conditions during processing and external

stresses. Therefore, it is necessary to control the WAAM

process parameters, since variations in the parameters will

lead to variations in the martensitic phase transition tem-

perature of NiTi alloys, which in turn will affect the micro-

structure and properties of the NiTi components produced

[14]. It is well known that a higher heat input will result in a

lower cooling rate and a longer solidification time, resulting

in coarse grains [15,16]. Therefore, the grain size, grain

boundary state and chemical composition of NiTi alloy can

be adjusted by controlling the heat input conditions of

molten pool, which can affect the phase transformation

behavior and mechanical properties of the alloy.

However, through a large number of literature studies, it

was found that many studies have focused on the effect of

changes in deposition height and peak current intensity on

the change in properties of WAAM NiTi alloys. The thermal

input of molten pool energy serves as one of the

most important process parameters in the additive

manufacturing process. It is proportional to voltage and

current and inversely proportional to travel speed [17].

Wang et al. [18] researched the effects of substrate heating

temperature on the phase transformation and mechanical

performance of NiTi during the WAAM process. Their study

found that the phase transition temperature increased as

the substrate heating temperature increased, suggesting

that the martensitic phase transition was prone to occur.

They suggested that the variation of the functional proper-

ties of NiTi alloy with the heating temperature of the matrix

could be attributed to the effect of grain refinement and

precipitation hardening, as well as the [100] texture

strength. They also reported that the effect of the deposition

current on crystallographic orientation and mechanical

performance of dual-wire arc additive manufactured Ni-rich

NiTi alloy [19]. The results showed that with the increase of

deposition current, the texture strength decreased gradu-

ally, the size of precipitated phase of Ni4Ti3 increased

generally, and the characteristic phase transition tempera-

ture increased. Moreover, the tensile results revealed that

for increasing deposition current from 80 A to 100 A, the

ultimate tensile stress was lowered from 927.9 to 613.8 MPa

and elongation was reduced from 8.7 to 5.6%. Pu et al. [20]
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studied the microstructure, phase transformation behavior

and tensile superelasticity of the wire-based vacuum addi-

tive manufacturing NiTi alloy. They found that the deposi-

tion height affected the microstructure, phase transition

behavior and tensile superelasticity of NiTi alloys. The

resulted showed that the grain size increased gradually

from bottom to top due to epitaxial grain growth with a

single heat dissipation direction and a slow cooling rate. In

addition, the top region of the alloy member showed better

superelasticity. Wang et al. [21] investigated the effect of

linear heat input on the microstructure and mechanical

properties of AM 304L. Their study found a link between

linear heat input, grain size and yield strength in AM. The

yield strength, ultimate tensile strength, and ductility were

higher for the low linear heat input wall compared to the

high linear heat input wall. The microstructure was coarser

at the top compared to the bottom. Based on the above

discussion, it is noticed that the studies on effect of process

parameters on homogeneous alloy components are already

available in the literature. No previous publication has

demonstrated the effect of process parameters on hetero-

geneous NiTi alloy components manufactured by WAAM

technology. Therefore, it is necessary to investigate the ef-

fects of process parameters on the microstructure and

properties of heterogeneous NiTi alloy components.

In this study, thin-walled components of homogeneous

and heterogeneous NiTi alloys were prepared by using the

WAAM technique at the same peak current (220 A) and

different peak currents (200 A-210 A-220 A), respectively. The

effect of different heat inputs on microstructure evolution,

phase transformation, mechanical properties and wear per-

formance in the WAAM process were carried out. The theo-

retical and experimental basis was provided for the process

design and controlled organization and performance of

WAAM NiTi alloys. The implementation of this project can

provide a theoretical basis for optimizing WAAM technology

to prepare NiTi components.
Fig. 1 e Schematic of th
2. Materials and methods

2.1. WAAM system and material

The NiTi components were fabricated using the established

WAAM system, which consists of a six-axis ABB robotic arm,

an inert gas module, a wire feed system and other basic ele-

ments of theWAAM. ThisWAAM systemhad been introduced

in further detail in other articles [9,10]. The WAAM device

schematic diagram is shown in Fig. 1. A tungsten inert gas

(TIG) torch was mounted on the six-axis robotic arm that can

move flexibly in space. The environment for deposition is an

inert gas-protected environment filled with 99.99% high-

purity argon gas. A NiTi alloy substrate with a size of

150 mm � 150 mm � 10 mm was used as the substrate.

