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In this work, wall-shaped NiTi components were fabricated by cold metal transfer (CMT)
based wire arc additive manufacturing (WAAM) with optimized depositing speed. The
microstructure, mechanical properties, and wear performance of the as-fabricated speci-
mens along the building direction, together with their correlations were investigated in-
depth. Coarse columnar grains were refined gradually with the increase of wall height.
An equiaxed microstructure was obtained in the upper region. The Ni,Ti; precipitates were
distributed in the matrix. The microhardness, critical stress, and elongation increase
monotonously with the increase of wall height. Plastic deformation, together with wear-
induced work hardening is the main form of wear, which is mainly hindered by the
superelasticity of NiTi alloys. Good homogeneity of the microstructure, mechanical prop-
erties, and wear resistance is obtained due to the CMT process with optimized depositing
speed, indicating that this technique provides great potential to make novel NiTi flexible
structures.
© 2022 The Authors. 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/).
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1. Introduction

NiTi shape memory alloys (SMAs) have attracted attention in
automotive, aerospace, and biomedical fields, due to their
excellent superelasticity, shape memory properties, biocom-
patibility and corrosion resistance [1]. Owing to their super-
elasticity, these alloys can be bent or stretched for large
deformation, but will return to the original shape after the
release of external load. Moreover, the shape memory prop-
erty restores their shape from the deformed state to the earlier
undeformed state by changing the temperature. Nevertheless,
the inherent poor machinability limited the development of
geometrically complex components for conventionally pro-
cessed NiTi alloys [2]. In general, NiTi alloys are usually
fabricated via conventional approaches, e.g. casting followed
by machining and powder metallurgy, which always face low
efficiency, high reject rate, high processing cost, and worse
dimensional stability, owing to severe brittleness and poor
machinability of NiTi alloys. As a result, conventionally
fabricated NiTi components have simple geometries, such as
wires, plates, and bars, restricting severely practical applica-
tions of NiTi SMAs [3]. In order to produce NiTi alloy more
efficiently, additive manufacturing (AM) is preferred due to its
high material and high geometrical
complexity.

The most commonly used AM technologies for fabricating
NiTi parts are powder-based AM technologies, for instance,
selective laser melting (SLM) and laser metal deposition (LMD)
[4,5]. These studies mainly focused on the relationship be-
tween process parameters, microstructure, phase trans-
formation behavior and functional properties [6]. It was found
that powder-based AM technologies generally can provide a
better surface finish and dimensional accuracy, which are
normally required for NiTi devices. As a result, the powder-
based AM technologies, especially SLM, of NiTi alloys have
been frequently addressed [7,8]. Nevertheless, it is worth

utilization rate

Wire feeder

noting that powder-based AM technologies are apt to generate
porosity since hollow particles often exist due to the gas
entrapment during the manufacturing process [9]. Besides the
gas entrapment, the unfavorable balling effect and lack of
fusion are also responsible for the formation of porosity. On
the other hand, the low processing efficiency of powder-based
AM technologies is another important factor limiting its
application in fabricating large component.

In recent years, some researchers focused on the fabrica-
tion of NiTi alloys by wire arc additive manufacturing
(WAAM), which 1is an efficient, low-cost additive
manufacturing method that uses electric arc as a heat source
to melt the feeding wire [10]. In addition, although the surface
finish and dimensional accuracy of WAAM-fabricated NiTi
alloys is not as high as those fabricated by SLM or LMD, this
method is highly mature in industries like automobile body-
in-white (BIW) manufacturing, due to its high automation
rate (For instance, combination of industrial robots and elec-
tric arc torches is widely used in the BIW body shops of
Volkswagen) and desired output stability. Generally, the
composition of wire feedstock is more uniform than powder
materials, and wire feedstock carries fewer surface impurities
since the specific surface area of wire materials is much
smaller than powder materials. Existing studies mainly
focused on the microstructure, phase transition temperature
and mechanical properties of deposited materials. Wang et al.
[11] reported NiTi walls fabricated by WAAM using separate
pure Ni and Ti wires, showing that the evolution of micro-
structure, transformation temperature and mechanical
properties was affected by the extraordinary thermal history
during the depositing process. Besides separate wire feedings
of Ni and Ti, The commercial available NiTi wire is also used in
previous studies [12], where gas tungsten arc welding (GTAW)
based WAAM was employed to evaluate the temperature and
heat flow modelling. Moreover, Resnina et al. [13] reported a
Ni-rich (50.9 at.%) NiTi wall of five layers fabricated by gas
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CMT Welder

