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A B S T R A C T   

Laser-powder bed fusion (L-PBF) additive manufacturing (AM) presents excellent potential to fabricate 
geometrically complex structures with tailored microstructures and compositions from nickel titanium shape 
memory alloys (NiTi SMAs). The effect of common L-PBF process parameters, such as laser power, scanning 
speed, and hatch spacing, have been reported in many literature studies. However, one important factor that has 
not been investigated is the laser scan strategy, or the path that the laser follows within each layer. This is a 
particularly important factor to investigate in the case of NiTi SMAs that tend to be more sensitive to thermal 
histories than other commercial AM materials. For example, even slight variations in thermal history might 
exhibit notable influence on transformation behavior due to composition changes resulting from differential 
evaporation of nickel. The current work presents a first investigation on such effects of 12 laser scan strategy on 
the fabrication outcome of additively manufactured Ni-rich NiTi SMAs. The extent of warping deformation and 
surface morphology of fabricated parts with different scan strategies were found to show notable differences. 
Some phase transformation variations among different scan strategies were also identified in as-fabricated and 
solution heat treated conditions, although these variations were not as pronounced as variations in warping due 
to residual stresses and surface morphology. This study guides the selection of scan strategies such that build 
failures due to excessive warping and poor surface morphology are minimized. It also provides additional 
flexibility in controlling mechanical properties and phase transformation behavior of this relatively difficult-to- 
process class of materials.   

1. Introduction 

Nickle‑titanium (NiTi) shape memory alloys (SMAs) were discovered 
in 1959 by William J. Buehler and Frederick Wang [1,2]. This class of 
alloys has some unique properties, such as the ability to retain their 
original shapes after deformation upon being heated due to reversible 
temperature-induced phase transformation between austenite and 
martensite [3]. On account of other favorable characteristics, such as 
superelasticity, biocompatibility, and corrosion resistance, NiTi SMAs 
have found a wide range of applications in biomedical, aerospace and 
thermal applications [4–7]. Due to the challenges associated with using 
traditional manufacturing and processing routes (e.g. casting, forging, 
or machining), additive manufacturing (AM) technologies have recently 

been identified as attractive alternatives [8]. In particular, laser-powder 
bed fusion (L-PBF) process has been most commonly used to fabricate 
NiTi SMA parts due to its high printing resolution, ability to keep the 
oxygen content at very low levels, and excellent printing quality [9]. 

In order to manufacture NiTi SMA parts with desired mechanical 
properties and phase transformation behavior, in-depth understanding 
of the relationship between manufacturing process conditions and part 
properties is critical. Previous works primarily focused on investigating 
the effects of key process parameters (e.g. laser power (P), laser scanning 
speed (v)) [10–13] or some combination of those parameters (linear or 
volumetric energy density defined as EL [14] and EV [15] in Eqs. (1) and 
(2), respectively, where t is the powder layer thickness and h is the hatch 
spacing) [16–20] on the properties of L-PBF fabricated NiTi. For 
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example, Mahmoudi et al. [9] investigated the effects of both EL and EV 
on the manufacturability and phase transformation behavior of Ni-rich 
NiTi and concluded that EL played a more significant role than EV in 
predicting manufacturability (or printability) while EV had correlation 
with the martensitic transformation temperatures. Some studies in the 
literature report similar observations [16,17,21]. Other studies high
lighted the importance of studying the effects of individual parameters, 
in contrast to aggregate metrics like EL and EV [18,19,22]. 

EL =
P
v

(1)  

Ev =
P

h⋅v⋅t
(2) 

Despite the wealth of literature studies on the effects of P, v, h, EL, 
and EV on the properties of L-PBF processed NiTi materials, there is 
another important factor that has received relatively limited attention: 
the laser scan strategy. The laser scan strategy refers to the scanning path 
of the laser beam within and between successive layers when printing 
parts with L-PBF, which plays an important role in controlling the 
transient thermal history of the manufacturing process. This in turn 
subsequently has an impact on the microstructure, final material 
composition, texture orientation and residual stress accumulation, all of 
which affect the quality and mechanical and functional properties of the 
final part. That is, even if other laser process parameters such as P, v, h, 
and t remain constant, a simple modification of the laser scan strategy 
may result in a significant change in part performance. Therefore, it is of 
high importance to investigate the effect of laser scan strategy on L-PBF 
fabricated NiTi parts in order to improve the printing quality and thus 
optimize the mechanical and functional properties, as well as to even
tually expand the application prospects of L-PBF processed NiTi 
materials. 