NiTi welding wire with diameter of 1.2 mm was used as

raw material. The element distribution of the welding wire is

(wt%): 55.85 Ni, 0.039 O, 0.032 C, 0.025 Nb and balance Ti. The

XRD andDSC results of the NiTi wire are shown in Fig. 2. In the

XRD results, only a distinct austenitic phase was observed,

proving that it did not undergo martensitic phase trans-

formation at room temperature conditions, as shown in

Fig. 2(a). In the DSC results, the presence of only one phase

transition peak during both heating and cooling indicated that

the phase transition experienced by the NiTi filaments was

reversible and no non-reversible phase transition or phase

transition overlap occurred, as shown in Fig. 2(b). On the basis

of the earlier basic studies, the optimized two sets of experi-

mental parameters were set, and the parameters are shown in

Table 1. Schematic diagram of the deposition components of

the two components is shown in Fig. 3. The pre-component

was separated from the NiTi substrate by a wire electrode

cutter and the required component was cut according to

Fig. 4(a). Without post-processing heat treatment, square

components of 10mm� 10mm� 10mmdimensionswere cut

from different deposition heights of the built-up components
e WAAM system.
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Fig. 2 e Characterization of the NiTi wire: (a) XRD; (b) DSC.
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and differentiated into upper, middle, and lower components.

The dimension of the component is shown in Fig. 4(b).

2.2. Characterization

To remove the effects of surface treatment, the component

surfaces were ground by 60#-2000# SiC sandpaper and pol-

ished with 2.5 mm and 1 mm diamond paste. In order to

investigate the surface microstructure, the WAAM compo-

nents were etched with a solution (1 ml of HF, 6 mL of HNO3

and 100 ml of H2O) for 10 s. The microstructure of the com-

ponents was characterized by optical microscopy (OM) and

field emission scanning electronmicroscopy (SEM). The phase

composition of the samples was determined using X-ray

diffraction (XRD). The diffraction angle set to 20�e80� and the

scanning speed set to 4�/min.

The microhardness of NiTi component sections was

determined using a Vickers automated hardness tester

(Huayin, HVS-1000). The loading load was 200 g, and the dwell

time was 15 s.

The phase transition behavior was qualified by differential

scanning calorimetry (DSC, Discovery DSC 25) with a cooling/

heating speed of 10�/minute and a variation interval of

�80�e100�.
The tensile property was performed at room temperature

using the tensile system (Instron 1121 tester), with a loading

rate of 0.5 mm/min. The dimension of the tensile sample is

shown in Fig. 4(c). The fracture morphology was analyzed

using scanning electron microscopy (SEM).

The compression tests were performed at room tempera-

ture with the compression tester. The loading rate of the
Table 1 e The optimized WAAM process parameters about thi

Region Peak current
(A)

Base current
(A)

NiTi
velocit

Homogenous 220 9

Lower Region 200 9

Heterogeneous Middle Region 210 9

Upper Region 220 9
compression fracture test was 0.5 mm/min, and the loading

rate of the cyclic compression test was 0.5 mm/min. The

compression sample size wasF 4mm� 8mm. The dimension

of the compression sample is shown in Fig. 4(d).

Low speed friction experiments on NiTi samples were

carried out using a (UMT-5, Bruker) friction tester. The friction

time was set to be 30 min, friction speed to be 5 mm/s and

friction load to be 20 N. The morphology of the wear marks

was analyzed using scanning electron microscopy (SEM).
3. Results and discussion

3.1. Optical microscopy

Fig. 5 shows the photomicrographs of WAAM homogeneous

NiTi thin walls prepared with constant heat input and het-

erogeneous NiTi thin walls prepared with varying heat input

at different deposition heights. In the upper, middle and lower

regions of both thin-walled components, there were obvious

columnar organizations observed. In contrast, the lower

columnar crystals were coarser, as shown in Fig. 5. The upper

columnar crystals were finer and had a tendency to shift to-

wards equiaxial crystals. In comparison, the columnar crys-

tals of the heterogeneous elements with the same deposition

height were coarser. The thermal gradient generated was

more pronounced due to the change in thermal input of the

heterogeneous components under the middle and lower por-

tions, which resulted in coarser grains. No significant pores or

cracks were observed in any of the regions. The microstruc-

tural morphology exhibited at different deposition heights of
s experiment.

wire feed
y (cm/min)

NiTi hot-wire
current (A)

Moving speed
(mm/min)

Shielding gas
flow rate (L/min)

80 100 300 20

80 100 300 20

80 100 300 20

80 100 300 20
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Fig. 3 e Schematic diagram of WAAM fabrication NiTi homogeneous and heterogeneous alloys.
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NiTi walls was greatly influenced by the behavior of the

ongoing remelting thermal cycling during the deposition of

NiTi alloys. Therefore, there were different thermal gradients

and grain growth rates in different regions. In the initial stage

of NiTi alloy deposition by WAAM, the heat generated by the

deposition process is mainly conducted along the substrate
Fig. 4 e (a) Sample preparation for microanalysis, microhardnes

sample; (c) Size of tensile test sample; (d) Size of compression t
plane, thus creating a large thermal gradient. As a result, a

columnar grain structure appeared in the lower region of the

components. Due to the cyclic heating and remelting of the

subsequent deposition process, the columnar crystal struc-

ture grew by extension from the lower to the higher region of

the deposition height [22]. Therefore, the microstructure in
s, XRD, DSC, tensile and compression tests; (b) Size of block

est sample.
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Fig. 5 e OM images (Y-Z plane) of the upper, middle, and lower regions of WAAM fabricated NiTi walls: (a)e(c) homogeneous

NiTi wall; (d)e(f) heterogeneous NiTi wall.
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the cross section of the WAAM NiTi component was pre-

dominantly columnar crystal structure and was coarsest in

the lower region.