Fig. 1 — The CMT system for NiTi alloy fabrication.
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Table 1 — Chemical compositions of the NiTi wire and substrate (wt.%).

Material Ni Co Cu Cr Fe Nb C H (¢} N Ti
Wire 55.74 0.005 0.005 0.005 0.005 0.025 0.040 0.001 0.038 0.001 Bal.
Substrate 55.74 0.005 0.005 0.005 0.012 0.005 0.035 0.001 0.040 0.001 Bal.

metal arc welding (GMAW) and evaluated the related shape
memory effect.

Cold metal transfer (CMT) is a modified GMAW, originally
developed by Fronius International GmbH for dissimilar
welding in the automotive field. Due to its low heat input and
unique transition mode, higher solidification rate is obtained,
together with uniform microstructure, less splash and high
surface quality. CMT fabricated NiTi walls exhibited good
metallurgical bonding and few defects, together with varying
appearance of Ti,Ni/TisNi,O precipitates [14]. Good mechani-
cal and functional properties, especially high ductility, were
obtained. Furthermore, Zhang et al. [15] reported that CMT
fabricated NiTi walls exhibited superior superelastic proper-
ties, with the recovery rate of >94%, indicating that CMT
provides great potential to make NiTi parts.

Although the above works studied in-depth the relation-
ship between process parameters, microstructure, martensitic
transformation, mechanical properties and shape memory
effect of NiTi alloy, more work is highly required to make novel
NiTi smart structures, especially by innovative methods like
CMT. The present work aims to explore the preparation of NiTi
walls by CMT with varying depositing speed. The microstruc-
ture, phase transformation, mechanical properties, and wear
performance of the fabricated NiTi walls were analyzed in-
depth. It is also the first time to study the effect of depositing
speed on CMT-fabricated NiTi alloy.

2. Experimental procedure

2.1. CMT process

The NiTi walls were deposited on a NiTi substrate using the
custom-built CMT system, as demonstrated in Fig. 1,
comprising a FANUC industrial robot (M-10iD12), a Fronius

Table 2 — The optimized process parameters during the
CMT process.

Process parameters Value
Substrate NiTi

Thickness of substrate 10 mm

Torch traveling speed (cm/min) 20, 30, 40

Wire feeding speed (m/min) 3,4,5,6,7,8

Arc length 15 mm

Shielding gas Pure argon, 99.99%
Gas flow speed 20 L/min

Torch angle 90°

Post flow duration 90s

CMT welder (TransPlus Synergic 4000, with RCUS5000i
controller), a working platform, VR 7000 CMT wire feeding
system, FK4000R cooling system, and shielding gas system
(99.99% pure argon). The range of welding current and voltage
is 3—400 A and 14.2—34.0 V, respectively.

The Ni-rich (55.74 wt.%) NiTi wire with the diameter of
1.2 mm was used as feeding material. A NiTi plate in the di-
mensions of 200 x 100 x 10 mm? was used as the depositing
substrate. Their chemical compositions are summarized in
Table 1, respectively. The XRD result (Fig. 2a) indicates that the
NiTi wire is mainly in austenite phase at room temperature,
with no obvious secondary phase detected. Fig. 2b shows the
transformation behavior of the NiTi wire as characterized by
differential scanning calorimetry (DSC). Multiple trans-
formation peaks were detected, probably due to the hetero-
geneity of NiTi wire.

