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Abstract

A selective laser melting (SLM)-fabricated NiTi with superior tensile property and
shape memory recoverability was obtained by using a unique stripe rotation scanning
strategy. The alloy characteristics, formation mechanisms and evolution in terms of
twins, dislocations and precipitations of the alloy were systematically studied.
Compared to the conventional smelting-followed-by-machining, the SLM fabrication
process involves rapid solidification and repeated heating, which confer distinctive
characteristics to the microstructures of SLM-fabricated NiTi alloys. Rapid
solidification promotes the formation of a supersaturation solid solution matrix
containing a high concentration vacancies, which in turn aggregate to generate a high
density of dislocations. During subsequent repeated heating stages, these dislocations
occur thermal motion along three directions of <001>, <111> and <110>, leading to the
formation of thermal kinks, helical dislocations and wave morphology. Simultaneously,
precipitated particles Ti3sNis repeatedly nucleate and heterogeneous grow with the
movement of dislocation. Such precipitation behavior, termed repeated precipitation,
has not been previously reported in the conventional NiTi alloys, suggesting that it
could be a unique characteristic of such alloy. After martensitic transformation, only
two twins, {111} type I twin and compound twin, are detected. The twinning lamellae
of these two twins, where precipitation and dislocation pile-ups exist, often have uneven
thickness and chaotic arrangement. Besides, the unique self-accommodated
microstructures, such as secondary {111} type I twin and compound twin with
“herring-bone”” lamellae, which often appear in the deformed or nanocrystalline NiTi,

can also be observed. These unique microstructures may confer the distinctive
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properties to the SLM-fabricated NiTi.
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1. Introduction

NiTi shape memory alloys (SMAs) are attractive materials in a variety of fields
such as aerospace, national-defense, biomedical and automotive industries due to their
excellent shape memory properties, superelasticity, corrosion resistance and
biocompatibility [1,2]. However, limited by the poor machinability of NiTi alloys, all
the conventionally-fabricated (smelting followed by machining) NiTi parts have quite
simple geometries like wires, plates, bars and tubes, thus severely restricting
applications of NiTi SMAs [1,3,4].

The selective laser melting (SLM) additive manufacturing technique is a rapid
prototyping technology that uses a controlled laser to precisely melt a selected powder
zone based on the geometrical information from the sliced CAD of one of the
component parts, subsequently, a bed of powder is added and the process is repeated
until the parts is manufactured [3,5]. This technique has the advantages of producing
smooth surfaces with high dimensional precision, and, it is able to directly produce the
NiTi parts with porosity structure, internal pipeline networks and other complex
structures [6]. However, it has been reported that the mechanical properties, phase
transformation behavior and functional performance of SLM-fabricated NiTi are
significantly different from those of conventionally-fabricated NiTi [5,6]. Currently, the
reported unique characteristics for SLM-fabricated NiTi include good compression
performance and better damping in martensite state [5] but worse tensile fracture strain
[3—7], no Liiders-band phase transformation during tensile testing [8], disappointing
fatigue performance [5,9], boarder and shorter phase transformation peaks in the
differential scanning calorimetry curve [4-6,10], and a decreased martensite
transformation temperature when aging treatment is initiated [5,7,10].

The mechanical properties, phase transformation behavior and functional
performance of the SLM-fabricated NiTi are all influenced by its microstructure,
including internal macro-defects (pores and micro-cracks) [6,8,11,12], texture [7,13],
precipitate [14], dislocation and twins [15]. While the internal pores and micro-cracks
of SLM-fabricated NiTi can be closed during compression deformation while they often
are cracking sources during tensile deformation, resulting in better compression
performance but worse tensile fracture strain of such alloys [4,5]. Moreover, the SLM-
fabricated NiTi usually has an observable texture formed by columnar crystal structures
along the laser incident direction, causing anisotropy in performance [7,13]. Optimizing

processing parameters of the SLM process can reduce internal pores and micro-cracks,
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thereby preventing the formation of directional columnar grains to improve the
production quality and performance of SLM-fabricated NiTi [4,11-13].

Compared to many studies on micro-pores, micro-cracks and texture, the
precipitates, dislocations and twins of SLM-fabricated NiTi have been rarely studied
[5,6,15], although they can strongly affect the properties, phase transformation behavior
and functional performance of the alloy. Moreover, it has been postulated that the
characteristics and formation mechanisms of the precipitates, dislocations and twins in
SLM-fabricated NiTi will be different from those of conventionally-fabricated NiTi due
to the SLM process including rapid solidification and repeated heating [13]. In order to
improve the properties of SLM-fabricated NiTi parts for practical applications, it is
necessary to study the characteristics and formation mechanisms of microstructures and
their consequent effect on the performance of SLM-fabricated NiTi parts.

Recently, we used a stripe rotation scanning strategy [16—18] optimizing the
intraformational laser scanning length and interformational laser scanning direction to
fabricate a SLM-fabricated NiTi alloy. The SLM-fabricated NiTi exhibits a tensile
fracture 690 = 15 MPa and a tensile strain of up to 15.2 + 0.8%, which is about twice
of the best previously-reported result (~8%) [4]. In addition, our alloy also had an
excellent shape memory property, the shape recovery rate of it is 97.7 £ 1.2% and 92.5
+ 2.0% when pre-deformed by 4% and 6%, respectively. Simultaneously, we
systemically investigated the twin, dislocation and precipitation by TEM, revealing
their characteristics, formation mechanisms and evolution. Compared to the
conventional smelting-followed-by-machining, the SLM fabrication process involves
rapid solidification and repeated heating, which confer distinctive characteristics to the

microstructures of SLM-fabricated NiTi alloys.