In addition, the continuous cyclic back-and-forth motion

of the molten droplets along the path during the deposition

process leaded to a change in the direction of heat transfer

within the component, resulting in the formation of columnar

grains with unsmooth grain boundaries. In the middle region

of the two components, the size of the columnar grain was

smaller than that in the lower region, whichmay be due to the

reduced number of thermal cycles experienced during sub-

sequent deposition. Since the number of thermal cycles

experienced in the last layers of deposition was reduced, the

cooling rate was accelerated, resulting in the formation of a

small columnar structure in the upper region [23]. Unlike the

homogeneous component, the columnar crystals in the mid-

dle region were finer than the upper region in the heteroge-

neous component, as shown in Fig. 5(d)e(e). Due to the higher

preheating temperature and higher thermal cycling temper-

ature in the upper region of the heterogeneous component,

the columnar crystals in the upper region were coarser.

3.2. XRD analysis

XRD characterization tests were performed at room temper-

ature and the phase composition of the resulting NiTi samples

is shown in Fig. 6. Themain composition of the homogeneous

samples was B2 austenite phase in all regions of different

deposition heights. In addition, Ni4Ti3 intermetallic phase was

also detected in the upper region. The presence of additional

phases was not detected in all regions of the homogeneous

component. With the increase of deposition height, the

martensitic phase (B190) appeared and expanded. Only in the

upper region, secondary phases such as Ni4Ti3 can be

observed. When the samples underwent a sufficient number
of thermal cycles in the lower and middle regions, it allowed

the decomposition of metastable Ni4Ti3 into stable Ni3Ti pre-

cipitation [24]. However, the presence of the Ni4Ti3 phase was

only observed in the upper region because it did not undergo

repeated remelting conditions. In addition, in the heteroge-

neous NiTi thin wall with altered heat input, only B2 austenite

phase was present in all three regions, as shown in Fig. 6(b).

The metastable Ni4Ti3 in the upper region can decomposed

into stable Ni3Ti precipitates in a short time due to the heat

input increased with the increase of deposition height. Pre-

vious studies have shown that Ni4Ti3 can provide significant

strengthening of samples. Therefore, the upper region of the

homogeneous sample may exhibit better properties than the

rest of the region [25].

3.3. Microstructure analysis

SEM images of the different deposition height regions of the

homogeneous NiTi walls and heterogeneous NiTi walls

prepared by WAAM are shown in Fig. 7. The composition of

the matrix phases and precipitated phases at different lo-

cations as determined by the spectrometer is shown in

Table 2. In the upper region of the homogeneous compo-

nent, the precipitated phases distributed sparsely, and the

morphology is mainly point-like, as shown in Fig. 7(a). There

are obvious martensitic fine crystals in the lower and mid-

dle regions of the homogeneous NiTi wall, and point-like

precipitated phases disperse on the matrix, as shown in

Fig. 7(b) and (c). Significant point-like precipitated phases

are also seen at the lower region of the heterogeneous NiTi

component. However, the linear precipitated phases are

more diffuse at the middle region of the heterogeneous NiTi

wall that is illustrated in Fig. 7(e). According to the results of

EDS, it can be found that most of the precipitated phases

were NiTi2 phase.

https://doi.org/10.1016/j.jmrt.2023.10.055
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Fig. 6 e XRD patterns of samples in the upper, middle and lower regions of NiTi walls: (a) homogeneous NiTi wall;

(b) heterogeneous NiTi wall.
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Wang et al. [26] found that the content of secondary

phase precipitates differed significantly at different depo-

sition heights of the NiTi thin wall. Differences in the con-

tent of secondary term precipitates in NiTi alloys lead to

differences in the content of Ni in the matrix, while the

content of Ni in NiTi alloys affects the mechanical proper-

ties of the samples [27]. In contrast, for the present work,

the precipitated phases were mostly NiTi2 phases at the

different deposition height. This was mainly due to the

intrinsic advantages of the WAAM process (good thermal

management), which resulted in that the WAAM-prepared

NiTi walls have uniform distribution of Ni content and Ti

content in the direction of deposition height.
Fig. 7 e SEM images (Y-Z plane) of the upper, middle, and lowe

(a)e(c) homogeneous upper, middle and lower sections; (d)e(f) h
3.4. Microhardness distribution

The microhardness evolution of homogeneous and hetero-

geneous NiTi walls along the build direction were character-

ized in Fig. 8. The hardness distribution pattern of both

homogeneous and heterogeneous NiTi alloy components

showed that the microhardness first decreased and then

increased as the deposition height went from low to high. The

microhardness is lowest in the middle region and highest in

the upper region. The average hardness of the homogeneous

NiTi alloy samples in the lower, middle and upper regions

were around 270HV, 239.5HV, and 339.6HV, respectively. The

average hardness of the heterogeneous NiTi alloy samples in
r regions of WAAM fabricated NiTi walls:

eterogeneous upper, middle and lower parts.
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Table 2 e EDS results of chemical compositions at each
area marked in Fig. 7.

