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ARTICLE INFO ABSTRACT

NiTi-based composites were in-situ synthesized by selective laser melting (SLM) additive manufacturing tech-
nology with formation of a great many NisTi; precipitates. The differential scanning calorimetry (DSC) were
carried out to exhibit the similar phase transformation temperature (A; = 51.82 °C, A¢ = 94.02 °C, M5 = 55.87 °C
and My = 18.93 °C) by comparing with that of SLM-fabricated equi-atomic NiTi alloy, which could be attributed
to the compensation of Ni,Ti3 precipitates for the effect of an addition of TiC particles. Three different Ni,Tis
precipitate variants ((111)z//(111)p,, (111)g//(111)p,, and (111)r//(111)p,) with various precipitate diameters
were observed within SLM fabricated part, showing apparently selective growth behavior. By high-resolution
transmission electron microscopy, severe lattice defects formed surrounding the smaller variant, while relatively
intact lattice structure was found around the larger one, which indicated that high strain energy was produced in
the interface between the matrix and the smaller variant. Furthermore, finite element simulation method was
applied to disclose the evolution features of complicated cyclic stress during SLM processing of TiC/NiTi com-
posites. By predicting, the main constraint mode within as-fabricated track was tensile stress effect. Based on the
redistribution behavior of thermal stress and the coupling effect between the thermal stress and strain field

Keywords:

Selective laser melting (SLM)
NiTi shape memory alloy
Ni,Tis precipitate

induced by NisTis precipitate, the selective growth mechanism of Ni4Ti; variant was revealed.

1. Introduction

NiTi-based alloys have attracted most attention due to their unique
shape memory effect (SME) found by Buehler et al. in 1963 and the
superelasticity (SE), and meanwhile entered a wide range of en-
gineering applications from medical implants to actuators, inflatable
structures and shock-absorbing structures, etc. [1-4]. Note that, both
SME and SE are attributed to a reversible austenite-martensite phase
transformation, which are induced by temperature change and applied
stress, respectively [5,6]. Specially, as two crucial characteristic indexes
for the functionality natures of NiTi-based alloys, the martensitic
transformation temperature (M,) and path (B2-B19’ or B2-R-B19’) are
usually required to get tailored according to different application con-
ditions. A considerable number of investigations have confirmed that
strong coupling exists between Ni,Ti; precipitate and martensitic
transformations [7-9]. Hence, the SME or SE is usually controlled by
the existence of Ni,Tis precipitates in the Ni-rich NiTi-based alloys
[10]. With regard to NisTi3 precipitate, it has eight variants falling into
four {111}-plane groups (PGs), which meant that the central disk (111)
r of NisTis precipitates with various variants are respectively parallel to

one of {111} p, families of planes of the NiTi matrix (namely (111)z,,
(111)p,, (111)p, and (111) y) [11]. And it was found that Ni4Ti3 pre-
cipitates with only one type variant could lead to an excellent two-way
SME [12].

Recently, the combination of the prevailing laser additive manu-
facturing (LAM, mainly containing selective laser melting (SLM) and
laser melting deposition (LMD)) technology and NiTi shape memory
alloys has further expanded the concept of 3D printing to 4D printing
[13,14]. Note that, M. Elahinia et al. from the University of Toledo have
carried out a great many works, devoting themselves to showing how
the LAM process influences structural and functional properties of laser
additive manufactured Ni-Ti alloys [2,15-18]. Besides, they further
studied the influence of heat treatment on thermomechanical response
of laser additive manufactured Ni-Ti alloys [19,20]. However, to the
best of our knowledge, few attentions have been focused on the pre-
cipitation of NisTiz intermetallic during LAM processing NiTi-based
alloys, except the following work. Beth A. Bimber et al. studied the
anisotropic microstructure and superelasticity of LMD-processed Ni-
rich NiTi alloy, finding that the Ni, Ti; precipitate as a predominant
microconstituent existed and the stress-induced martensitic phase
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transformation predominately occurred in the region with finer pre-
cipitate morphology [21]. It indicated that by controlling the size and
distribution of NisTis precipitates, the tailored M; and transformation
path could be obtained. In fact, during LAM, the thermal cycle nature
determined by track-by-track and layer-by-layer processing manner
results in the complexity and dissimilarity of thermodynamics behavior
and thermal-stress coupling behavior within different laser melting
elements [22], which poses a great challenge to control the size, dis-
tribution and variant type of Ni4Ti3 precipitates. Hence, at present, it is
urgent to reveal the inherent influence mechanism of thermal/stress
nature on the precipitate/growth behavior of Ni,Tiz during LAM, and to
master the corresponding control methods.