2. Experimental procedures
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Figure 1 (a) Schematic diagrams of the laser scanning strategy, (b) tensile samples of SLM-
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fabricated NiTi deposited on a NiTi substrate
In this work, the pre-alloyed NiTi powder, with the particle size of 15-53 um, for
preparing SLM-fabricated NiTi was obtained by gas atomization technology, and the
electrode bar to provide metal melt was NiTi alloy ingot prepared by vacuum melting.
SLM-fabricated NiTi (Ni: 50.4 at. %) was prepared by a SLM machine (M100-T, Eplus,
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China) equipped a Yb-fiber laser with maximum power of 200 W. Fig.1a schematically
shows the stripe rotation scanning strategy, deployed with a stripe width (laser scanning
length) of 4 mm, a hatching spacing of 80 um, a layer thickness of 30 um and a hatch
rotation of 67°, Tab. 1 exhibits the SLM process parameters.

Phase transformation temperature was using the differential scanning calorimetry
(DSC) (Q20, TA Instruments, U.S.A), with the following experimental parameters was
varied from 193 K to 373 K at a rate of 5 Kemin™!. Fig.1b shows the lath-shaped sample
prepared by SLM with a geometry of 80 x 10 x 3.5 (length x width x thickness, in mm).
A lath-shaped sample for tensile testing with a geometry of 70 x 2.0 x 1.0 (length x
width x thickness, in mm) was manufactured by wire-electrode cutting. The tensile
strength testing was carried out at room temperature (about 293 K) on a materials
testing system (MDT series, KQL, China) equipped with a strain extensometer. The
strain rate was 5 x 10~ s!. Sample disks for TEM were ground to a thickness of 50 pum,
and then electro-polished using a twin-jet thinning electropolishing device and an
electrolyte consisting of 33% HNO3 in methanol at 243 K and 30 V. The TEM analysis
was performed in a JEM-2100 at 200 KV with Gatan double-tilt and double-tilt cooling
holder.

Table 1 SLM process parameters used in this work

Layer Hatch Substrate Hatching
Power Scan speed
thickness spacing temperature rotation
W) (mm/s) o
(pm) (pm) K) ()
120 500 30 80 453 67
3. Results

3.1 Phase transformation and tensile properties of SLM-fabricated NiTi alloy

Fig.2a shows the DSC curve of SLM-fabricated NiTi, and it indicates that this
alloy has a reversible thermal phase transformation during the heating and cooling scans.
The initial and final temperatures of martensite transformation (Msand My) were about
315 K and 276 K, respectively, while the initial and the final temperatures of austenite
transformation (As and Ay) were 298 K and 343 K, respectively. The width of the
endothermic peak (Ms- My) was 39 K and the width of the exothermic peak (A — As)
was 45 K. Moreover, the A; was lower than M;. Based on the theory proposed by Ortin
[19], the transformation hysteresis is defined as Af- M, and it 1s about 28 K.

Fig.2b shows the stress-strain curve of SLM-fabricated NiTi. The tensile fracture
stress was 690 + 15 MPa and the fracture strain was 15.2 + 0.8%, indicating that this
alloys has excellent tensile properties. Fig.2c shows the comparison of tensile
properties between our alloy and SLM-fabricated NiTi reported in other studies. The

tensile fracture strain of our SLM-fabricated NiTi was twice that of the best SLM-
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fabricated NiTi previously reported (~8%) [4]. Moreover, our SLM-fabricated NiTi
exhibited excellent shape memory property. Fig.2d shows a stress-strain-temperature
curves obtained by a tensile loading-unloading-heating cycle for the SLM-fabricated
NiTi. It shows that the alloy had a shape recovery rate of 97.7 + 1.2% and 92.5 + 2.0%
when pre-deformed by 4% and 6%, respectively. A deformation-shape recovery process
of a SLM-fabricated NiTi lath is shown to demonstrate the excellent shape memory
property of our alloy, as shown in Fig.2e and f. We also demonstrate that the shape of
samples subjected to large deformations can be nearly recovered upon heating.
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Figure 2 (a) Differential scanning calorimetry (DSC) heating and cooling curves, (b) engineering
stress-strain curve obtained at room temperature, (¢c) comparison of tensile properties between
our alloy and SLM-fabricated NiTi reported in other works [4], (d) Stress-strain-temperature

curves obtained by a tensile loading-unloading-heating protocol applied to a SLM-fabricated

NiTi alloy lath sample, deformation (e) and shape recovery (f) process of a SLM-fabricated NiTi

lath.

3.2 Dislocations

Fig.3 shows the TEM images of dislocations inside SLM-fabricated NiTi alloy
specimens obtained at a temperature of As+ 20 K (363 K) where the dislocations are
visible without the influence of twins. In Fig.3a, the highly dense and twisted
dislocations inside grains can be observed at this low magnification TEM bright-field
image. The average density of dislocation in SLM-fabricated NiTi can be up to 10! cm™
2, which is similar to the density of dislocations inside a hot drawn NiTi at 1073 K with
a reduction of 40% [20]. Fig.3b is a higher magnification image to show dislocation on
more detail. Both short straight dislocations and long flat kinks can be observed. A
particular dislocation marked as C had a special shape with small spiral steps distributed

along a long axis. A zoomed image of this dislocation is shown in Fig.3c. This is helical