Positions Ni
content (at%)

Ti
content (at%)

Suggested
phases

A1 50.63 49.37 Matrix (NiTi)

A2 28.75 71.25 NiTi2
B1 50.04 49.96 Matrix (NiTi)

B2 38.12 61.88 NiTi2
C1 49.44 50.56 Matrix (NiTi)

C2 48.66 51.34 NiTi

D1 50.20 49.80 Matrix (NiTi)

C2 37.26 62.74 NiTi2
E1 49.77 50.23 Matrix (NiTi)

E2 39.83 60.17 NiTi2
F1 49.62 50.38 Matrix (NiTi)

F2 30.22 69.78 NiTi2
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the lower, middle and upper regions were around 255.2HV,

235.4HV, and 303.2HV, respectively. The average hardness of

heterogeneous NiTi alloy sample had smaller fluctuations

than that of the homogeneous alloy sample. The variation of

columnar grain size and secondary phase precipitate content

with deposition height leaded to the microhardness distribu-

tion pattern described above. The increased number of grain

boundaries in fine grains, coupled with the fact that crystal

defected in fine grains were more likely to restrict the move-

ment of dislocations, results in an increase in the hardness of

materials with fine grains [28]. As the deposition height

increased, the size of the columnar crystals decreased, so the

microhardness of the upper region with the smallest

columnar crystals should be the greatest. The presence of

Ni4Ti3 phase can improve the microhardness of NiTi matrix

[29]. For a combination of these reasons, the upper regions of

both homogeneous and heterogeneous NiTi alloy samples

exhibit the highest stiffness. On the other hand, the frequent

thermal cycling of the lower region leaded to an increase in its

microhardness. As a result, the microhardness of the lower

region will be slightly higher than that of the middle region.

According to the above reasons, the microhardness of the

upper region is the highest and the microhardness of the
Fig. 8 e Evolution of microhardness with changing deposition h

(b) heterogeneous NiTi wall.
middle region is the lowest in both homogeneous and het-

erogeneous NiTi alloy samples.

3.5. Phase transformation behavior

The phase transition behavior of NiTi homogeneous and

heterogeneous NiTi alloy components with different deposi-

tion heights was analyzed by DSC tests, and the experimental

outcomes are illustrated in Fig. 9. The results (Table 3) showed

that: The phase transition temperature of the NiTi alloy

samples failed to reach room temperature, owing towhich the

austenitic B2 phase was formed. The middle and lower re-

gions of the homogeneous NiTi alloy sample both showed two

peaks during the cooling process, as shown in Fig. 9(a). The B2

phase of NiTi alloys can transform to the R phase and the B190

phase during the cooling process, and the conditions of the

transformation are related to their respective free energies.

During the cooling process, the free energy of the B190 phase
and the free energy of the B2 phase will change. The B2eB190

transition occurred when the free energy of the B190 phase
was lower than that of the B2 phase, while the B2-R transition

occurred first when the free energy of the R phase was lower

than the B2 phase and B190 phase. Hence two peaks appeared

indicating a B2-R-B19 transition in the homogeneous NiTi

alloy samples. The temperature difference between the RS in

the lower region and the MS in the upper region of the ho-

mogeneous NiTi alloy component was in a small range, as

illustrated in Fig. 9(b). The initial phase transition temperature

of the homogeneous NiTi alloy component prepared by

WAAM process was the highest in the middle region. In the

heterogeneous NiTi alloy components, only one peak was

present in all three regions at different deposition heights.

Meanwhile, the phase transition peak gradually shifted to the

left and the height of the phase transition peak decreasedwith

the increase in deposition height, as shown in Fig. 9(c). The MS

of the heterogeneous NiTi alloy component increased gradu-

ally with the height of deposition, as shown in Fig. 9(d). It was

well accepted that the Ni content affects the phase transition

behavior of the NiTi alloy, and a decrease in the Ni contentwill

cause a significant increase in the Ms temperature [30]. With
eight of NiTi walls: (a) homogeneous NiTi wall;
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Fig. 9 e DSC results for forward and reverse martensitic phase transformation temperatures of the lower, middle, and upper

regions of NiTi walls: (a)e(b) homogeneous NiTi wall; (c)e(d) heterogeneous NiTi wall.
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the increase in deposition height, the upper region of the

heterogeneous component with larger heat input provided

higher temperatures to the generation of the precipitated

phase [31]. The precipitated phase will absorb Ni atoms from

the neighboring B2 matrix due to it need more Ni atoms

resulting in a less Ni content in the NiTi component. For this

reason, the matrix with more precipitates has a higher tran-

sition temperature.

