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NiTi alloy has unique shape memory effect and superelasticity, but low strength limits its application. TiC
has been identified as a suitable reinforcing phase for NiTi shape memory alloys (SMAs) since it does not
undergo interface reactions and has a minimal impact on the shape memory effect. In this study, NiTi SMAs
with 5 wt.% TiC addition are prepared by Laser Engineered Net Shaping (LENS). The incorporation of
TiC and the fast cooling rate of LENS process generate significant residual stress, thus, heat treatment at
600 and 800 �C are performed for residual stress control. After heat treatment, the stress-induced
martensite caused by residual stress disappears, where residual stress of NiTi SMAs decreases by 50-60%
when compared to the sample without heat treatment. The optimal yield strength of 531 MPa is 47.1%
higher than that of pure NiTi SMAs (361 MPa). Besides, NiTi SMAs undergoes a one-step phase trans-
formation from austenite to martensite, while a two-step transformation including austenite-R phase-
martensite is observed after heat treatment.

Keywords heat treatment, laser engineered net shaping, NiTi
shape memory alloys, residual stress, TiC addition

1. Introduction

NiTi shape memory alloys (SMAs) exhibit remarkable
properties such as shape memory effect and superelasticity,
which can be activated by temperature and force-induced phase
transition (Ref 1). Upon heating, NiTi can recover its original

shape after deformation. Due to its excellent properties such as
good corrosion resistance, biocompatibility, and superelastic
stability, NiTi alloys are widely applied in various fields and
large-scale industrial components such as aerospace, robotics,
biomedical, weapons equipment, automotive industries, and
elastocaloric cooling (Ref 2, 3, 4, 5, 6, 7, 8, and 9).

To explore the application of NiTi alloy at higher levels of
strength, metal–matrix composites (MMCs) emerge as a highly
effective solution. MMCs combine the ductility, toughness, and
plasticity of metals with the rigidity, wear resistance, and
corrosion resistance of ceramics. In the case of NiTi, it is
necessary to combine the excellent properties of ceramics and
metals while minimizing the impact on superelasticity and
shape memory effect. The TiC ceramic phase exhibits stability
within the NiTi matrix, not reacting with the NiTi matrix to
form other intermediate phases (Ref 10, 11). Twinning in the
NiTi alloy matrix can alleviate the thermal stress mismatch
between the Ni-Ti matrix and TiC, thereby reducing the impact
on the shape memory effect (Ref 12). However, during the
additive manufacturing process, due to the high laser energy,
there is a phenomenon of carbon diffusion. Zhang et al. (Ref
13) prepare and study the precipitation mechanism of the
Ni4Ti3 phase in NiTi and 10 wt.% TiC-NiTi composite based
on directed energy deposition (DED) and evaluated its
mechanical properties through nanoindentation.

The preparation methods for NiTi and its composites are
diverse, encompassing traditional powder metallurgy, laser
additive manufacturing, as well as casting, forging, vacuum
melting, and metal injection molding. Compared with
traditional powder metallurgy, laser additive manufacturing
has higher design freedom and can achieve near-net shape of
complex structures (Ref 14), which shortens the processing
cycle. In addition, during the laser additive manufacturing
process, each position of the material undergoes rapid
melting and solidification, is in a non-equilibrium solidifica-
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tion state, and has a complex thermal history (Ref 15). This
can result in microstructure and properties of the material that
are different from those of traditional powder metallurgy.
Residual stress is inherently induced within materials
throughout the manufacturing process, significantly affecting
the material properties. However, various mitigation strategies
can be employed to manage and reduce residual stress (Ref
16). Researchers often reduce the internal residual stress of
materials by optimizing process parameters, preheating,
controlling cooling rates, and heat treatment. Edoardo
Capello (Ref 17) suggested that residual stress can be
controlled during the material turning process by adjusting
parameters such as feed rate, tool nose radius, and to a minor
extent, the entrance angle. E.M. Anawa et al (Ref 18) also
pointed out that selecting appropriate laser power and
welding speed can effectively reduce residual stress during
the laser welding process. Preheating the substrate in welding
or additive manufacturing can reduce the thermal gradient,
thereby alleviating residual stress. Jung Eun Choi et al (Ref
19) have noted that a slow cooling rate can effectively
eliminate residual stress during the ceramic sintering process.