The optimized process parameters during the CMT process
were summarized in Table 2, where the varying torch traveling
speed and wire feeding speed were listed. It is well known that
the depositing speed during the CMT process is to large extent
determined by the torch traveling speed and wire feeding speed.
In order to explore the effect of the depositing speed on CMT
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Fig. 2 — Characterization of the NiTi wire. a. XRD, b. DSC.
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Fig. 3 — Macroscale morphology of the CMT fabricated
walls with varying feeding speed, while keeping the
depositing speed = 20 cm/min unchanged. a—f. Feeding
speed = 3, 4, 5, 6, 7, and 8 m/min, respectively.

lmm

fabricated NiTi alloy, different combination of torch traveling
speed and wire feeding speed was designed to fabricate NiTi
walls, while keeping other process parameters unchanged.

No delamination phenomenon occurred as the deposition
progressed. A wall-shaped component with 15 layers was
fabricated using the CMT system. Tensile properties along
vertical (building) direction of the CMT fabricated NiTi walls
were characterized.

2.2. Characterization

The microstructure of CMT fabricated NiTi walls was inves-
tigated using an optical microscope (OM, ZEISS-Scope Al), a
scanning electron microscope (SEM, JSM-IT500A) equipped
with the energy-dispersive X-ray spectrometer (EDS). X-Ray
diffraction (XRD, D/Max 2500 PC, Rigaku) with Cu Ko radiation
was employed to study the phase composition at room tem-
perature. The Vicker's hardness of the specimens was exam-
ined using the microhardness instrument (Huayin, HVS-1000)
with the load of 200 g and dwell time of 15 s. Mechanical
properties were characterized using the tensile testing system
(Instron 1121), with the loading rate of 1 mm/min. The fracture
morphology after tensile test was characterized by SEM. The
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Fig. 4 — Cross-sectional SEM of the CMT fabricated walls in Fig. 3. a—e. Feeding speed = 4, 5, 6, 7, and 8 m/min, respectively;

f. Height, width and wettability angle of a-e.
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- — Smm_ Fig. 7 — Macroscale morphology of the CMT fabricated
walls with varying feeding speed, while keeping the
depositing speed = 40 cm/min unchanged. a—f. Feeding
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Fig. 5 — Macroscale morphology of the CMT fabricated
walls with varying feeding speed, while keeping the
depositing speed = 30 cm/min unchanged. a—f. Feeding
speed = 3, 4, 5, 6, 7, and 8 m/min, respectively.
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Fig. 6 — Cross-sectional SEM of the CMT fabricated walls in Fig. 5. a—e. Feeding speed = 4, 5, 6, 7, and 8 m/min, respectively;
f. Height, width and wettability angle of a-e.
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phase transformation behavior was characterized by differ-
ential scanning calorimetry (DSC, Discovery DSC 25) with a
cooling/heating rate of 10 °C.min"* between —80 and 100 °C.
Wear behavior was characterized using a wear tester (UMT-5,
Bruker), with the wear time of 10 min, wear speed of 5 mm/s,
and wear load of 5, 10, 20 N, respectively.

3. Results and discussion

3.1.  Effect of the depositing speed on CMT fabricated
NiTi walls

In order to improve the microstructure and properties of
NiTi alloys fabricated by CMT, previous studies focused
mainly on the relationship between microstructure, phase
transformation and properties, while keeping the process

Imm

SRS

Imm

parameters, including depositing speed, unchanged [14].
Although, as indicated by Yu et al. [14], the wire feeding
speed was changed slightly, while keeping the torch trav-
eling speed constant, such a change cannot be regarded as
the study on depositing speed. In the case of CMT, the
depositing speed is mainly dependent on two factors, i.e.
wire feeding speed, which affects mainly material supply,
and on the other hand, torch traveling speed, which affects
mainly fabrication. In the case of mass production, both
wire feeding speed and torch traveling speed are main
process parameters, since they are directly associated not
only with the quality of parts, but also with the takt time of
production. In this work, NiTi walls were fabricated with
different combination of wire feeding speed and torch
traveling speed, while keeping other process parameters
unchanged, in order to obtain good optimization for
depositing speed.
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Fig. 9 — Cross-section view of the as-deposited NiTi wall,
with microstructure in upper, middle, lower regions,
respectively.