3.6. Tensile properties and fracture mechanism

The results of the tensile tests in the region of different

deposition heights for homogeneous NiTi walls and
Table 3 e Phase transition temperatures (�C) of homogeneous

Region Ms Mf

Homogenous Lower �18.81 �75.00

Middle �21.76 �75.00

Upper 21.13 �26.06

Heterogeneous Lower �14.24 �57.51

Middle �8.69 �62.44

Upper �1.36 �75.00
heterogeneous NiTi walls are shown in Fig. 10. The continuous

thermal cycling behavior during the deposition of the

component resulted in the formation of columnar crystals in

the same direction as the deposition height [32]. The effect of

WAAM deposition height and heat input on the tensile prop-

erties of NiTi alloys was investigated of horizontal direction.

The yield strengths of the lower, middle and upper regions of

the homogeneous components were 377.48 MPa, 344.23 MPa

and 417.59 MPa, respectively. The ultimate strengths (UTS)

were 606.87MPa, 645.16MPa and 654.45MPa, respectively. The

elongations (EL) were 12.72%, 13.97% and 15.38%, respectively.

The UTS and EL increased with increasing wall height. Yield

strength (YS) first decreased and then increased with
NiTi samples and heterogeneous NiTi samples.

As Af Rs Rf

�20.36 14.11 11.00 �27.54

�17.84 27.06 31.37 �18.89

�19.90 16.63 e e

�24.71 8.91 e e

�27.77 15.93 e e

�52.04 3.33 e e
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Fig. 10 e Tensile properties of the lower, middle, and upper regions of NiTi walls: (a)e(b) homogeneous NiTi wall;

(c)e(d) heterogeneous NiTi wall.
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increasing wall height and was highest in the upper region, as

shown in Fig. 10(b). The YS of the lower, middle and upper

regions of the heterogeneous NiTi alloy components were

446.4 MPa, 406.79 MPa and 468.98 MPa, respectively. The UTS

were 556.12MPa, 599.53MPa and 739.79MPa, respectively, and

the EL were 12.98%, 16.69% and 21.74%, respectively. The YS of

heterogeneous NiTi alloy components was higher than that of

homogeneous NiTi alloy components at the same deposition

height. The UTS of the lower and middle regions of the ho-

mogeneous NiTi alloy components were higher than that of

the heterogeneous NiTi alloy components at the same depo-

sition height, and the upper region of the heterogeneous

samples have the highest UTS of 739.79 MPa. The EL of the

heterogeneous NiTi alloy samples is higher than that of the

homogeneous NiTi alloy samples at the same deposition

height.

Firstly, Ni4Ti3 can strengthen the tensile properties of the

sample, Ni4Ti3 gradually decomposed in the lower andmiddle

regions of the matrix, resulting in a decrease in ultimate

strength. Secondly, according to the Hall-Petch relation in

homogeneous components, the grain size decreased with the

increase of wall height, resulting in the increase of ultimate
strength. With the increase of wall height, the increase of

elongation was mainly due to the decrease of columnar grain

size and the tendency to change to equiaxial structure. Since

the heat input of the heterogeneous component is lower than

that of the homogeneous component, the lower heat input

will allow the heterogeneous component to cool at a higher

rate, so less time will be given to the grain growth. Therefore,

at the same deposition height, the elongations of heteroge-

neous components were higher than that of homogeneous

components.

Typical fracture morphology in the tensile region for ho-

mogeneous NiTi alloy component and heterogeneous NiTi

alloy component with different deposition heights is illus-

trated in Fig. 11 and Fig. 12. The fracture morphology of SEM

fracture showed that the fracture morphology of the upper

and middle regions of the tensile components of the homo-

geneous NiTi alloy samples can be observed to exhibit mixed

tough-brittle fracture with cleavage and dimples characteris-

tics, as shown in Fig. 11(b), (e) and (h). Significant propagation

can be observed in the high magnification photographs of the

three different deposition height regions of the NiTi homo-

geneous component as shown in Fig. 11(c), (f) and (i). In the
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Fig. 11 e SEM images of the fracture of homogeneous NiTi tensile samples: (a)e(c) upper region; (d)e(f) middle region;

(g)e(i) lower region.

Fig. 12 e SEM images of the fracture of heterogeneous NiTi tensile samples: (a)e(c) upper region; (d)e(f) middle region;

(g)e(i) lower region.
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upper region, propagation characterized by parallel orienta-

tions was more intensive compared to the middle and lower

regions, as shown in Fig. 11(c). In the heterogeneous NiTi alloy

components, the presence of dimples on the fracture surface

can be observed in the low magnification photographs of

Fig. 12 (b) and (h), and parallel propagations with distinct

characteristic orientations can be seen in the middle region,

as illustrated in Fig. 12(e). The presence of dimples in some

areas can be clearly seen from the photographs of Fig. 12 (c), (f)

and (i). After the tensile test in six components, no visible

cervical shrinkage deformation was found at the fracture of

the component, as shown in Fig. 12(a), (d) and (g).