Research on residual stress in additive manufacturing
processes mainly focuses on the combination of numerical
simulation and experimental process optimization (Ref 20). In
terms of the latter, there is a particular emphasis on
optimizing scanning strategies and controlling laser energy
density (i.e., laser power, scanning speed, layer thickness), as
well as implementing pre- and post-processing measures. By
combining numerical simulation with experimental process
optimization, researchers aim to reduce residual stress in
additive manufacturing. J. Robinson et al. (Ref 21) compare
and study eight different scanning strategies based on
different residual stress testing methods and found that in
the case of unidirectional scanning strategy, the residual
stress in the material is twice as large in the parallel direction
compared to the direction perpendicular to the building
direction, while the XY alternating strategy provided the most
uniform distribution and the lowest measured residual stress.
Yang Zhang et al. (Ref 22) monitor the thermal history of
four scanning strategies (unidirectional, bidirectional, bidirec-
tional 90-degree rotation, and inward spiral) using infrared
thermal imaging, and compare the microstructure, mechanical
properties, and residual stress of the samples under the four
strategies. The residual stress in material under the inward
spiral pattern is larger, resulting in internal crack defects and
poor mechanical properties. The research by Thomas Simson
and L. Mugwagwa (Ref 23, 24) shows that the residual stress
in the material increase with the increase in laser energy
density. In terms of pre-printing processing, researchers
generally (Ref 25, 26) show that preheating the substrate
can effectively reduce the residual stress in the material
during printing. In post-printing processing, heat treatment is
commonly used to reduce residual stress (Ref 27, 28).

In this study, a significant improvement in yield strength of
NiTi is achieved by incorporating TiC. The yield strength is
increased from 361 MPa to 531 MPa. A heat treatment process
is employed to control the internal residual stress, which
effectively eliminate stress-induced martensitic transformation
that can arise from high residual stress.

2. Experimental Procedures

2.1 Raw Materials

The raw materials utilize in this study comprise gas-
atomized NiTi spherical powder, obtained from Avimetal
Powder Metallurgy Technology Co, Ltd, with particle sizes
ranging from 53 to 150 lm, and irregular TiC powder, sourced
from Beijing Zhongke Yannuo New Material Technology Co,
Ltd, with particle sizes ranging from 50 to 150 lm. The
chemical composition of NiTi and TiC, presented as weight
percentages, can be found in Table 1. The powder mixtures are
prepared using a mass ratio of 5 wt.% TiC to NiTi. For the
pretreatment of the mixed powders, a planetary ball milling
machine is employed, with corundum balls serving as the
milling balls. The weight ratio of the milling balls to the
powders was set at 0.8:1. Both the milling bowls and the sun
wheel rotated at a speed of 200 rpm. The processing time was
set to 4 hours. The sphericity of the powder after mixing is
evaluated to be suitable for application in the LENS system, as
depicted in Fig. 1.

2.2 Materials Preparation

Figure 2 illustrates the manufacturing process, which is
conducted using the LENS 150 system equipped with a 400-W
fiber laser. In order to prevent oxidation and enhance deposi-
tion, the system chamber is purged with argon gas to maintain
oxygen levels below 100 ppm. Argon gas is employed to
deliver the NiTi and TiC powder into the molten pool. The
scanning direction between two consecutive layers, N and
N + 1, is rotated by 90 degrees. For a comprehensive overview
of the designed process parameters, please refer to Table 2.

After LENS processing, the NiTi-5% TiC specimens is heat
treated at 600 and 800 �C for 2 h at the heat rates of 10 K/min
and then furnace cooling to room temperature.