Figs. 3—8 show the macroscale and cross-sectional mor-
phologies of the CMT fabricated NiTi walls with different
combination of wire feeding speed and torch traveling speed.
Figs. 4f, 6f, and 8e show that, while keeping the torch traveling
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Fig. 10 — XRD patterns of samples in the lower, middle and
upper regions of NiTi walls.

Fig. 11 — TEM image of NiTi walls, with the SAED pattern as
an insert.

speed unchanged (20, 30, 40, respectively), the width of NiTi
walls exhibits an increasing tread with the increase of wire
feeding speed, mainly due to more material supply as wire
feeding speed increases. However, such a trend is undermined
with the increase of torch traveling speed.

Meanwhile, the height of NiTi walls shows moderate
fluctuation, with the change of wire feeding speed. It might
be ascribed to the reason that, although more heat is
transferred to the melt pool with the increase of wire
feeding speed, leading to higher width together with lower
height, this effect is offset by more material supply due to
the increase of wire feeding speed. Consequently, the fluc-
tuation of height occurred owing to the competition be-
tween heat flow and material supply. It is noteworthy that,
with the increase of torch traveling speed, the fluctuation of
height is undermined.

Besides height and width, the wettability angle of NiTi
walls are also summarized in Figs. 4f, 6f, 8e. Itis found that the
wettability angle of NiTi walls shows a decreasing trend with
the increase of torch traveling speed. Generally, the wetta-
bility of WAAM is associated with the combined effect of
height, width, and wettability angle, as indicated by Yanget al.
[16]. The combination of smaller wettability angle, higher
width and lower height can lead to superior wettability.
Therefore, as demonstrated by the morphology, defects,
height, width, and wettability angle of NiTi walls, it is sug-
gested that, in this work, the combination of torch traveling
speed = 30 cm/min and wire feeding speed = 6—7 m/min is
most optimized for the CMT process.

Furthermore, while torch traveling speed = 40 cm/min, the
morphology of all the NiTi walls shows extensive defects,
indicating that even with varying wire feeding speed, obvious
defects for NiTi walls are inevitable as torch traveling speed
increases further. It is well known that the amount of heat
input along the building direction is reduced with the increase
of torch traveling speed. When torch traveling speed increases
up to 40 cm/min in this work, the low heat input cannot
enable effective fabrication of the NiTi walls. Therefore, as
demonstrated by the above results and analysis, the change of
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Fig. 12 — SEM images of the lower, middle, and upper regions of CMT fabricated NiTi walls. a—c. Lower, middle, and upper
regions, respectively; d—f. Selected areas with higher magnification from a-c.

torch traveling speed shows more pronounced influence on
CMT-fabricated NiTi walls than the change of wire feeding
speed.

3.2. Microstructure characterization

Fig. 9 shows the microstructure diagram along the building
direction of the NiTi walls fabricated with the combination of
torch traveling speed = 30 cm/min and wire feeding
speed = 7 m/min. An equiaxed microstructure can be
observed in the upper region. As a comparison, in the middle
and lower regions, the distinct columnar microstructure can
be observed. In all the regions, obvious pores and cracks
cannot be observed. The overlap zone can be seen in the red
loop. Besides the upper region, the surface microstructure in
the middle and lower regions also exhibits the equiaxed
microstructure, as indicated by the blue loops. The micro-
structure of NiTi wall, which is deposited layer by layer, is
mainly dependent on the thermal history during the CMT
process, since varying thermal gradient G and grain growth
rate R are obtained in different regions. When depositing the
first 25 layers in the CMT process, the heat was primarily
conducted to the NiTi substrate. As a result, a large thermal
gradient G was created, leading to formation of the columnar
grain structures, which continued to grow epitaxially due to
the reheating by deposition of the next layer. Thus, in the
lower region, coarse columnar grains are driven by the large
thermal gradient during layer-by-layer deposition, which is

the typical microstructure of metallic materials fabricated by
the WAAM process [17].