In our latest work [23], we have attempted the SLM of the Ni-Ti-TiC
material system. As for the introduction of TiC, on one hand, TiC par-
ticle can significantly enhance the mechanical properties such as wear
resistance, strength, stiffness and hardness, of NiTi alloy [24]. For an-
other thing, R.Vaidyanathan et al. suggested that the mechanical de-
formation behavior of TiC/NiTi composites was both of theoretical in-
terest (to better understand deformation mechanisms, e.g. twinning or
stress-induced transformations) and practical interest (as superelastic
composites) [25]. Interestingly, during SLM of Ni-Ti-TiC blended
powder (Ti-rich material system), complicated heat and mass transfer
tended to cause the formation of non-stoichiometric TiC,, further
leading to precipitation of a nickel-rich intermetallic Ni Tis within the
matrix. In that work, we mainly focused on the in-situ formation of
Ni,Tis precipitates and their effect on the pseudoelastic recovery of the
fabricated part. Turn to this paper, we more concerned about the var-
iant type and growth of Ni,Ti3 precipitates. Specially, the distribution
feature of complicated thermal behavior induced cyclic stress and its
effect on growth behavior of different NisTi; variants during LAM
processing of NiTi-based composites were elaborated.

2. Materials, Experimental Procedure and Characterization
Method

The spherical Titanium powder and Nickel powder as well as the
irregular-shaped TiC particle were used as the raw materials in this
study. The mean particle size of Titanium powder, Nickel powder and
TiC particle were 25 um, 10 um and 6 um, respectively. Then the multi-
powders consisting of 40 wt% Titanium powder, 50 wt% Nickel powder
and 10 wt% TiC particle were homogenously mixed for SLM processing
which was performed by the SLM-150 equipment developed by Nanjing
University of Aeronautics and Astronautics. Details concerning the ap-
plied mixing equipment, SLM equipment and processing procedures
have been addressed in literature [26]. By the parameter optimization,
the following suitable processing parameters were chosen: the laser
power of 110 W, the scan speed of 200 mm/s, and the powder layer
thickness of 30 um were settled. A simple linear raster scan pattern was
used with a hatch spacing of 50 um. By SLM consolidation procedure,
the box-shaped specimens with the dimensions of
9mm X 9mm X 5mm were fabricated.

The transmission electron microscope (TEM) and high resolution
TEM (HRTEM) were carried out by using a Tecnai G2 F20 S-TWIN
(200KV) (FEL co., the USA) in this study. The Thermo Scientific™ ARL™
X'TRA X-ray diffractometer (XRD) with Cu Ka radiation (A = 0.154
18 nm) using a continuous scan mode was applied to identify the phases
of the SLM-fabricated specimens within a narrow range of 20 = 30-80°.
The phase transformation temperature of SLM-fabricated composites
was revealed by using Pyris 1 DSC (PerKinElmer, USA) differential
scanning calorimetry (DSC) with a heating and cooling rate of 20 °C/
min from 0 °C to 120 °C.

3. Finite Element Modeling for Thermal-Stress Coupling Behavior

Furthermore, to give more insight into growth behavior of NisTis
precipitates with different variants during SLM processing, a three-
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dimensional stress field modeling of TiC/NiTi composites based on fi-
nite element method was established. To simplify the model, the
powder bed is considered to be isotropic and continuous material.
Meanwhile, the thermal physical parameters including the thermal
conductivity, the constant pressure special heat capacity, elasticity
modulus and coefficient of thermal expansion of TiC/NiTi composites
were estimated by the weighted average method. Note that, the phy-
sical model description, thermal modeling, boundary conditions and
heat source modeling of TiC/NiTi composites in this paper are con-
sistent with that in our previous simulation work on residual stresses in
SLM-processed Ti-Ni shape memory alloy [27]. Hence, the specific
description on this model was not repeated here. Subsequently, the
birth-death element arithmetic and thermal-stress coupling method
were introduced into simulating stress evolution and distribution of
SLM-processed TiC/NiTi composites single layer with multi-tracks. The
coupling relationship between the localized temperature and the cor-
responding thermal stress/strain can be described as follows [28]:

{e} = [DI"Mo} + acre X (T — Tryp) @

in which {¢} is total strain, [D] is stress-strain matrix, {0} is stress
matrix, T is the operating temperature and T,.is reference temperature.