2.3 Characterization of Microstructure and Properties

To investigate the microstructure and phase characteristics
of the samples, specimens are prepared in their as-built
conditions using the standard metallography procedure. Fol-
lowing this, the specimens undergo polishing according to the
general metallography procedure. Subsequently, the polished
specimens are subjected to etching using an acidic solution
containing 1 ml HF, 4 ml HNO3, and 5 ml H2O. Microstruc-
tural analysis and chemical composition analysis are conducted
using a scanning electron microscope (SEM). X-ray diffraction
(XRD) analysis is performed with a step size of 2� per minute
in the range of 30 to 90�. Electron backscatter diffraction
(EBSD) analysis is carried out using an EDAX-TSL system
under the following conditions: acceleration voltage of 20 kV,
tilt angle of 70�, and a step size of 150 nm. In order to

Table 1 Chemical composition (wt.%) of NiTi and TiC

Material %Ti %Ni %C %O + N

NiTi Bal 56.46 0.003 0.037
TiC Bal … 19.4 < 0.06
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determine the phase transformation temperatures of the NiTi
samples with 5 wt.% TiC, a differential scanning calorimetry
(DSC) test is performed with heating and cooling rates of 10 K/
min, within a temperature range of � 80 to 150 �C.

Tensile tests are conducted at room temperature using a
universal material testing machine (Instron 5982) with a testing
rate of 0.42 mm/min. Each case is tested with a minimum of
three samples to ensure accuracy and reliability. The mechan-

ical properties, including yield strength, ultimate strength, and
elongation to fracture, are measured and recorded.

Residual stress in the specimens is measured using an x-ray
diffractometer equipped with Co-Ka radiation, and calculated
using the x-ray diffraction sin 2w method.

3. Results and Discussion

3.1 Effect of TiC Addition on Microstructure and Mechanical
Properties of NiTi SMAs

Figure 3(a) and (b) presents the optical microscopy images
of NiTi and NiTi-5% TiC at a laser power of 330W. There are
no obvious cracks and pore defects inside the sample. The
density of the samples, measured using the Archimedes
drainage method, is 99.63 and 99.46% respectively, indicating
superior printability.

Figue 4(a) illustrates the x-ray diffraction (XRD) patterns of
the raw powder, NiTi and NiTi-5% TiC. The raw powder and
the samples processed by LENS are composed of austenite

Fig. 1 (a) SEM image of NiTi powder; (b) SEM image of TiC powder; (c) SEM image of NiTi and TiC mix powder

Fig. 2 LENS system and scanning strategy

Table 2 Processing parameters of the NiTi and NiTi-5%
TiC

Laser
power,
W

Scanning
speed, mm/

min
Laser spot
size, mm

Layer
thickness,

mm
TiC mass
ratios, wt%

330 50 2 0.2 0
330 50 2 0.2 5
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phase (B2). Figure 4(b) depicts the DSC curves of NiTi. The
Martensite start temperature (Ms), Martensite finish temperature
(Mf), Austenite start temperature (As), Austenite finish temper-
ature (Af), are � 36.6, � 59.6, � 36.6 and 11.7 �C, respec-
tively. Figure 4(c) depicts the DSC curves of NiTi-5% TiC. The
Ms, Mf, As, Af, are 6, � 74.3, � 61.9, 32.1 �C, respectively.

In the comparative analysis of the DSC curves between pure
NiTi and NiTi incorporated with 5 wt.% TiC, a discernible
broadening in the phase transition range was observed. During
the cooling stage, the phase transition range of the NiTi-5wt.%
TiC composite is extended from an initial range of � 36.6
to � 59.6 �C to a more comprehensive range of � 6 to

Fig. 3 OM images: (a) NiTi; (b) NiTi-5% TiC

Fig. 4 (a) XRD images of raw powder, NiTi and NiTi-5% TiC; DSC curves: (b) NiTi, (c) NiTi-5% TiC
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74.3 �C. Analogously, in the heating stage, the modified
material exhibits an expanded phase transition range, stretching
from � 61.9 to 32.1 �C, as opposed to the � 36.6 to 11.7 �C
range observed in pure NiTi. Quantitatively, this represents a
substantial expansion in the phase transition temperature ranges
by approximately 249.1 and 94.6% for the cooling and heating
stages, respectively. This observed phenomenon can be
attributed to the formation of TiC dendrites within the NiTi
matrix, which plays a pivotal role in influencing the local Ni/Ti
ratio, and consequently, affecting the local phase transition
temperature. As the dendritic TiC initiates formation and
undergoes growth, it predominantly consumes Ti elements,
thereby modifying the local Ni/Ti ratio in its immediate
vicinity. Contrarily, the Ni/Ti ratio in the overarching NiTi
matrix predominantly remains unaltered or constant. This

induced disparity in the Ni/Ti ratios across different regions
within the material leads to the manifestation of a more
diversified and broader range of phase transformation temper-
atures. (Ref 29).