After the first several layers, as the deposition process
continued, thermal gradient and cooling rate reduced gradu-
ally due the pre-heating effect of previous depositions [18].
Besides, owing to the movement of heat source and the
deposited layers with accumulated heat, the direction of heat
flow was deviated and thereby columnar grains with zigzag
grain boundaries were obtained. It is worth noting that as
compared with the lower region, the grain size in the middle
region reduced, probably due to less heat from the subsequent
depositions. Therefore, in the upper region, the last deposited
layer had no subsequent thermal cycle conditions, together
with the pre-heating effect of previous depositions, which
contributed to formation of the equiaxed microstructure in
the upper region.

The phase composition as characterized by XRD, collected
at room temperature, is shown in Fig. 10. The samples in the
upper, middle, and lower regions are mainly in B2 austenite
phase at room temperature. Moreover the Ni,Ti; intermetallic
phaseis detected. No additional phase is detected in any of the
upper, middle and lower regions. As demonstrated by the
peak intensity of Ni,Tiz phase, the content of NiyTi; phase
increases with the height of NiTi walls. This is because of the
intrinsic thermal cycle conditions during the CMT process,
which enables the metastable Ni,Ti; to decompose into stable
NisTi precipitates [19,20]. Nevertheless, NiyTi; phase in the
upper region remains generally due to the absence of

Table 3 — EDS results of chemical compositions at each area marked in Fig. 12.

Ni 51.07 54.23 51.74 51.11
Ti 48.93 45.77 48.26 48.89

47.60 48.07 51.15 49.49 43.86
52.40 51.87 48.85 50.51 56.14
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Fig. 13 — Evolution of microhardness along the building
direction of NiTi walls.

subsequent thermal cycle conditions so that the content of
Ni,Ti; phase in the upper region is higher than both the
middle and lower regions.

Fig. 11 is a TEM image of the NiTi walls with the SAED
pattern as an insert, indicating that extensive precipitated

particles, in appearance of dot and needle, distributed along
wavy dislocation line or behind bending dislocations. As
shown by the SAED pattern, the precipitated particles are only
composed of Ni Ti;. The NisTi; phase is a common strength-
ening phase in NiTi alloys, as indicated in previous study [21].
It is worth noting that some precipitated particles along the
dislocation line are larger in size and higher in density than
other ones, indicating that the nucleation and growth of pre-
cipitates occurred heterogeneously during the CMT process.
The main reason for such behavior can be ascribed to the
repeated precipitation process during fabrication [22]. In this
work, such behavior is mainly caused by thermal cycle con-
ditions during the layer-by-layer CMT deposition.

Fig. 12 shows SEM images of the lower, middle, and upper
regions of CMT-fabricated NiTi walls. The dot/needle-like
precipitated particles, distributed in the matrix, can be
observed, which is in good agreement with TEM. In order to
compare the content of elemental Ni and Ti, EDS results of
chemical compositions, at each area marked in Fig. 12, are
summarized in Table 3. Wang et al. [23] showed that the
content of Ni and Ti changed obviously, together with the
evolution of precipitated phase in the matrix, with the varia-
tion of NiTi wall height. As a comparison, in this work, the
content of Ni and Ti changes moderately with varying wall
height, mainly due to the optimization of depositing speed
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gradually with the increase of the wall height. The average
hardness in the lower, middle and upper regions are around
256 HV, 273 HV and 290 HV, respectively, with moderate
fluctuation. The result is mainly attributed to the evolution of
microstructure and precipitation effects. On one hand, as

Table 4 — Value of yield strength, ultimate strength and

elongation of the lower, middle and upper regions of NiTi
walls.