4. Results and Discussion
4.1. Phase Transformation Behavior

Fig.1 (a) exhibits the XRD pattern of SLM-processed Ni-Ti-C com-
posites. The B2 (NiTi) phase was clearly identified by XRD with the
strongest main diffraction peak corresponding to (110) g, and the re-
latively weaker diffraction peak corresponding to (211) g». Besides, Ni-
rich NiyTiz and non-stoichiometric TigC3 75 phase was also detected.
Subsequently, the DSC test was performed to obtain the heat flow-
temperature curves of SLM-processed Ni-Ti-C composites during the
heating and cooling (Fig. 1 (b)). Exothermic peak and endothermic
peak were clearly observed in a temperature range of 0-100 °C, which
indicated that a reversible solid-state phase transformation occurred
during heating-cooling cycle process. According to the detected phases,
it was reasonable to believe that the martensite phase was transformed
to austenite phase during heating, while austenite-to-martensite phase
transformation occurred during cooling process, further verifying the
in-situ formation of NiTi phase with the capacity of shape memory ef-
fect. Specially, another small peak near the apparent main peak from
the DSC curve could be found, the first one of which was often attrib-
uted to the existence of Ni-rich precipitates [2]. In this study, the
measured A; (martensite-to-austenite transformation start tempera-
ture), Ar (martensite-to-austenite transformation finish temperature),
M; (austenite-to-martensite transformation start temperature) and Mg
(austenite-to-martensite transformation finish temperature) respec-
tively reached 51.82°C, 94.02 °C, 55.87 °C and 18.93 °C. Meanwhile, it
was not difficult to see that the exothermic and endothermic energy
(AH,, = 1.1634 J/g and AH,,, = —0.5098 J/g) were limited.

Haberland et al. had compared the transformation temperature of
three different material composition of SLM fabricated NiTi corre-
sponding to the Ni-rich, the equi-atomic and the Ti-rich [2]. They found
the transformation temperature tended to rise with the Ni content of Ni-
Ti alloy decreasing and the equi-atomic one showed the A; = 325K and
M; = 327 K which were very close to our measured results of SLM
fabricated TiC/NiTi composites. For the TiC/NiTi material system, D.
Mari and D. C. Dunand had showed that addition of TiC particles could
affect the transformation temperatures and lower both the A; and M¢
due to the transformation misfit stresses [29]. Hence, it could be
speculated that the existence of Ni Ti3 precipitates mostly compensated
the effect of TiC particles on transformation temperatures of the matrix,
in consideration of formation of a depletion of nickel as Ni Ti3 pre-
cipitated.
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Fig. 1. (a) the XRD pattern of SLM fabricated Ni-Ti-C composites with 30-80°; (b) the DSC curve detected from 0 °C to 120 °C.

4.2. Different Ni,Tis Precipitate Variants

Fig. 2 gives the detailed structure morphology of grey lenticular
Ni,Tis precipitates with various precipitate diameters formed during
SLM processing. The long axis of Ni4Tiz precipitates displayed three
different orientations (Fig. 2(a) and (b)) and the corresponding sche-
matic was shown in Fig. 2(c). The angle between any two of these
precipitates with different orientations was approximately 60° by
measuring. The corresponding selected area diffraction pattern (SADP)
was conducted, from which the B2 and Ni Ti3z phases were identified

[1TT]B2

T (1) ,

(.1102 e (100 (310) *

@

«(101)

clearly (Fig. 2(d) and (e)). Three different types of diffraction spot ar-
rays were distinguished, respectively corresponding to the three dif-
ferent NiyTis precipitate variants. Besides, strong diffraction spots
corresponding to B2 (NiTi) were detected with the main planes of (110)
B2, (101) po, and (211) g, for regions B and C, according to which [111]z,
zone axis could be achieved. The orientation relationship between the
B2 cubic structure and the Ni4Ti3 ellipsoids belonging to different PGs
was illustrated in Fig. 2 (f). When viewing along [111]p, zone axis,
structure morphology of all variants demonstrated the lenticular shape,
orientation relationship of long axis of which was consistent with the