Figure 5(a), (b) and (c) illustrates the microstructure of NiTi
with 330 W laser power. The sample is dense, without obvious
cracks, pores, and other defects. The matrix predominantly
consists of the B2 phase, accompanied by twinned martensite
structures, which are attributed to the influence of residual
stress. Figure 5(d), (e) and (f) illustrates the microstructure of
NiTi-5% TiC, consisting of the B2 matrix, twinned martensite,
and three distinct types of TiC with different morphologies:
granular primary TiC (GPT), dendritic primary TiC (DPT), and
unmelted TiC (UMT) (Ref 30, 31).

Fig. 5 SEM images: (a)-(c) NiTi; (d)-(f) NiTi-5% TiC
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The NiTi matrix displays a typical detwinned microstructure
induced by residual stress, which caused by the thermal
gradient attributed to the faster cooling rate during the additive
manufacturing process, the shrinkage and solidification of the
material (Ref 32) and the mismatch of the thermal expansion
coefficient between TiC and the NiTi matrix during additive
manufacturing (Ref 33, 34). As the temperature in the melt pool
rises to a certain degree, the edge of TiC particles will melt,
allowing more carbon atoms to dissolve into the melt pool. An
in-situ reaction between Ti and C in the melt pool leads to the
formation of primary TiC. With the laser scanning next layer,
the temperature of the melt pool increases, further promoting
the melting of TiC particles. At the same time, the C
concentration in the melt pool increases, and the diffusion rate
of Ti and C elements increases. Due to the high cooling rate
during the additive manufacturing process, the combination of
Ti and C elements precipitates in a typical dendritic structure
(Ref 35, 36).

Figure 6 shows the tensile properties of NiTi and NiTi-5%
TiC. The yield strength of NiTi is 361 MPa with an elongation
of 8.36%. Upon the addition of 5wt.% TiC, the yield strength of
NiTi SMAs increases by 47.1% to 531 MPa, while the
elongation decreases significantly to 1.5%.

Figure 7(a) and (b) shows the fracture morphology of NiTi.
There are numerous dimples on the fracture surface, indicating
that the material undergoes ductile fracture. Figure 7(c) and (d)
presents the fracture morphology of NiTi-5% TiC. The tear-
edges and cleavage steps suggest that after adding 5 wt.% NiTi
mainly failed in a brittle manner. In addition, cracks are
observed in the unmelted TiC, indicating that cracks are
preferentially formed in the unmelted TiC during the tensile
process and then propagated to the material failure along the
bonding interface (Ref 37, 38). Micro-pores and micro-cracks
are also observed in the magnified fracture morphology.
Notably, Figure 7(d) shows an indentation left by the broken
dendritic TiC in the NiTi matrix, implying that dendritic TiC is
a brittle phase (Ref 36, 37) that is prone to breakage during the
tensile process, leaving micro-cracks in the matrix.

During the tensile process, the brittle UMT and DPT
distributes in the matrix hinder the plastic deformation of the
matrix and cause stress concentration around these brittle
phases (Ref 39, 40). The protruding edges of the UMT and the

dendritic tips can easily become stress concentration points and
crack to release stress during the tensile process. The cracking
of these brittle phases leads to a decrease in the elongation. The
TiC particles in the melt pool often have a pinching effect on
the movement of grains and phase boundaries. The addition of
TiC can refine the grain size and play a role in grain refinement.
Moreover, the dissolved C causes solid solution strengthening
of the matrix, and the precipitation strengthening of small-sized
GPT is also beneficial for the strengthening of NiTi (Ref 30, 38,
40).