Wall height Yield strength Ultimate strength Elongation

Uiz 463.4 642.7 675 grain size decreases, finer grains contain more grain bound-
Middle 436.9 586.2 6.52 . . . . . .
aries and dislocation, showing higher resistance to stress than
Lower 360.4 482.5 6.39 . , . .
coarse grains. As aforementioned, the grain size deceases
with the increase of wall height, indicating that more grain
and intrinsic merit of CMT process (good heat management), boundaries and dislocation is obtained in middle and upper
indicating that the microstructure of CMT-fabricated NiTi  regions, which is in good agreement with the distribution of
walls exhibits higher homogeneity. microhardness along the building direction. On the other
hand, presence of the Ni,Ti; phase in the microstructure plays
3.3. Mechanical properties a pivotal role in affecting mechanical properties of NiTi walls.

Due to the varying thermal cycle conditions along the building
Fig. 13 depicts the microhardness evolution along the building direction during deposition, the content of Ni,Ti; precipitates

direction of the NiTi walls. The microhardenss increases increases with the increase of wall height, providing more
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precipitation strengthening effect. As a result, the micro-
hardness in middle and upper regions is increased partly by
presence of the precipitates. Besides, owing to the stress-
induced martensite transformation by microhardness testing,
the microhardness of the produced B19’ phase is lower than
that of the B2 matrix, leading to the fluctuation of hardness
value [24]. The change of microhardness along the building
direction was also reported in previous studies [11,14],
showing that the microhardness of the upper region was
increased by around 42% and 45%, respectively, as compared
with the lower region. However, in this work, such trend is
undermined, with the increase of 13% obtained, indicating
that the distribution of microhardness is more homogeneous.
The main reason could be ascribed to the higher microstruc-
ture homogeneity, originating from optimization of the
depositing speed.

The tensile properties of the lower, middle, and upper re-
gions of NiTi walls are shown in Fig. 14. Yield strength, ulti-
mate strength, and elongation increase with the increase of
wall height, respectively, as summarized in Table 4. It is well
known that the critical stress decreases with the increase of
M; temperature [25]. The stress-induced martensitic trans-
formation occurs easily while the M temperature gets close to
ambient temperature, leading to the decrease of critical stress.
The martensitic transformation temperatures (MTTs) of NiTi
alloys depend highly on the chemical composition, especially
the Ni content in the matrix [26]. The Mg temperature de-
creases by around 20 °C with the increase of only 0.1 at.% Ni
content [27]. However, as shown in Fig. 15, only moderate
change and fluctuation of the Ms temperature is obtained with
different wall height. Thus, it is suggested that, in this work,
the change of MTTs associated with the chemical composition
is not the main factor for the variation of mechanical prop-
erties. Two reasons are suggested as follows. Firstly, the
gradual decomposition of NiyTi; in the middle and lower re-
gions contributes to the decrease of critical strength, since
Ni,Ti; is a main strengthening phase in the matrix. Secondly,
according the Hall-Petch relationship, with the increase of
wall height, the grain size is reduced gradually, leading to the
higher critical stress. Moreover, the elongation is improved
mainly due to the smaller-sized columnar grains and equi-
axed microstructure with the increase of wall height.

3.4. Superelasticity

The superelastic responses of the lower, middle and upper
regions of NiTi walls under tension mode are shown in Fig. 16.
For all the tested samples, an obvious irrecoverable strain (gi)
is observed in the first cycle, due to the plastic deformation
and residual martensite during mechanical loading [15].
Nevertheless, ¢;,; increases obviously in the next 5 cycles, while
reaching gradually to a stable state with the increasing num-
ber of cycles. To the contrary, the recovery ratio decreases
significantly in the first 6 cycles, followed by reaching gradu-
ally to a stable state, owing to the accumulation of dislocation
density and plastic deformation caused by the martensitic
phase transformation [8]. Although the martensitic trans-
formation during loading is recoverable, part of the
martensite in the matrix is retained due to the imposed stress
field and dislocation. Finally, the content of residual martensite

is stabilized gradually as the cyclic loading/unloading test
proceeds, which explains the evolution of ¢;; and recovery ratio
[10]. Besides, the change of recovery ratio may be associated
with the precipitates in the matrix [28]. The generation of
precipitates, such as Ni,Ti; and Ti,Ni, changes the ratio of Ni/Ti
in the matrix, thereby affecting the superelasticity of NiTi
alloys.