dislocation and is often observed in some metals containing a high concentration
vacancies that are present in quench steels or aluminum alloys [21,22]. The formation
of helical dislocations is due to bending dislocation moving into the opposite directions
in combination with the thermal motion of vacancies [22,23]. Thus, the appearance of
helical dislocations implies that there is a high concentration of vacancies in SLM-
fabricated NiTi alloy [23].
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Figure 3 TEM images of dislocations in the SLM-fabricated NiTi obtained at temperature of Ar+
20 K (363 K). (a) Low magnification TEM bright-field figure showing dislocations (arrowheads),
(b) dislocations at a high magnification TEM bright-field figure, C marks a helical dislocation, (c)
a helical dislocation and kinks marked by arrows at higher magnification. (d) A TEM bright-field
figure obtained by selecting one of the g = <110> vectors for two-beam analysis at temperature of
A+ 20 K (363 K). Upper insert is corresponding selected area electron diffraction patterns
(SAEDPs). Lower insert is direction identification. Based on the vanishing contrast condition and
relation of vector geometries, the Burgers vector b = a; <001>, as well as a> <111> and a3 <110>
are obtained (a is the B2 lattice parameter). (e)-(f) High magnification images of connecting
dislocation segments inside E and F zones of Fig.3d, the segments marked as 1, 2 and 3 are
parallel to <001>, <111> and <110>, respectively. Scale bars in lower left of each images
Dislocations tend to align themselves in directions at which their self-energy is
minimized [23,24]. Because of this, dislocations in SLM-fabricated NiTi formed the
wavy or bowed morphologies consisting of many connected segments, such as those
shown inside zone E and F in Fig.3d. Knowing more about the characteristics of such
bending dislocations will help explore the dislocation reaction during the SLM
fabrication process [24]. In order to further examine the bending direction of connecting
segments inside these two zones, a double beam analysis with the g = <110> vectors
was used for direction recognition [25], the corresponding selected area electron
diffraction pattern (SAEDP) is also inside it, and, the two zones E and F were enlarged
and shown in Fig.3 e and f, respectively. According to the directional information
obtained from the vanishing contrast condition and relationship of vector geometry
inside Fig.3d, the bending direction of connecting dislocation segments in the two zones
E and F had three main crystallographic bending directions, namely <001>, <111> and
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<110>. The directions of connecting dislocation segments in zones of E and F were also
calibrated, as shown in Fig.3 e and f. Segments along <001>, <111> and <110> are
denoted by the number 1, 2 and 3, respectively. Data from these two figures show that
the relatively length of these segments seems to be related to their bending direction,
segments along <001> and <110> are short while segments along <111> are long.
3.3 Precipitations

To study the characteristics of precipitation inside SLM-fabricated NiTi alloy,
TEM images of the precipitates obtained at temperature of A+ 20 K (363 K) by heating
the samples are shown in Fig.4. Fig.4a shows many fine dot-like precipitated particles
dispersed in the SLM-fabricated NiTi. As shown by the SAEDPs, the observed
precipitated particles were only composed of TizNis. Based on counting 200
precipitated particles using Image J Pro software, the average size of precipitated

particles is about 22 nm.
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Figure 4 TEM images of precipitates in the SLM-fabricated NiTi alloy. (a-b) Bright-field and
dark-field images, respectively, of precipitates ( obtained at temperature of Ar+ 20 K, 363 K), (¢)
a high magnification image of precipitated particles, (d) a HRTEM image of the interface
between the matrix and a TizNis particle selected from (c), upper insert is selected area Fast-
Fourier-Transform diffraction patterns, lower insert is corresponding Inverse Fast-Fourier-
Transform (IFFT) pattern. Scale bars in lower left of each images.

Fig.4b is a TEM dark-field image with the highlighting of precipitated particles,
the SAEDP as an insert. This image shows that many precipitated particles distributed
along wavy dislocation line or behind the bending dislocations. Also, along the
dislocation lines, the precipitated particles were larger in size and higher in density. The
nucleation and growth of precipitated particles occurred heterogeneously on the

bending dislocations. Such distinctive precipitation characteristics are also found in



austenitic stainless steels, copper alloys and semiconducting materials that have
experienced repeated precipitation processes [24,26]. To our knowledge, such repeated
precipitation behavior has not been reported in the conventional NiTi alloy prepared by
casting followed by cold working and heat-treatment [2,5,27]. In addition, the
precipitated particles of SLM-fabricated NiTi had an oblate or spheroid shape and also
were coherent with matrix, as what is shown in Fig.4c and d.

3.4 Twins
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Figure 5 TEM images of (a-d) {111} type I twins with corresponding SAEDPs shown as inserts in
the upper left; (e-f) compound twins inside the SLM-fabricated NiTi alloy and their
corresponding selected area diffraction patterns (g-h). Labels and arrows indicate dislocations
and precipitates, Scale bars in lower left of each images.

Fig.5 shows the TEM images of twins and their corresponding SAEDPs of the
SLM-fabricated NiTi. Fig.5 a-d show the TEM images of {111} type I twins, confirmed
by the information from the corresponding SAEDPs [2,28,29]. Specifically, Fig.5a and
b show two selected {111} type I twins containing many plate-like lamellae that have
various thicknesses. Inside these lamellae, there were some precipitated particles and
dislocations. Fig.5¢c shows the martensite variant of {111} type I twin, with plate-like
lamellae that exhibit self-accommodating morphologies. Interestingly, a secondary
{111} type I twin was observed next to two self-accommodating primary twins, and
Fig.5d shows the zoomed images of this secondary type I twin. The twin lamellae of
such secondary twin were dense, fine and spear-like. The twin lamellar widths (D) of

most primary {111} type I twins can be up to dozens of nanometers, while D of
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secondary {111} type I twins is only 5.5 nm, with a variability less than 1 nm. The twin
width ratio (x./) [30] of primary type I twins is variable, ranging from 2.0 to 3.0, that
for secondary type I twins is lower, aging from 2.0 to 2.2.