There are several studies in the literature that highlight the effects of 
the laser scan strategy in other material systems (e.g., steels, aluminum 
alloys, Ni-based superalloys, etc.). The focus of these literature studies is 
mainly on investigating the impact of the scan strategy on density/ 
porosity, microstructure, texture, residual stresses, and mechanical 
properties of fabricated parts through numerical simulations or experi
mental methods. On the experimental side, Gouveia et al. [23] investi
gated the effect of four different laser scan strategies on the density, 
residual stress, surface roughness and hardness of AlSi10Mg parts and 
concluded that no single scan strategy outperformed the others in all 
performance metrics. In another study, Rashid et al. [24] investigated 
the effect of three different laser scan strategies on the final part density 
and showed that the hexagonal scan strategy resulted in the highest 
relative density of the printed AlSi12 alloys. Zhang et al. [25] also 
compared the final part densities produced by three different scan 

strategies in printed 17–4 stainless steel and recommended that the scan 
strategy with the lowest energy consumption was to be selected pro
vided that target properties are met. Arisoy et al. [26] evaluated the 
effect of scan strategy on grain size, grain growth and orientation of 
printed Inconel 625 nickel superalloys and concluded that a stripe scan 
strategy with a rotation angle of 67 ◦C produced finer grains. The hex
agonal scan strategy was shown to result in the highest ultimate tensile 
strength of the printed 17–4 stainless steel in the study conducted by 
Kudzal et al. [27]. In terms of numerical simulations, Ramos et al. [28] 
applied a coupled thermomechanical computational model to investi
gate the effects of five different laser scan strategies on the transient 
temperature field, residual stress field and deformation during the 
fabrication of Ti-6Al-4 V material and concluded that shorter scan vector 
lengths resulted in lower residual stresses and a smaller degree of 
deformation. Song et al. [29] studied three scan strategies through finite 
element analysis and found out that a rotation angle of 15 ◦C produced 
the lowest residual stress in the fabrication of Ti-6Al-4 V alloys. The 
simulation performed on In718 alloys investigated eight different scan 
strategies and the results showed that the 45 ◦C line scan strategy 
exhibited both a smaller residual stress and less deformation compared 
to the in-out scanning case, as reported by Cheng et al. [30]. It is worth 
mentioning that due to high computational cost of finite element sim
ulations, most of the numerical simulation work was performed on a 
single layer or several layers rather than on the whole part. This would 
have an impact on the real reliability of the simulation results. 

Although a handful of literature studies investigated the effects of 
some common laser scan strategies and devised new scan strategies for 
potential implementation in commercial L-PBF systems, this area of 
research is still at early stages relative to other well-studied L-PBF pro
cess parameters. In the particular case of NiTi SMAs, the effects of scan 
strategy on the printability, transformation behavior, and mechanical 
properties is entirely lacking. Such investigation is especially important 
due to the extreme sensitivity of NiTi to residual stresses and potential 
process-induced defects that are common to L-PBF processes. This study 
aims to fill this literature gap through systematically investigating the 
effects of 12 different laser scan strategies on the density, residual stress, 
phase transformation behavior, and mechanical properties of Ni-rich 
NiTi SMAs fabricated using L-PBF AM. The rest of the paper is orga
nized as follows: Section 2 provides details of the experimental methods 
and test bed employed in the study. Discussion of experimental results is 
presented in Section 3. Section 4 draws concluding remarks and lays out 
directions for future research. 

Fig. 1. Morphology of Ni50.8Ti49.2 (at.%) powder utilized in the current study obtained using scanning electron microscopy (SEM) in (a) low and (b) high 
magnifications. 
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2. Materials and experimental methods 

2.1. Powder characterization 

The slightly Ni-rich NiTi powder utilized in this study was provided 
by Carpenter Technology Corp prepared by the electrode induction- 
melting gas atomization (EIGA) method. Differential scanning calorim
etry (DSC) characterization was conducted on both as-received and so
lution heat treated (950 ◦C for 24 h + water quenching) powder to 
measure the transformation temperatures and estimate the chemical 
composition. The powder was tested and shown to have a composition of 
Ni50.8Ti49.2 (at.%) [31]. Fig. 1 shows the morphology of the as-received 
powder captured by scanning electron microscopy (SEM, FEI Quanta 
600 FE). The majority of the powder particles exhibit spherical and 
smooth morphology with particle diameters ranging between 10 and 60 
μm, while very few satellite particles are observed. The D50 and D80 of 
the powder were 29 μm and 38 μm respectively, indicating that 50 % of 
the powder particles possessed a diameter <29 μm and 80 % of the 
powder particles possessed a diameter <38 μm respectively. 

2.2. Sample fabrication 

Twelve 10 × 10 × 10 mm3 cubic samples were printed on a NiTi 
substrate using different laser scan strategies. Fabrication was done on a 
3D Systems ProX 200 commercial L-PBF system employing a continuous 
Ytterbium fiber laser with wavelength 1070 nm, beam diameter 80 μm, 
and 300 W maximum power. All other laser process parameters than 
scan strategy were kept constant for all the samples, as listed in Table 1. 
These parameters were set at their optimized values determined by the 

co-authors in a previous study [31] that result in minimum porosity. 
Fabrication was conducted under an argon atmosphere, with oxygen 
level inside the build chamber maintained below 500 ppm. The cubes 
were arranged such that the thermal distribution on the build plate is as 
uniform as possible, as shown in Fig. 2, in which the numeric labels from 
1 to 12 indicate the sequence to scan these samples. 