As compared with the lower region, the middle and upper
regions exhibit higher recovery ratio, which originates mainly
from the evolution of microstructure with varying wall height.
With the increase of wall height, the microstructure is refined
gradually, with smaller-sized columnar grains and even
equiaxed grains. In general, WAAM-fabricated NiTi alloys
exhibit intrinsic microstructural heterogeneity along the
building direction, leading to distinct local mechanical
behavior. Lower regions with coarse, columnar grains are ex-
pected to deform more easily than the middle and upper re-
gions. Therefore, more loss of superelasticity occurs in lower
region [29], impairing the complete superelastic recovery of
NiTi alloys. In this work, due to the improved microstructural
homogeneity, the recovery ratio of the lower, middle and
upper regions of NiTi walls is changed moderately, indicating
that optimization of the depositing speed has a pronounced
influence on the superelasticity of CMT-fabricated NiTi alloys.

Furthermore, both the recoverable strain and recovery
ratio increase moderately with the increase of wall height,
under the same loading cycles, indicating that the shape

COF

0 200 400 600
time (s)

Fig. 17 — Coefficient of friction of the lower, middle, and
upper regions of NiTi walls with varying load.
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memory property is affected to same degree with varying wall
height. However, with respect to the moderate change (<10%)
of recovery ratio, obvious distinction in shape memory prop-
erty along the building direction is not observed. This is
because of the improved microstructural homogeneity origi-
nating from optimization of the depositing speed, indicating
that distribution of the shape memory property is more ho-
mogeneous along the building direction and optimization of
the depositing speed could act as a process method to tailor
the homogeneity of shape memory property of CMT-
fabricated NiTi walls as a whole.

3.5.  Tribological performance

It is well known that the tribological performance of NiTi al-
loys is dependent on not only hardness and ductility, but also
MTTs, work hardening, crack nucleation and propagation
resistance, material defects, and etc. [30]. As summarized in
Fig. 17, the coefficient of friction (COF) of the lower, middle,
and upper regions of NiTi walls with varyingload is compared.
Owing to the optimization of depositing speed, the CMT-
fabricated NiTi walls in this work has no obvious cracks and
porosity, as demonstrated in Figs. 3, 5, 7, and 12. Besides, the
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microstructure, microhardness, and mechanical properties,
especially ductility, exhibit good homogeneity with varying
wall height, leading to the moderate change of COF for the
lower, middle and upper regions.

Nevertheless, COF decreases gradually with the increase of
wall height, while keeping the load = 5, 10, and 20 N, respec-
tively. On one hand, the microhardness increases with the
increase of wall height, enabling the material surface to hold
material transfer more stably. On the other hand, higher
ductility could enhance the toughness and the ability to stop,
or at least retard, microcracking during wear [31]. It is worth
noting that, in the case of NiTi alloys, the B19’ martensite in
the matrix could be preferentially re-orientated to adapt to the
deformation strain, releasing the stress concentration around
the crack tip and thereby hindering the propagation of cracks.
As a result, due to the combination of higher microhardness,
better mechanical properties (critical stress and elongation),
and higher content of B19’ phase (as demonstrated by XRD),
the upper region exhibits superior anti-wear property to the
lower and middle regions.