The central disk (111),

>N

the B2 cubic structure

{Py, P, Ps, Py }: oo
{(1-10)g 1 (111)g, (-11-0) g/ (111)g, (-1-11) gz 1 (1), (111) g  (111)}

Fig. 2. (a) the fine structure of Ni Tiz precipitate; (b) the local high-magnification image of (a); (¢) the orientation relationship of NisTiz precipitates with various
variants; (d) and (e) SADPs respectively corresponding to the region B and C in (b); (f) the schematic of the Ni Ti; ellipsoids belonging to different PGs. (For
interpretation of the references to color in this figure, the reader is referred to the online version of this chapter.)
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Fig. 3. (a) HRTEM image of the interface between P,-type variant and the matrix corresponding to zone D in Fig. 2 (b); HRTEM images of the interface between P;-
type variant and the matrix (b) corresponding to zone E in Fig. 2 (b) as well as (c¢) corresponding to zone F in Fig. 2 (b).

observed results (Fig. 2(b)), as shown in the lower right corner of
Fig. 2(f). For the sake of clarity, the various NisTis variants were
numbered as Py, P,, P53, and P4, and P, stand for the variant with
(111)p;,Tiz//(111)p, by assuming. Meanwhile, three different Ni,Tis
variants viewed in Fig. 2 (b) tentatively respectively belonged to P;, P,
and Ps. It was worthy to be paid attentions to the difference in the
precipitate diameter (precipitate diameter of P,-type Ni,Tiz was only
20-30 nm, far smaller than that of P;-type and Ps-type). The HRTEM
images of the particle edge of Ni,sTi; with different precipitate dia-
meters, corresponding to region D, region E and region F (as the blue
pane shown in Fig. 2 (b)) were present in Fig. 3. And meanwhile, the
reverse Fourier transformation was applied to exhibit the lattice
structure of the precipitate-matrix interface. For the small P,-type
NisTis, a great many lattice defects (including point defects, lattice
distortion, etc.) were found near the interface showing high strain en-
ergy which to some extent accounted for growth restriction (Fig. 3 (a)),
while interface structure with relatively well coherent relationship was
clearly observed for P;-type (Fig. 3 (b) and (c)). Besides, for the same
P;-type variant, apparent lattice defects were also found to exist within
one with the smaller size (Fig. 3 (b)).

D. Y. Li et al. indicated that this selective growth behavior of Ni,Ti3
variant could be attributed to inner or ex-stress constraint effect [30].
They found the Ni4Tis variant which was nearly perpendicular to the x-
axis grew preferentially while the other variant was retarded under a
compressive strain-constraint, and the opposite effect was got under a
tensile strain-constraint [31]. In fact, during SLM processing, the cyclic
thermal stress induced by complicated thermal behaviors was con-
siderable, which was believed to be responsible for an anisotropic dis-
tribution of precipitate variants. The detailed interpretations were
carried out in the next section.

4.3. Stress Distribution and its Effect on Growth of Different Ni,Tiz Variants

Fig. 4 depicts the stress distribution of adjacent three scanning
tracks during the track-by-track manufacturing of SLM, being predicted
by finite element simulation of thermal-stress coupling model. It was
not hard to see that the main constraint mode of as-fabricated track was
tensile stress effect during SLM processing. Heterogeneous stress dis-
tribution was apparent as the laser beam moved over powder bed, ac-
cording to the stress field cloud pictures (Fig. 4 (a)-(c)). Simulta-
neously, stress behavior of the being fabricated track could result in
redistribution of residual stress within the previous several tracks. Fig. 4
(d)—(f) respectively shows stress-time evolution curve of the central
point of each track (first track, second track and third track). As the first
track was fabricated, X-component stress was the predominant stress
behavior, taking account of the lower value of Y-component and Z-
component stress (Fig. 4 (d)). That meant the direction of stress was

mainly parallel to the scanning direction in this condition. Never-
theless, both X-component and Y-component stress became the main
stress component, when the laser beam moved to the second track and
the third track (Fig. 4 (d)).