3.2 Effect of Heat Treatment on Microstructure of NiTi-5%
TiC SMAs

Figure 8(a) displays the XRD curves of NiTi under 330 W
laser power after heat treatment at 600 and 800 �C. The results
reveal the appearance of Ni4Ti3 and B19’ phases in NiTi after
heat treatment. The peak intensity of TiC increases, and the
peak intensity of Ni4Ti3 precipitated phase increases, while the
content of the martensite phase in the matrix at room
temperature increases with the increase in heat treatment
temperature. Meanwhile, the Ni3Ti phase also emerges. Fig-
ure 8(b) and (c) demonstrates the DSC curves of NiTi SMAs
under 600 and 800 �C heat treatment conditions, respectively,
at 330 W laser power. Compared with the as-built NiTi SMAs,
the phase transition temperature increases, and the cooling
curve shows a clear inflection point, indicating a two-step phase
transformation from B2 phase to R phase and then to B19�
phase. Also, with the increasing heat treatment temperature, the
DSC curve peak become sharper.

Figure 9 illustrates the microstructure of NiTi-5% TiC under
different heat treatment conditions. Figure 9(a) and (b) are the
samples heat-treated at 600 �C for 2 hours. The NiTi matrix
still contains a large amount of stress-induced martensitic
phase, indicating that a significant residual stress exists inside.
Meanwhile, a small amount of Ni4Ti3 phase precipitates inside
the NiTi matrix. Figure 9(c) and (d) are the samples heat-treated
at 800 �C for 2 hours. The stress-induced martensitic phase
inside the matrix disappears, and the amount and size of Ni4Ti3
phase precipitated inside the matrix increase compared to the
samples heat-treated at 600 �C. The Ni4Ti3 phase is randomly
distributed and has no orientation.

As the temperature increases, the solubility of nickel in the
matrix also increases. This higher solubility facilitates the
formation of nickel-rich precipitates. These newly formed
precipitates consume the available nickel content in the matrix,
consequently resulting in an increase in the transformation
temperature. (Ref 41). Heat treatment induces the precipitation
of Ni4Ti3 phase in NiTi-5% TiC, and the presence of the Ni4Ti3
precipitate is accompanied by the generation of a strain field
and a concentration gradient of Ni atoms around the Ni4Ti3
precipitate. This structure exhibits strong variant selection
effects and strongly limits the growth of the martensite domain
(Ref 42, 43, 44). Since the strain energy for R-phase formation
is lower than that for monoclinic phase formation, the DSC
curve shows a two-stage phase transition. Moreover, due to the
TiC dendrites in the matrix, the local Ti/Ni ratio is different,
resulting in an increased phase transition range in the DSC
curve. Therefore, instead of two distinct phase transition peaks,
there is a clear inflection point in the DSC curve. With
increasing heat treatment temperature, the metastable Ni4Ti3
phase transforms into the stable Ni3Ti phase (Ref 45), leading
to the appearance of a Ni3Ti peak in the XRD curve.

Fig. 6 Strain-stress curves of NiTi and NiTi-5% TiC
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Additionally, the homogenization of C during the heat treat-
ment process enhances the intensity of the TiC peak.

Figure 10(a), (b) and (c) displays the inverse pole figure (IPF
maps of NiTi-5% TiC, and after 600 and 800 �C heat
treatments. The LENS-produced NiTi-5% TiC exhibits colum-
nar grains that grow along the direction of the melt pool. After
heat treatment, some of the columnar grains transform into
equiaxed grains, and the grain size increases. Figure 10(d), (e)
and (f) shows the kernel average misorientation (KAM) maps
of the NiTi-5% TiC, and after heat treatments at 600 and
800 �C. The LENS-produced NiTi-5% TiC exhibits a high
density of dislocations, which decreases after 600 �C heat
treatment and further decreases after 800 �C heat treatment.
Figure 10(g), (h) and (i) displays the grain boundary maps of
the NiTi-5% TiC, and after heat treatments at 600 and 800 �C.
The LENS-produced NiTi SMAs has mainly small angle grain
boundaries, which decrease after 600 and 800 �C heat treat-
ments, while large angle grain boundaries increase. Figure 10(j),
(k) and (l) illustrates the dislocation density of the material. For
NiTi-5%TiC and under heat treatment conditions of 600 and
800 �C, the dislocation densities are 3.14644 9 1013/m2,
2.07544 9 1012/m2, and 13.1188 9 1012/m2, respectively.
Heat treatments at 600 and 800 �C reduced the dislocation
density by 34.03 and 58.31%, respectively.