Compound twins were shown in Fig.5e and f, and their corresponding SAEDPs
are shown in Fig.5g and h [2,29,31], respectively. Fig.5e shows a compound twin that
contained many uniform single plate-like lamellae. However, one inlaid precipitated
particle (marked as A) significantly disturbed lamella extension, causing a disordered
arrangement and an uneven thickness of such lamellae. Fig.5f shows a distinct
martensite containing some twin lamellae with a “herring-bone”” morphology. The
substructures of this martensite, both the thicker twin lamellae as well as the finer twin
lamellae observed inside it, were all (001) compound twins, as indicated by the SAEDP
(Fig.5h). Such “herring-bone” microstructure of martensite containing (001) compound
twins is noted as a type of self-accommodating behavior reported for NiTi
nanocrystalline [32]. In addition, a few dislocations can also be observed in Fig.5 e and
f, but only the dislocation pile-up (marked as B) can obviously change the twin lamellae
extension behavior. Statistics results show that the D of twin lamellae in Fig.5¢ is 26.5
nm with the x:/ ranging from 1.9 to 2.3. The finer internal twin lamellae in Fig.5f have
the average D of 8.5 nm and the x./ ranges from 1.5 to 1.9. Thus, it is clear that both of
{111} type I twins and (001) compound twins in SLM-fabricated NiTi had a disordered
arrangement and uneven thickness of twin lamellae as well as large range of the D and
x:1. Moreover, in this work, only {111} type I twin and (001) compound twin were
detected, the <011> type II twin, frequently detected in conventionally-fabricated NiTi
was not observed in our alloy[2,28].

In conclusion, the SLM-fabricated NiTi in present work had superior tensile
property and shape memory recoverability. Also, the microstructural characteristics of
such alloy are far different from those of conventionally-fabricated NiTi. In SLM-
fabricated NiTi, (1) high density dislocations were observed, the majority of which had
a wavy or bowed morphologies consisting of many connecting segments in the <001>,
<111> and <110> directions; (2) Ti3Nis particles will repeatedly nucleate on the moving
dislocations during repeated heating stage, and the nucleation and growth of them
companying with bending dislocations occurred heterogeneously, this unique
precipitation behavior is characterized by repeated precipitation; (3) only two types of
twins, {111} type I twin and compound twin, were detected. These two types of twins
all had disordered arrangement and were characterized by uneven thicknesses of twin
lamellae and large variation in lamellar thickness and twin width ratio, furthermore,
some self-accommodated microstructures were observed including secondary {111}
type I twin and compound twin with “herring-bone’” lamellae, that are often found in
the deformed or nanocrystalline NiTi.

4. Discussion



A SLM-fabricated NiTi part will experience the rapid solidification and the
repeated heating during the fabrication process and a phase transformation during the
subsequent cooling process. Fig.6 is presented to illustrate this process well. During
rapid solidification stage, supersaturation vacancies are generated [33,34] and then high
density dislocations can be formed by these vacancies condensing [33]. The part is
repeatedly reheated and held at a certain temperature for a period of time. Dislocation
thermal motion and repeated precipitation will occur during this period, leading to the
formation of thermal kinks and helical dislocations as well as characteristic precipitates
and dislocation morphologies. Finally, these distinctive dislocations and precipitations
change twin characteristics and transformation process, resulting in the specific phase
transformation behavior, mechanical properties and functional performance of the
SLM-fabricated NiTi. The characteristics, formation mechanisms and evolution of

microstructures in each stage will be discussed in the following sections.

A Point defect Vacancy Dislocation
formation aggregation formation
~ {100} Plane ) vacancy
M @ Antisite Ti atom
~ Antisite Ni atom
o a® An
z
- N O
= Il | 11 |
5 \ {[| Repeated . B ccipiation B Dislocation |
(=} T N heating |
N e e AT b ]
) I " :
et Rapid ‘ =
T solidification 9
S - i | - ; e
_______ b_______,:_____.l.\
! Im d
Martensite 4
transformation >
Time Ig ¢

Figure 6 The thermal history and evolution process of microstructures inside SLM-fabricated
NiTi. Twm, melting temperature, 7, precipitation temperature and 75, the holding temperature of
substrate.

4.1 Microstructural evolution in rapid solidification stage
4.1.1 Formation of high density dislocation inside SLM-fabricated NiTi

As mentioned earlier, a high density of dislocations can be found in the SLM-
fabricated NiTi that is due to the aggregation of a high concentration of vacancies
formed during rapid solidification, similar to other metals prepared by rapid
solidification [34,35]. It has been reported previously [33] that the dislocation can be
formed by vacancy condensation in three steps: vacancy formation, vacancy cluster
formation via condensing vacancies and dislocation formation when vacancy clusters
collapse. Schoeck et al. [33] have studied the formation mechanism of these processes

in detail and provided an equation (4-1) to estimate the density of dislocations formed
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by vacancy condensation. In equation (4-1), the parameter 2 can be calculated by the
equation (4-2). The number of equilibrium vacancies at various temperatures can be
calculated by the Arrhenius equation and the formation energy of vacancy can be
obtained from the works of Lu [36].
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Figure 7 Calculations of parameters for the rapid solidification process. (a) the density of
dislocations as a function of temperature, (b) necessary undercooling (47/Tw) to keep a
dislocation ring of radius r atoms from shrinking, b is Burgers vector, (¢) the number of saturated
point defect, Ti vacancy (Vrn), Ni vacancy (Vni), antisite of Ni occupying Ti (47) and antisite of Ti
occupying Ni (4~i) as a function of temperature, and (d) the relationship between nonequilibrium
diffusion coefficient (k) and solidification speed (V). All parameters discussed in the text.