3.7. Compression test and superelasticity

The compressive properties of the different deposition height

regions for the homogeneous NiTi wall and the heterogeneous

NiTi wall with different deposition heights are shown in

Fig. 13. From the figure, it can be seen that the stress-strain

curves of all the components with homogeneous thin walls

showed a “double yielding” behavior, which contained four

complete phases. Elastic deformation of austenite occurred in

the first stage [33,34]. When the stress reached the critical

stress of stress-inducedmartensite phase transformation into

the second stage, the austenite phase was transformed into

the martensite phase. Meanwhile, the elastic deformation of

martensite occurred in this stage. When the austenite phase

all transformed into the martensite phase in the third stage,

this time only had the elastic deformation of martensite. With

the further increase of stress, the martensite phase plastic

deformation transformed into the fourth stage. In the

compressive fracture test, the compressive properties of each

homogeneous NiTi alloy component were similar, with the

compressive strength stabilized between 2500 MPa and

3000 MPa, the elongation in the range of 39%e41%, and the

curves with good overlap. Among them, the middle region of

homogeneous NiTi alloy component showed the best

compressive strength, the compression fracture occurred at

2949.67 MPa stress and its strain of 40.69% was the largest.
Fig. 13 e Compressive properties of the lower, middle and upp

(b) heterogeneous NiTi wall.
While the lower region of homogeneous NiTi alloy component

with the weakest compressive strength experienced

compression fracture at 2745.32MPa stress. It can be seen that

the stress-strain curves of all heterogeneous NiTi alloy sam-

ples were significantly dissimilar to that of homogeneous NiTi

alloy samples, and there was no obvious “double yield”

behavior in heterogeneous NiTi alloy samples, as illustrated in

Fig. 13(b). The upper and lower curved overlap well in the

compression test. In heterogeneous NiTi alloy component, the

compressive strengths of the upper region and the lower re-

gion were 2534.33 MPa and 2614.16 MPa, corresponding to

strains of 38.60% and 39.32%, respectively. The middle region

has a superior compressive strength of 3473.43MPa and strain

of 43.94%.

Cyclic compression testing was performed for the homo-

geneous NiTi components and heterogeneous NiTi compo-

nents in different deposition height regions, the experimental

outcomes are obtained as illustrated in Fig. 14. In all samples,

plastic deformation occurred during the initial stage of cyclic

loading-unloading, resulting in irrecoverable strains (εir). In the

process of loading-unloading, the three different deposition

height regions of the homogeneous NiTi alloy components

exhibited the behavior with superelastic deformation which

was illustrated in Fig. 14(a)e(c). Due to the fact that it is not

possible to convert all the austenite to martensite at room

temperature, the continuously loaded and unloaded NiTi

samples did not recover completely after each cycle. The

irrecoverable strain, recoverable strain and recovery ratio are

all computed based on the curves of Fig. 14(a)e(c), and the

obtained computations were exhibited at Fig. 14(d)e(f). From

the calculations of the figure, it can be seen that the recover-

able strains for the first cycle of the lower, middle and upper

components were about 9.272%, 9.318% and 9.291%, which

corresponded to recovery ratios of 92.72%, 93.18% and 92.91%.

As the continuous loading and unloading process proceeds, it

becomes increasingly difficult for the NiTi compression sam-

ples to recover their original length and the recovery ratios

remained around 88.0%, 86.2%, and 87.6% at the 8th loading/

unloading cycle. The recoverable strains for the tenth cycle of
er regions of the NiTi wall: (a) homogeneous NiTi wall;
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Fig. 14 e The response to load/unload cycles of lower, middle, and upper regions of NiTi walls, with the cumulative cyclic

evolution of recovery ratio and irrecoverable strain. (a) and (d) lower homogenous region; (b) and (e) middle homogenous

region; (c) and (f) upper homogenous region; (g) and (j) lower heterogeneous region; (h) and (k) middle heterogeneous region;

(i) and (l) upper heterogeneous region.
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the lower, middle and upper components were about 8.796%,

8.561% and 8.544%, corresponding to 87.96%, 85.61% and

85.44% recovery ratios. It can be seen that the difference in the

deposition height of the homogeneous NiTi alloy components

was not very significant for the superelasticity. The reduction

of recovery ratio was due to plastic deformation during the

stress-induced martensitic transformation. In addition, the

accumulation of dislocations and slippage during loading

process resulted in failure to recover to austenite during

unloading. The phase transition interface advancement of the
martensitic leaded to a reduction in stress centralization and

superimposed plastic deformation, resulting in a greater

change in recoverable stress. The upper, middle and lower

regions of NiTi heterogeneous samples all exhibited supere-

lastic deformation behavior during the loading-unloading

process, as illustrated in Fig. 14(g)e(i). The recoverable strains

for the first cycle of the upper, middle, and lower components

were approximately 8.126%, 8.790%, and 8.281%, correspond-

ing to recovery ratios of 81.26%, 87.90%, and 82.81%, as shown

in Fig. 14(j)e(l). The recovery ratios decreased gradually with
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the increase of the number of cycles and remained around

67.6%, 77.8%, and 66.1% at the 8th loading/unloading cycle. The

recoverable strains for the tenth cycle of the upper, middle and

lower components were approximately 6.586%, 7.702%, and

6.431%, corresponding to recovery ratios of 65.86%, 77.02%, and

64.31%. The compression strain of the heterogeneous NiTi

alloy components was smaller and decreased faster from the

first cycle to the tenth cycle compared to the homogeneous

components, which showed that the homogeneous NiTi alloy

samples had better superelasticity than the heterogeneous

NiTi alloy samples. Moreover, according to the comparison of

loading-cycling results in different regions of the heteroge-

neous components, the middle region samples had better

superelasticity [35]. This was partly due to the fact that the

columnar crystals in themiddle regionwere finer than those in

the upper and lower regions of the heterogeneous component.