The unique thermal history and melt pool behavior of
additive manufacturing often result in columnar grains with
epitaxial growth (Ref 46). High cooling rates during rapid
solidification and repeated remelting processes lead to a
thermodynamically non-equilibrium state, and the residual
stress generated by contraction results in high dislocation

density and low angle grain boundaries (Ref 47). Heat
treatment can induce grain growth, grain boundary migration,
and partial grain recrystallization. The density of low angle
grain boundaries decreases as a result of these behaviors, during
which the grain size increases, some columnar grains transform
into equiaxed grains, and the residual stress is gradually
released. Larger grains provide more space for dislocation
movement and interaction, thereby reducing NiTi-5% TiC�s
dislocation density (Ref 48).

3.3 Residual Stress of NiTi-5% TiC SMAs

As additive manufacturing materials exhibit a strong
preferred orientation, the (110) crystal plane peak with higher
peak intensity is chosen for residual stress measurement. The
non-distorted diffraction angle 2h0 for this peak is found to be
42.479�.

The relationship between residual stress (r) and strain (e) on
the surface of the sample under plane stress is determined using
the following elasticity theory equation (Ref 49, 50):

@ðeÞ
@ sin2W
� � ¼ ð1þ mÞr

E

The Bragg equation, k ¼ 2dsinh; relates the wavelength of
the incident x-ray (k), the interplanar spacing of the crystal
lattice (d), and the diffraction angle (h), and gives the following
relationship (Ref 49, 50):

Dd
d

¼ �cothDh

Fig. 7 The fracture morphology (a-b) NiTi; (c)-(d) NiTi-5% TiC
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The strain (e), is therefore expressed as:

e ¼ Dd
d

¼ �coth0 h� h0ð Þ

The residual stress equation can be calculated using the 2h
angle measured directly by the diffractometer, which can be
converted and used directly. The formula used for calculation is
(Ref 43, 44, 45):

r ¼ � E

2 1þ mð Þ

� �
coth0

p
180

� �
� D 2hð Þ

D sin2W
� �

( )

¼ K �M

where, K is the stress constant, M is the slope of 2h and sin2W,
E is the Young’s modulus, m is the Poisson’s ratio, h0 is the
diffraction angle under the undistorted condition (represented in
radians by multiplying by p/180) , and w is the inclination
angle between the diffracted plane and the plane normal of the
sample. The peak position (2h) corresponding to the maximum
intensity is determined by counting data with sin2W values of

(0, 0.1, 0.2, 0.3, 0.4, 0.5). The slope M is determined by the
linear equation least squares method.

The relationship between 2h and sin2W is shown in
Figure 10. The value of m is 0.33, and the value of E is
obtained from the universal testing machine data. The numer-
ical values of residual stress are shown in Table 3.

Figure 11 and Table 3 display the residual stress of NiTi-5%
TiC at the center position, and the fitted line has a negative
slope, indicating the existence of compressive stress. The
residual stress of the as-built material is 359 MPa, and after
heat treatment at 600 and 800 �C, the residual stress decrease to
251 and 58 MPa, respectively.

For the additive manufacturing process, the laser rapidly
heats up the raw material powder, causing thermal expansion
and generating thermal stress. Due to the rapid solidification
behavior and the repeated remelting of the material during the
stacking process, residual thermal stress accumulates within the
solidified layer. As shown in Figure 10, under the 600 and
800 �C heat treatment conditions, the NiTi-5% TiC grains grow
and re-arrange, dislocations slide and climb at high tempera-

Fig. 8 (a) XRD images of the NiTi-5% TiC with heat treatment. DSC cures of NiTi-5% TiC (b) heat treatment by 600 �C-2 h; (c) heat
treatment by 800 �C-2 h
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tures, and low-angle grain boundaries are eliminated as the
grains grow and recrystallize. The dislocation density decreases
continuously with the increase in temperature, and NiTi-5%
TiC residual stress is released.