In (4-1) and (4-2), b is Burges vector length given that the 1/2<111> vector in B2
NiTi, AT/T(=0.5) is the ratio of the undercooling sand melting temperatures, G is the
shear modulus, Ur(=1.5 eV) is vacancy formation energy [36], ¢ and ¢ are the vacancy
concentrations at various temperatures and at the equilibrium temperature (T=293 K),
respectively. The calculate results of /b varied with A7/T,, is shown in Fig.7b, and
based on the results, the » =25 is appropriate. The calculate equilibrium vacancy number
per cm® volume at different temperatures are shown in Fig.7c.The calculate dislocation
density p with width » =2b are shown in Fig.7a. Calculated from these values, the
theoretical density dislocation formed by vacancies condensation in NiTi can be up to
10'% cm™, which is higher than that of actual dislocation density observed in our work.
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However, the actual dislocation density may be lower than the computational because
some dislocations could move into grain boundary or the surface of the metals by
thermal motion during later SLM fabrication stages [23], thus leading to dislocation
annihilation and decline in actual density of dislocation.

4.1.2 Other characteristics of microstructures formed in SLM-fabricated NiTi
alloy during the rapid solidification process

A high concentration point defects and the supersaturated solid solution state

within matrix can also be formed in SLM-fabricated NiTi during the rapid solidification
process. SLM-fabricated NiTi would have a high concentration four types of point
defects [36], namely antisite of Ni occupying Ti (A ), antisite of Ti occupying Ni (Ani),
Ti vacancy (V) and Ni vacancy (Vai), respectively. Based on the formation energy of
point defects in equiatomic NiTi alloy computed by Lu [36], the numbers of these four
types of point defect in SLM-fabricated NiTi at thermal equilibrium can be calculated
using Arrhenius equation. The thermal equilibrium number of these four types of point
defect at different temperatures is shown in Fig.7c. The rapid solidification process may
promote more point defects retention, resulting in a matrix containing supersaturation
point defects [34]. This may also have a significant effect on the subsequent evolution
of microstructures of SLM-fabricated NiTi.

During SLM formation process, the metal powder solidifies rapidly after being
melted by the laser which quickly moves on. The solidification speed is so fast that the
elements in the melt cannot diffuse appreciably before solidification occurs [37,38]. In
this case, there is a relationship, developed by Aziz in 1982 [37], between the solid

solubility of an element in the matrix and solidification speed:

_ k+0,VID;
V. 146;VID;

(4-3)

where £, 1s a nonequilibrium distribution coefficient related to solidification speed, & is
the equilibrium distribution coefficient, 0, is the solute boundary thickness, V is
solidification speed and D; is the solute diffusion coefficient. If we assume that [37], £
= 0.01, D; /6; =3.00 X 102 m/s, when V=0.500 m/s (i.e. the speed of laser), then &, is
about 0.95, as shown in Fig.7d. Thus, a supersaturated solid-solution state within matrix
can be directly obtained in SLM-fabricated NiTi and the degree of supersaturation is
related to the laser speed. However, the loss of elements due to burning during laser
heating is not considered, so these calculations provide only semi-quantitative insight.
Thus far, there is no systematic work on how element content is changed due to burning
in the SLM process. This is clearly a topic for future work.
4.2 Characteristics of dislocation motion and precipitation behavior occurring in
the repeated heating stage

During the repeated heating stage of SLM fabrication process, the formed layers
will be reheated repeated by the laser. In addition, since the substrate needs to be held
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at a higher temperature (453 K) to reduce the risk of the part cracking, the formed layers
will also be maintained at this temperature. This means that such layers experience an
aging treatment at a specific temperature for a defined time. As shown in Fig.8a, during
this stage, dislocations will experience thermal motion consequently forming thermal
kinks and helical dislocations. Repeated precipitation also occurs in the matrix during
this stage, Fig.8b gives a schematic illustration of this process according to the model
proposed by Nes [26]. Moreover, the anisotropic conditions present in the crystal lattice
confer the unique characteristics to the alignment and disassociation of dislocations at
repeated heating stage, causing that dislocations possess a wavy or bowed morphology
consisting have many connected segments along specific directions. We will discuss

this part using the dislocations shown in the Fig.8c (an adaptation of Fig.3d).
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Figure 8 (a) Transformation of linear dislocation into kinked and helical dislocations by thermal
motion under the action of supersaturated vacancies, (b) four stages of repeated precipitation
process, nucleation on dislocation, particles motion, straightening process of dislocation and
dislocation unpinning; (c¢) An adaptation of Fig.3 (d) to show dislocation alignment and
disassociation reaction during repeated precipitation. Dislocation segments marked 1, 2 and 3 are
paralleled to <001>, <111> and <011>, respectively; two dislocation disassociation processes
marked as I and IT

4.2.1 The formation mechanism of kinks and helical dislocations in SLM-
fabricated NiTi alloy
Dislocations tend to align themselves to minimize their self-energy, so that they
have their lowest self-energy when they are at the bottom of the Peierls energy valley
[23]. Part of a liner, long straight dislocation line could be moved part to the bottom of
an adjacent Peierls energy valley using the thermal energy or force, as shown in Fig.8a.
This process results kinks being formed. These kinks usually appear in pairs [23].
The formation energy (Exinx) of a pair of kinks with a distance L and step height d
existing at screw dislocation is described by equation (4-4), that in and edge dislocation
system can be calculated when (1+v) / (1-v) is represented by (1-2v) / (1-v) [23]. G is

shear modulus, v is Poisson ratio. Thus, kinks with smaller d and bigger L will need
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lower formation energy. This may be why most kinks detected in our works are fairly
flat.