The formation of complicated thermal stress field during SLM
played a crucial role in growth of NisTis precipitates with different
variants. According to the calculation of D. Y. Li et al. [30], the critical
angle f between the applied stress and [111] gy was 51° at which the
coupling strain energy — aklasklovp determining the selective growth of
variant with (111) g//(111) g, was equal to zero. Here, 0y"was the
applied stress, ¢,°was the eigenstrain and Vywas the volume of Ni,Tiz
precipitates. When the measured angle was higher 51°, the applied
tensile stress could reduce the strain energy and consequently favor the
growth of the precipitate variant, while the compressive stress retarded
the growth. In the views of the high symmetry of B2 structure, the
critical angle was considered as 51° here for the other variants. Besides,
it is well acknowledged that the preferential orientation for growth of
B2 matrix is <111)> p,, parallel to the heat flow direction within the
molten pool. At the top region of molten pool, the preferential or-
ientation was parallel to the direction of stress based on the above
discussion, as the first track was fabricated (Fig. 4 (g)). Here, giving that
the preferential orientation for growth of B2 matrix was [111]p,. Then
the angle among the normal direction of crystal face of (111) ga, (111)5,
and (111)p, and [111]p, was 70.53°. As a result, growth of variant with
(111)g//(111)p, got restricted and the other ones grew preferentially
(Fig. 4 (h)). With the laser beam moving to next track, redistribution of
stress within the first track occurred. In this case, direction of Y-com-
ponent stress was parallel to (111)g,, which might as well be parallel to
[211] p, here by assuming. Thus, the calculated angle respectively
reached 90°, 19.47°, 61.87° and 61.87°, corresponding to variant with
(111)r//(111)p, (111)r//(111)ps, (111)x//(111)p,, and (111)g//(111)p,.
Only growth of variant with (111)g//(111), got remarkably retarded.
Taking account of effect of X-component stress, variants with (111)z//
(111)p, and (111)r//(111)p, grew sufficiently, while growth of variants
with (111)z//(111)p, and (111)z//(111)p, was limited to some degree
(Fig. 4 (1)), which was consistent with the observed results (Fig. 2b).
The similar redistribution behavior of stress took place in the next
tracks as the laser beam moving successively, therefore leading to
morphology evolution of different NisTi; variants within next track.
Taking into account of pre-heating effect from the previous fabricated
track, value of inner stress within the being fabricated track decreased
significantly (Fig. 4 (e) and (f)). Consequently, stress-induced effect got
weakened, thus suppressing the growth of all existed Ni4Tiz variants
and precipitation of NisTi3 phase in the previous track induced by self-
aging treatment [23] and accounting for the difference in precipitate
size for the same variant. Note that, stress behavior within SLM fabri-
cated component can be tailored by changing laser processing
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Fig. 4. (a)—(c) the stress distribution cloud pictures respectively corresponding to the first track, the second track and the third track; the stress-time curves of the
central points of (d) the first track, (e) the second track and (f) the third track; (g) the cubic structure of B2 matrix; (h) growth of Ni4Ti3 variants only when the first
track was fabricated; (i) growth of Ni,Tiz variants as the second track was fabricated.

parameters including laser power, scan speed and scan strategy, etc
[28]. Hence, it was accordingly possible to achieve the tailored mi-
crostructure with as-designed Ni,Ti3 variant.

5. Conclusions

In this work, NiTi-based composites were in-situ prepared by SLM of
the raw Ti, Ni, and TiC blended powder. The following main conclu-
sions could be drawn, based on the results and analysis in this paper:

(1) The exothermic peak and the endothermic peak respectively cor-
responding to heating and cooling process were detected clearly by
DSC. The phase transformation temperatures were measure as
A, = 51.82°C, A¢ = 94.02°C, M, = 55.87 °C and M; = 18.93°C. By
comparing with Haberland et al.'s work [2], the results were similar
as that of the SLM-fabricated equi-atomic NiTi alloy, which could
be attributed to the combination effect of an addition of TiC par-
ticles and in-situ precipitation of Ni Tis.

Three different typical lenticular Ni Ti3 variants including variant
with (111)r//(111)g,,(111)r//(111)p;, and (111)r//(111)5, were
found by the characterization of TEM and SADP. Note that, pre-
cipitate diameters of these three Ni Ti; variants varied, showing the
apparent selective growth feature. Higher lattice strain energy
formed in the interface between the smaller Ni,Ti; variant and the
matrix.

Thermal-stress coupling modeling of SLM-fabricated TiC/NiTi
composites was established. As the laser moved successively from
the first track to the third track, the residual stress direction of the
starting side of the first track varied due to the change of the main
stress component, which further accounted for selective growth
behavior of NiyTi3 variant at this position.
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