Furthermore, the COF fluctuation of the middle region is
more stable than that of the lower and upper regions, indi-
cating that a stable friction behavior is obtained for the
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middle region. Such phenomenon might be ascribed to two
main reasons. Firstly, in the lower region, the inferior me-
chanical properties cannot hold stably the material transfer
during wear, leading to stronger COF fluctuation. Secondly, in
the upper region, the competition between the re-orientation
of the B19’ phase, which releases the stress concentration,
and the stress-induced martensitic transformation of the B2
phase, which increases the elastic contact area and reduces
the normal stress, is inevitable, as indicated by the cyclic COF
fluctuation of the upper region, especially when higher load
is applied.

The wear morphology of the middle region of NiTi walls
with varying load is shown in Fig. 18, indicating that the depth
of the scratch increases with the increase of load. Materials
are accumulated on both sides of the scratch, meanwhile
obvious cutting is not observed on the surface. Consequently,
plastic deformation is the main form of wear, together with
wear-induced work hardening, followed by crack nucleation
and propagation. Therefore, the superelasticity of NiTi alloys
seems to play an important role in practical applications
associated with tribology conditions. The varied conditions,
such as friction at high or lower loading, could be considered
to investigate the effect of superelasticity on wear resistance
to surface damage in the follow-up work.

4, Conclusions

In this work, the evolution of microstructure, mechanical
properties and wear behavior of CMT-fabricated NiTi alloys,
with optimization of the depositing speed (including torch
traveling speed and wire feeding speed) were studied. The
results obtained in this work suggest that CMT with optimized
depositing speed could act as a feasible method to fabricate
NiTi alloys. Moreover, good homogeneity of microstructure
and properties was obtained, despite of the distinct local
mechanical behavior in the lower, middle and upper regions
of NiTi walls. Good heat management of the CMT process,
together with the optimization of the depositing speed will
promote greatly the application of NiTi alloys. The main
conclusions of this wok could be summarized as follows:

(1) The combination of torch traveling speed = 30 cm/min
and wire feeding speed = 6—7 m/min is obtained for the
optimization of depositing speed. With such combina-
tion, good wettability between the substrate and depo-
sition is obtained, as indicated by the smaller
wettability angle, higher width and lower height.
Meanwhile, as compared with the wire feeding speed,
the torch traveling speed shows more pronounced in-
fluence on the depositing process.

(2) The CMT-fabricated NiTi alloys show distinct micro-
structure with varying wall height. In the lower region,
coarse columnar grains are obtained. The columnar
grains are refined with the increase of wall height.
Finally, an equiaxed microstructure is obtained in the
upper region. The Ni Ti; precipitates are detected in the
matrix. The microstructural homogeneity is improved
due to the optimization of depositing speed.

(3) The microhardness, critical stress, and elongation of
CMT-fabricated NiTi alloys increase monotonously
from 256 to 290 HV, from 483 to 643 MPa and from 6.39%
to 6.75%, respectively, with the increase of wall height.
Despite of such change, the mechanical properties of
NiTi walls along the building direction are more ho-
mogeneous due to the improved microstructural
homogeneity.

(4) The wear resistance of the lower, middle and upper re-
gions of NiTi walls exhibits moderate change. With the
increase of wall height, the coefficient of friction de-
creases gradually from 0.728 to 0.711, from 0.730 to 0.701
and from 0.692 to 0.664, respectively, while keeping the
load = 5, 10, and 20 N. Re-orientation of residual
martensite and stress-induced martensitic trans-
formation are key factors for the wear performance of
NiTi alloys. Plastic deformation is the main form of wear,
together with wear-induced work hardening, eventually
leading to crack nucleation and propagation, which is
hindered mainly by the superelasticity of NiTi alloys.

(5) The recoverable strain and recovery ratio under 10
loading cycles increase moderately from 2.98% to 3.06%
and from 56.44% to 66.51%, respectively with the in-
crease of wall height. Nevertheless, the homogeneity of
superelasticity and shape memory property of CMT-
fabricated NiTi alloys, along the building direction, is
improved by optimizing the depositing speed.
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