22
B~ 1 (4-4)
The dislocations movement during kinks formation is related to the thermal
motion of supersaturated vacancies and their forming osmotic force [23]. The osmotic
force acting on the unit length of dislocation (F/L) can be calculated:

E:@ln(ci) (4-5)

L v
where the k£ is Boltzmann constant, 7 is the absolute temperature =0.5 Tm, v. is the
vacancy volume and the other quantities were given above in the equation (4-1) and (4-
2). Hirth et al. [23] estimated the instantaneous penetration pressure Fy/L =~ Gb/10 when
7=0.5 Ty. Such force is enough to promote dislocation movement, and, this force also
facilitates vacancy condensation to form a dislocation or drive vacancies into a
dislocation to make it move [23].

The formation of a helical dislocation is due to a dislocation segment possessing
screw dislocation or mixed dislocation characteristics moving by either absorbing or
releasing vacancies [21-23]. Under the action of osmotic force, segments with opposite
signs contained in a long bending dislocation continuously move in the opposite
directions, and, with the aid of supersaturated vacancies, resulting in the formation of
helical dislocations, and this process is illustrated in Fig.8a. Generally, the relationship
between radius and pitch of helical dislocation is positive; the pitch of a helical
dislocation decreases with the extent of vacancy supersaturation [23]. As a result,
helical dislocations formed in the SLM-fabricated NiTi containing supersaturation
vacancies tend to be narrow and long.

4.2.2 Nucleation on dislocations during repeated precipitation process

Repeated precipitation can be simply understood as a precipitation process
accompanied by thermal motion of dislocations. The mechanism of the repeated
precipitation process has been studied by Solberg [24] and Nes [26]. As shown in Fig.8b,
the process of repeated precipitation can be divided into serval stages: 1) nucleation on
dislocation; 2) precipitation migration and dislocation movement compete; 3) line
tension straightens the curved dislocation; 4) finally, the dislocation unpins from
precipitate. The way of such an unpinning process is due to the high jog formation and
stack fault energies of NiTi alloys at the austenitic state [23,26].

First, we discuss the precipitates nucleating on dislocations using the TizNig
nucleation on a dislocation possessing the Burgers vector of 1/2<111> as an example.
The theory of nucleation on a dislocation is established [39—41] and we employ a
mathematical model encapsulated by equation (4-3) [40]. The unit line nucleation

energy (A4) [40] provided by edge dislocations is obtained from equation (4-4), while
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that for screw dislocations is obtained from equation (4-5):

E=-Alnr+2nyr-n?AG,+C (4-3)
Gy
" 4n(1-v) (4-4)
2
4= (4-5)

where G is the elastic shear modulus, b is the Burgers vector, v is the Poisson ratio, y is
the interfacial energy, G, is the free energy of unit volume formation and C is a constant.
The nucleus radius (79) is determined by first derivative of the free energy (E) obtained
from formula (4-3) [40]. The radius of a Ti3Nis particle nucleated on a dislocation with
Burgers vector 1/2<111> is only about 1.8 A. In this calculation, the numerical values
of parameters used and the results for unit line energy of dislocation (4), the critical
nucleation radius (75°) and the critical nucleation energy (£,+) are given in Tab. 2 [40,42—
44].

Table 2 Parameters for and results of the precipitate nucleation on dislocations calculations for

the SLM-fabricated NiTi: G, elastic shear modulus; b, Burgers vector; v is the Poisson ratio; ,

interfacial energy; G , free energy of unit volume formation; Q, diffusion activation energy for

about 50.4 at. % Ni; A4, rg, E,:and Q, are the energy contained in per length dislocation, the

critical nucleation radius, the critical free energy of nucleation and the diffusion activation

energy, respectively [40,42-44].

4 4G,
T 10 G U 1) ¢ § 10° 4 /b
¢ v 17
P d @ @) ©pray & (J/m)
3 (/)

Edge 241 1.60 0.069

~1.5 =0.5U¢ ~30 2.6 ~4 =0.5 033 2
Screw 1.61 1.80 0.092

During SLM fabrication process, the formed layers are not heated by the laser all
the times, but it will be held at a certain temperature by the substrate heater. In our case,
this temperature was 443 K, which is not considered high. Thus, the question has been
raised whether the solute atoms at such temperature can diffuse into the dislocation to
support the precipitate nucleation. However, Yu et al. [45] pointed out that in the range
(<20 A) atomic rearrangement can occur at 443 K, suggesting that the atoms within 20
A of a dislocation can diffuse into the interior of dislocation by thermal motion, the
diffusibility of solute is sufficient to support precipitate nucleation on a dislocation.
Thus, the precipitates could nucleate on dislocations at 443K.

4.2.3 The dislocation motion and precipitated particle migration during
repeated precipitation process

The precipitated particles will locate on the dislocation after nucleation. As a result
dislocation movement and precipitation behavior will affect each other. For years, the

order of dislocation movement and precipitated particle migration has been debated,
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because this will determine the way of repeated precipitation process [24,26]. The
Silcock-Tunstall model [24] claimed that the dislocations movement would occur
before precipitates mature, and that the distance between rows of particles, d,, should
be about half the distance between particles within a row, L, (as shown in Fig.8b).
However, this model cannot explain some phenomena such as widely spaced rows of
climbing dislocations and precipitated colonies with the morphology of dendritic dipole
branches. Thus, Nes [26] proposed that the precipitated particles would absorb
abundant vacancies to mature and migrate, subsequently driving the dislocation to
move assisted by the osmotic force due to the local vacancy subsaturation generated by
the growing particles. Nes [26] postulated that the order of dislocation and precipitates
can be obtained by comparing the values of dislocation speed (v4) and precipitated
particle speed (v,). Two models were proposed [26] (4-6) and (4-7) to calculate vs and
vp, respectively.