The size of the columnar grains in NiTi alloys affected

the superelasticity of the component [36]. In comparison,

finer grain size distribution resulted in better cyclic super-

elasticity. The superelastic behavior of NiTi alloys was

mainly related to the phase transformation between

martensite and austenite, and the mutual transformation of

the two phases was highly dependent on the ambient

temperature of the sample. In particular, factors such as

loading method, alloy composition and cycling number can

also have an impact on the superelastic properties of the

sample. K. Otsuka et al. [37] had studied the relationship

between martensitic phase transitions and the super-

elasticity of NiTi alloys, where the lattice moved and
Fig. 15 e Friction coefficients of the lower, middle and upper re

(b) heterogeneous samples.
rearranged during martensitic phase transitions. Atoms in

the sample will move to more stable positions and release

energy in this process.

There was no significant difference in superelastic prop-

erties in the building direction for the same number of loading

cycles, if at a moderate (<10%) change in the rate of return.

This can show that the superelastic property of the WAAM

NiTi thin wall wasmore evenly distributed along the direction

of the building. In contrast, the NiTi heterogeneous NiTi alloys

prepared by WAAM exhibited microstructural nonuniformity

in the build direction, which lead to different local mechanical

behaviors. The middle region of the heterogeneous NiTi

component has relatively fine particles and was less prone to

deformation than the other two regions. As a result, more

superelastic losses were observed in the upper and lower re-

gions, hindering the complete superelastic recovery of NiTi

alloys. The change in heat input had a more significant effect

on the superelasticity of NiTi components prepared byWAAM

than that of deposition height.

3.8. Tribological performance

The tribological properties of NiTi alloys are recognized to be

related not only to stiffness and extensibility, at the same time

to process stiffness, craze kerneling and the resistance to

elongation [38]. The coefficients of friction (COF) for three

different deposition height regions of WAAM homogeneous

and heterogeneous NiTi walls under the same loading are

compared, as shown in Fig. 15.
gions of the NiTi wall: (a) homogeneous samples;
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The NiTi walls produced by WAAM in this study shows no

obvious cracks and pores. The microhardness and structural

properties of theWAAMhomogeneous NiTi alloy components

shows good uniformity with increasing deposition height,

resulting in moderate variations of COF in all three regions at

different deposition heights. As the friction continues, the

COF in all three regions of theWAAMhomogeneous NiTi alloy

components gradually stabilized. The COF went through a

rapid upward phase and then adjusted slightly, as shown in

Fig. 15(a). The COF of the upper, middle and lower regions of

the WAAM homogeneous NiTi alloy samples were stabilized

at about 0.715, 0.716 and 0.760, respectively. The COF of the

lower region of theWAAMhomogeneous NiTi component had

a rising stage after 1400 s of friction. Overall, the fluctuation of

the COF of the lower region of the homogeneous NiTi alloy

samples was larger under the 20 N load condition, and the

wear marks in the middle region of the component were

stable. Thismay be due to the effect of deposition location, the

material distribution in the middle was more uniform than

the other sides. In the WAAM homogeneous NiTi alloy,

compared with the remaining two regions with different

deposition heights, the amplitude of the COF curves in the

middle region of the component is smaller, which indicates

that the wear resistance performance of the samples in this

region is the most consistent among all the samples. Mean-

while, poor mechanical properties did not stably maintain

material transfer during wear in the lower region, resulting in

stronger COF fluctuations. In particular, in the upper region of

the homogeneous NiTi component, the wear resistance was

effectively improved by the existence of the B190 phase. This
was owing to the fact that the B190 phase, as an intermediate

phase, can cause a change in the stress distribution during the
Fig. 16 e SEM macroscopic and microscopic morphology of hom

(b) homogenous upper section; (c) and (d) homogenous middle

(h) heterogeneous upper section; (i) and (j) heterogeneous midd
phase transformation process, which was able to reduce the

stress concentration during the friction process. The results

showed that the wear resistance of the upper region was

better than that of the lower region and middle region due to

the greatermicrohardness, superior structural properties, and

larger B190 phase content in the WAAM homogeneous NiTi

component.

The COF in the middle region and lower region of the

WAAM heterogeneous NiTi component decreased slightly

after the rapid increase stage, and then tended to be stable

with the continuous friction. After the rapid increase stage,

the COF of the upper region of the heterogeneous NiTi alloy

component tended to be stable as the friction continues, as

shown in Fig. 15(b). The COF of the upper, middle and lower

regions of the heterogeneous component was more stable

than that of the homogeneous component, showing better

friction stability. Compared with the COF of the three regions

in the heterogeneous NiTi alloy component, the COFs of the

upper, middle and lower regions were stable at 0.710, 0.720

and 0.713 respectively. The results showed that the upper

region of the heterogeneous NiTi alloy sample had the best

wear resistance and the friction behavior was more stable.