3.4 Effect of Heat Treatment on Mechanical Properties
of NiTi-5% TiC

Figure 12(a) displays the mechanical properties of NiTi-5%
TiC under 600 and 800 �C heat treatment conditions with a
laser power of 330 W. The yield strength of samples treated at
600 and 800 �C is 435 MPa and 225 MPa, respectively, and
the elongation is 2.23 and 3.53%, respectively. Figure 12(b)
demonstrates the recoverability of the material under a 2% pre-
strain. The material exhibits superelasticity when treated at
600 �C, with a recoverability rate of 98%. Under the heat
treatment condition of 800 �C, the material displays the shape
memory effect. With a pre-strain of 2%, the strain recovery of
the material after unloading is 1.26%. After heating the sample,
the strain further recovers by 0.64%, leading to an overall
recoverability rate of 95%. Figure 12(c) and (d) shows the
cyclic stability of the material under different heat treatment
conditions at 2% pre-strain and 20 cycles of cyclic tensile
loading. As the number of cycles increases, the irreversible
strain gradually accumulates, while the stress hysteresis
decreases.

At laser power of 330 W, NiTi-5% TiC exhibits a high
density of dislocations and large residual stress, which hinder
the plastic deformation, resulting in higher yield strength and
lower elongation (Ref 52). After heat treatment at 600 �C, the
residual stress in NiTi-5% TiC is released, and its dislocation
density decreases with the evolution of grains. At this
temperature, the yield strength of NiTi-5% TiC decreases,
and its elongation improves. After heat treatment at 800 �C, the
residual stress and dislocation density within are further
reduced. Additionally, the precipitation of Ni4Ti3 phase raises
the transformation temperature of NiTi-5% TiC, resulting in the
presence of martensite phase at room temperature, and thus
significantly reducing its yield strength. The accumulation of
irreversible strain in NiTi-5% TiC during cyclic loading can
also be attributed to microstructural defects and the stabilization
of stress-induced martensite. Due to the introduction of
dislocations during the mechanical cycling process, the con-
tinuous accumulation of stress-induced martensite occurs,
preventing a return to austenite upon unloading (Ref 52, 54,
55). TiC particles contribute to frictional resistance at the
interface (Ref 12) and the lattice mismatch between the large-
sized Ni4Ti3 phase and the B2 matrix phase results in stress
hysteresis (Ref 42).

Fig. 9 SEM images for NiTi-5% TiC :(a)-(b) heat treatment by 600 �C-2 h; (c)-(d) heat treatment by 800 �C-2 h
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4. Conclusion

This article investigates the microstructure and mechanical
properties of NiTi and NiTi with 5 wt.% TiC addition prepared

by LENS. The residual stress, microstructure, and mechanical
properties of NiTi with 5 wt.% TiC addition are controlled by
heat treatment. The main conclusions are as follows:

Fig. 10 The electron backscatter diffraction (EBSD) image of NiTi-5% TiC and heat treatment by 600 �C-2 h, 800 �C-2 h, respectively: (a)-(c)
inverse pole figure (IPF) maps; (d)-(f) KAM map;(g)-(i) grain boundaries orientation maps; (j)-(l) Dislocations Density figure

Table 3 The numerical values of residual stress

Sample E, GPa K, MPa/� M� Residual stress at center, MPa

330W 50.324 � 853.6 � 0.4203 359
330W-600 �C 48.560 � 826.7 � 0.305 251
330W-800 �C 26.871 � 455.8 � 0.127 58
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1. The yield strength of NiTi SMAs with 5 wt.% TiC at
330W laser power is 531 MPa, which is 47.1% higher
than that of pure NiTi SMAs (361 MPa). The elongations
are 8.36 and 1.5%, respectively.

2. There are three distinct types of TiC with different mor-
phologies inside NiTi with 5 wt.% TiC: GPT, DPT, and
UMT. The generation of DPT led to the change of the lo-
cal Ni/Ti ratio in the NiTi matrix, which widen the phase
transition temperature.

3. The dislocation density of NiTi with 5 wt.% TiC is effec-
tively reduced by changing the heat treatment tempera-
ture, showing a reduction of 58.31%. Compared with as-
built NiTi-5% TiC, the residual stress of the sample after
heat treatment at 800�C is reduced by about 80%

Fig. 11 The relationship between 2h and sin2W

Fig. 12 (a) Strain-stress curves of NiTi-5% TiC by heat treatment; (b) Superelasticity and shape memory effect of NiTi-5% TiC by heat
treatment; Cyclic stability of NiTi-5% TiC: (c) heat treatment by 600 �C-2 h; (d) heat treatment by 800 �C-2 h
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