w5 (-3 =

Cel

= I 4-7)
Z e =0(L-2r) g (4-8)
FYE (4-9)
p==Zay (4-10)
Tkt
24D (4-11)

where b is Burgers vector, 7 is particle radius, D, is the dislocation core self-diffusivity,
¢s 1s the vacancy concentration in the particle/matrix interface, cco is the equilibrium
vacancy concentration in the core, D= cs0VuDs 1s the interfacial self-diffusivity, ¢ is
the equilibrium vacancy concentration in the particle interface, V, is the volume of a
solute atom and Dj is vacancy diffusivity, it should be noted that the action of line
tension force on dislocation is reasonably ignored. These two models predict that
particle growth could increase » thus reducing both dislocation and particle speeds, on
the other hand, increasing c; would promote particle movement but decrease dislocation
movement speed. In SLM-fabricated NiTi alloy, the ¢y is higher due to the
supersaturated vacancies inside matrix, thereby the precipitated particles move firstly,
thus, they were often in front of the dislocations, as shown in the second stage of fig.8b.

At the third stage of repeated precipitation shown in Fig.8b, Nes [26] indicated
that the dislocation will move after particles grow into a certain size, ., which can be
calculated by the equation (4-8). In this equation, & is the thickness of the interface
between the particle and matrix and djoe is the equilibrium distance between thermal
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jogs. Finally, when particles are large enough, dislocations will unpin from them.
Similarly, the critical size of such precipitated particles can also be estimated. The force
provide by a dislocation to drag an solute atom can be calculated by (4-8) and (4-9)
[23]. The solute atoms contained in a particle with a radius of 12 nm could provide a
drag force larger than the osmotic force generated by vacancy supersaturation. Under
such conditions, the dislocations cannot drag such big particles with them, thus
dislocations begin to unpin from them. In these two equations, 4V is the atomic volume
difference between solute (Ni) and solvent (Ti), 7=0.5 T).

During whole repeated precipitation process, vacancies must be captured
continuously to support dislocation movement and particle growth and migration,
resulting in their depletion with time. The depletion time of vacancies drained by a
dislocation in a field (£) can be calculated by the equation (4-11) proposed by Cottrell
et al. [43] when the D is the diffusion coefficient of vacancies (=2.5 *10°'* m?%/s). The
calculation result shows that when ¢ = 10 nm, vacancies are depleted within 25 ms.
Since the longer dislocations have a larger ¢ than that for shorter ones, they will absorb
more vacancies to support for particle growth and dislocation movement, resulting in
larger particle size and farther dislocation movement.

4.2.4 Characteristics of dislocation reaction during repeated precipitation
process

Finally, we will discuss the characteristics of dislocation reactions during repeated
precipitation, including dislocation alignment and dissociation. Fig.8c, an adaptation of
Fig.3d, shows dislocation alignment and disassociation reaction during repeated
precipitation. Dislocation segments marked 1, 2 and 3 are paralleled to <001>, <111>
and <011>, respectively. Two dislocation disassociation processes are marked as I and
I1.

Dislocations tend to align themselves or dissociate to minimize their energy [23].
Thus, dislocations usually align themselves in low energy directions or long
dislocations will frequently dissociate into several segments in some specific directions
[24]. Indeed, we found that there are three main directions dislocations aligned
themselves with, namely <001>, <111> and <110>. This phenomenon is schematically
illustrated in Fig.8c. It is well-known that the crystal lattice structure of the B2 NiTi
matrix is a superlattice structure belonging to the body-centered cubic crystal (BCC) of
CsCl-type [2]. Therefore, dislocation characteristics of NiTi alloy are both related to
the superlattice structure and BCC structure. Ezaz et al. [46] proposed that the smallest
energy slip system in B2 NiTiis (011) [100] and the perfect dislocation is a<001>, since
its lattice structure is actually related to the superlattice structure. This model is backed
by most studies [46]. However, the slip system (011) [100] permits dislocation glide
only in three independent slip systems, less than five independent slip systems that are

required for deformation [46] . Given this constraint, there must be additional slip
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system present in B2 NiTi matrix and hence it is possible that the slip systems of BCC
structures may have to be reconsidered. The main slip system in BCC structure is {110}
<111>, and the shortest lattice vector of BCC structure is 1/2<111>. Although a few
ordered intermetallic alloys of B2 type such as CuZn and FeCo have observed the slip
system {110} <111>, this slip system was not discovered in NiTi alloys until the report
of Ezaz et al. [46]. In addition, Ezaz [46] also speculated that there are three types of
dislocation:

I:a[111] — a/2[111] +a/2[111]

II: a[111] — a[100]+a[011]

I1I: a[011] — a[001]+a[010]

therefore, the [001], [111], or even [011] dislocations all could exist in the matrix.
Among them, the reaction III can be seen as the continuation of the reaction II, but
Nabarro indicated that there is no change in elastic energy associated with two reactions
II and III [46].