By analyzing the SEM morphology of wear scratches in the

upper,middle and lower regions forWAAMhomogeneous and

heterogeneous NiTi alloy samples, the SEM results are shown

in Fig. 16. The homogeneous NiTi alloy component had ma-

terial buildup on both sides of the scratches in the upper,

middle and lower regions, and the wear morphologies were

dominated by furrows, accompanied by spalling and adhe-

sion, as shown in Fig. 16(a)e(f). Only a small amount of

oxidation appeared at the upper region of the homogeneous

NiTi alloy component, as illustrated in Fig. 16(b). Moreover,
ogeneous and heterogeneous NiTi worn surfaces: (a) and

section; (e) and (f) homogenous lower section; (g) and

le section; (k) and (l) heterogeneous lower section.
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adhesion appeared in the middle region of the homogeneous

component, as shown in Fig. 16(d). The wear mechanisms of

the homogeneous component were mainly oxidative wear

and adhesive wear. Themorphology of the wearmarks on the

three different deposition height regions of the heterogeneous

NiTi alloy component showed a large number of furrows, with

a few areas of spalling and adhesion, as shown in Fig. 16(g)e(l).

Similar to homogeneous NiTi alloy component, heteroge-

neous NiTi alloy component also exhibited upper oxidation

and middle adhesion, as shown in Fig. 16(h) and (j). This was

mainly due to the lack of remelting conditions in the upper

region of the component, where the cooling rate was fast,

resulting in a higher oxidation content compared to the mid-

dle and lower regions [39]. The wear mechanisms of the het-

erogeneous NiTi alloy component were dominated by

adhesive wear. The scratches of heterogeneous NiTi alloy

component were more obvious than those of homogeneous

component. Based on the above analysis, adhesive wear was

the main form of wear mechanism in the WAAM NiTi alloy

component.
4. Conclusions

In this paper, homogeneous NiTi thin wall and heterogeneous

NiTi thin wall were prepared byWAAM technique. The effects

of changes in deposition height and heat input on the

microstructure, mechanical properties and wear behavior of

NiTi alloys were investigated. The results are summarized as

follows.

(1) In the homogeneous NiTi alloy samples, the columnar

grains were gradually refined with the increase of

deposition height. In the heterogeneous NiTi alloy

samples, the lower grains were the coarsest and the

middle grains were the finest. The homogeneous NiTi

alloy samples mainly consisted of the B2 austenite

phase, Ni4Ti3 phase and a small amount of NiTi2 phase,

while the homogeneous NiTi alloy samples mainly

consisted of the B2 austenite phase and NiTi2 phase.

(2) The microhardness of homogeneous NiTi alloy sample

with higher heat input was higher than that of hetero-

geneous NiTi alloy sample for the same deposition

height. The ultimate tensile strength increased from

606.87 MPa to 654.45 MPa and the elongation increased

from 12.72% to 15.38% with the increase in deposition

height of the homogeneous NiTi alloy samples. As the

deposition height of the heterogeneous NiTi alloy

samples increased, the ultimate tensile strength

increased from 556.12 MPa to 739.79 MPa and the elon-

gation increased from 12.98% to 21.74%. The yield

strength and elongation of the heterogeneous NiTi alloy

samples were higher than those of the homogeneous

NiTi alloy samples at the same deposition height.

(3) Among the homogeneous NiTi alloy samples, the mid-

dle component had the best compressive strength, with

themaximum compressive strength and corresponding

compressive strain of 2949.67 MPa and 40.69%, respec-

tively. The heterogeneous middle NiTi alloy sample

showed the best compressive strength, with a
maximum compressive strength and corresponding

compressive strain of 3473.43 MPa and 43.94%, respec-

tively. The recoverable strains of the lower, middle and

upper samples of the homogeneous NiTi alloy were

8.796%, 8.561% and 8.544% at the tenth cycle, respec-

tively. The cyclic compression performance becomes

better as the deposition height increases. The recover-

able strains of the upper, middle and lower samples of

the heterogeneous NiTi alloy were 6.586%, 7.702% and

6.431% at the tenth cycle, respectively.

(4) The friction coefficients of the upper, middle, and lower

regions of the homogeneous NiTi alloy samples stabi-

lized at 0.715, 0.716 and 0.760, respectively, with the

increase of the deposition height. The friction co-

efficients of the upper, middle, and lower regions of the

heterogeneous NiTi alloy samples stabilized at 0.710,

0.720 and 0.713, respectively. The wear mechanisms of

homogeneous NiTi alloy samples were mainly adhesive

wear and oxidative wear. The wear mechanism of het-

erogeneous NiTi alloy samples was dominated by ad-

hesive wear.
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