As indicated in the Fig.8c, we observed not only mostly long [111] dislocations,
but also solitary [001] (as marked P), [011] dislocations usually were accompanied by
[001] dislocations. As discussed previously, because [111] is the only direction in which
the energy decreases after dislocations slip, dislocations could spontaneously align
themselves in this direction. Although reaction II does not decrease dislocation energy,
it could occur under specific conditions. This is because the energy required for the
dislocation to moving into the [001] direction is lower. It also implies that the solitary
[001] dislocations have immigrated from other areas. For the case of reaction III, Ezaz
[46] indicated that moving [011] dislocations on (011) plane need a critical stress of
about 13 GPa. However, it was had reported that plastic deformation initiated in
austenite phase occur at stress levels of ~2.5 GPa [46], much less than the 13 GPa
required for reaction III to take place. Therefore, the [011] dislocations only can be
formed by reaction IL
4.3 Characteristics and formation mechanism of twins inside SLM-fabricated NiTi

It has been reported that martensite transformation behavior of NiTi can be
significantly affected by precipitated particles and dislocations since they can change
the composition of matrix and distribution of stress field [2,47]. Therefore, as the main
substructure of the martensite, twins can also be influenced by these defects [2]. The
characteristics of twins inside SLM-fabricated NiTi may be associated with the distinct
precipitations and dislocations found in this alloy.

Our TEM results show that only two types of twins, i.e. {111} type I twin and
compound twin, were detected in SLM-fabricated NiTi. However, the <011> type II
twin frequently found in conventionally-fabricated NiTi [28] was not observed in this
work. The type II twin is usually detected in an annealing NiTi alloy, while both the

{111} type I twin and compound twin can be observed in an aging NiTi alloy. Moreover,
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with the increase of aging time, the proportion of compound twins will gradually
increase. Until over-aging occurs, the main twin type present will be <011> type II twin
again [48]. The {111} type I twin is generally regarded as the result of an elastic
interaction during martensite transformation process. In the aging NiTi, such an elastic
interaction has a close relationship with the coherent stress field of precipitated particles
[2,31,49,50]. In the case of the compound twin, it is often classified as a deformation
twin, since it cannot be account for the phenomenological theory of the martensitic
transformation [2]. The occurrence of compound twins is related to the existence of
large stress and strain inside materials. The reasons for the occurrence of compound
twin may be (1) the internal stress field of residual stresses generated from steep
temperature gradient [51] and coherent interface between fine Ti3Nig particles and the
matrix [50], and (2) the smaller twinning shear (0.2385) [52] required to easily
coordinate twinning deformation.

In SLM-fabricated NiTi, there are also some twin variants with self-
accommodated microstructures, such as the secondary {111} type I twin and a
compound twin with “herring-bone’” lamellae. Generally, these two self-accommodated
twinned variants have been observed in deformed NiTi [53] or nanocrystalline NiTi [32]
that contain strong constraints. However, the occurrence of secondary twin can improve
the compatibility of martensitic transformation [53] and the formation of multi-variants
can facilitate an energy minimizing transformation path that facilitates the martensite
transformation [32]. Thus, these diversified self-accommodation behaviors could
decrease the energy required for phase transformation in SLM-fabricated NiTi.

In SLM-fabricated NiTi, twinning lamellae can be affected by precipitation and
dislocation, as reflected by their uneven thicknesses and the large range of D (twinning
lamella thickness) and x:/ (twin width ration). During the propagation process, the twin
lamellae will use various methods to cope with barriers like precipitated particle and
dislocation pile-up. For weak barriers, like fine precipitated particles, the twin lamellae
will thicken to envelop the particles. In this case, only one phase interface between the
particles and martensite is required. This leads to minimization of energy because there
is no need for the new formation of twin boundaries and other twin lamellae [54]. On
the other hand, the twin lamellae will be too thin to surround stronger barriers such as
dislocation pile-ups and large particles. This condition favors decreased propagation
resistance because of the good interface match between the thinner twin lamellae and
the strong barriers. Thus, in SLM-fabricated NiTi, the uneven thicknesses of twin

lamellae results in better propagation when barriers are present.

5. Summary

In this work, by using a stripe rotation scanning strategy, a SLM-fabricated NiTi

alloy with superior tensile property and shape memory recoverability was prepared. The
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characteristics, formation mechanisms and evolution process of twins, dislocations and
precipitates were systemically investigated by TEM. The following important
conclusions are drawn from the results:

(1) Our SLM-fabricated NiTi alloy exhibited a large tensile strain of 15.2 + 0.8%
that is almost twice that of the previously best reported. Our alloy also had an excellent
shape memory property, the shape recovery rates of it were 97.7 £ 1.2% and 92.5 +2.0%
when pre-deformed by 4% and 6%, respectively.

(2) The SLM fabrication process consisting a rapid solidification and a repeated
heating confers dislocations, precipitations and twins of SLM-fabricated NiTi alloy
with different characteristics compared to other conventional NiTi alloys.

(3) A supersaturation solid solution matrix containing high concentration
vacancies will be formed in rapid solidification stage. Furthermore, dislocations formed
by supersaturation concentration vacancies aggregation have a density of up to 10! cm™
2 which is similar as that of dislocations inside a NiTi induced by hot drawn at 1073 K
with a reduction of 40%.

(4) During the repeated heating stage, the dislocations occur thermal motion along
three directions of <001>, <111> and <110> to form thermal kink, helical dislocation
and a wavy morphology. Simultaneously, precipitated particles TisNis will repeatedly
nucleate on the moving dislocations and heterogeneously grow with dislocation moving.
This unique precipitation behavior, termed repeated precipitation, has not been reported
in conventional NiTi alloy.

(5) After the martensitic transformation, only {111} type I twin and compound
twin are observed inside SLM-fabricated NiTi. The presence of precipitated particles
and dislocation pile-ups leads to the uneven thickness and chaotic arrangement of
twinning lamellae. In addition, the unique self-accommodated microstructures such as
secondary {111} type I twin and compound twin with “herring-bone”” lamellae, often
found in the deformed or nanocrystalline NiTi alloys, can also be observed in SLM-
fabricated NiTi.
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