The twelve different scan strategies utilized in this study are sche
matically illustrated in Fig. 3. Similar to Fig. 2, the numeric labels from 1 
to 12 indicate the sequence of scanning the samples. Corresponding 
descriptive labels are also shown in Fig. 3, which are utilized to refer to 
the scan strategies in the remainder of the paper. Detailed description of 
each scan strategy is as follows:  

1. Starting angle 0 ◦C, rotation angle 90 ◦C, back and forth scan 
strategy (“S0-R90-BF”). The laser scans the powder layer in a 
back and forth pattern while scanning the first layer along the x- 
axis direction and scan angle rotates 90 ◦C from layer to layer.  

2. Starting angle 0 ◦C, rotation angle 90 ◦C, uni-directional scan 
strategy (“S0-R90-UD”). The laser scans the powder layer in a 
uni-directional pattern while scanning the first layer along the x- 
axis direction and scan angle rotates 90 ◦C from layer to layer.  

3. Starting angle 45 ◦C, rotation angle 90 ◦C, back and forth scan 
strategy (“S45-R90-BF”). The laser scans the powder layer in a 
back and forth pattern while scanning the first layer at an angle of 
45 ◦C to the x-axis direction and scan angle rotates 90 ◦C from 
layer to layer.  

4. Starting angle 45 ◦C, rotation angle 90 ◦C, uni-directional scan 
strategy (“S45-R90-UD”). The laser scans the powder layer in a 
uni-directional pattern while scanning the first layer at an angle 
of 45 ◦C to the x-axis direction and scan angle rotates 90 ◦C from 
layer to layer.  

5. Starting angle 67 ◦C, rotation angle 90 ◦C, back and forth scan 
strategy (“S67-R90-BF”). The laser scans the powder layer in a 
back and forth pattern while scanning the first layer at an angle of 
67 ◦C to the x-axis direction and scan angle rotates 90 ◦C from 
layer to layer.  

6. Starting angle 67 ◦C, rotation angle 90 ◦C, uni-directional scan 
strategy (“S67-R90-UD”). The laser scans the powder layer in a 

Table 1 
Constant laser process parameters utilized for cubic samples fabrication. Apart 
from the scan strategy, all other process parameters are kept constant for all 
samples.  

Laser 
power 
(W) 

Scan speed 
(mm/s) 

Hatch 
spacing (μm) 

Layer 
thickness (μm) 

EL 

(J/m) 
EV 

(J/ 
mm3) 

200 1080 80 38 185.19 60.92  

Fig. 2. As-printed NiTi samples fabricated by L-PBF process. The numeric la
bels from 1 to 12 indicate the order in which samples were scanned within 
each layer. 

Fig. 3. Schematic diagram of the twelve scan strategies investigated in this 
study. The samples were scanned by the laser in a sequence according to the 
numeric labels to homogenize the temperature field across the build plate. 
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uni-directional pattern while scanning the first layer at an angle 
of 67 ◦C to the x-axis direction and scan angle rotates 90 ◦C from 
layer to layer.  

7. Concentric in-out scan strategy (“In-Out”). The laser scans the 
powder layer continuously from the center toward the periphery 
of the designed geometry.  

8. Concentric out-in scan strategy (“Out-In”). The laser scans the 
powder layer continuously from the periphery toward the center 
of the designed geometry.  

9. Starting angle 0 ◦C, rotation angle 120 ◦C, back and forth scan 
strategy (“S0-R120-BF”). The laser scans the powder layer in a 
back and forth pattern while scanning the first layer along the x- 
axis direction. The laser scanning direction rotates 120 ◦C layer 
by layer.  

10. Starting angle 0 ◦C, rotation angle 120 ◦C, uni-directional scan 
strategy (“S0-R120-UD”). The laser scans the powder layer in a 
uni-directional pattern while scanning the first layer along the x- 
axis direction. The laser scanning direction rotates 120 ◦C layer 
by layer.  

11. Cage scan strategy (“Cage”). The laser scans an outline outside 
the designed geometry first. The distance between the outline and 
the periphery of the designed geometry was set as 0.5 mm. After 
the outline being printed, the laser scans the designed geometry 
using “S45-R90-BF” scan strategy.  

12. Shell scan strategy (“Shell”). The laser scans a 0.5 mm shell of the 
designed geometry using the “Out-In” scan strategy first. After the 
shell being printed, the laser scans the powder layer using “S45- 
R90-BF” scan strategy for the remaining core section of the 
designed geometry. 

It is worth mentioning that scan strategies which separated the 

printing area into multiple small subsections (hexagon, island, and 
stripe scan strategies) were not considered in the current study, mainly 
due to the extra consideration requirements on the size, shape, overlap, 
and printing sequence of each small subsection, which also have sig
nificant effects on the L-PBF fabricated samples according to previous 
studies [32,33], and would possibly conceal the pattern to be investi
gated in the current study. 

During L-PBF process, once a layer of powder has been evenly 
spread, the laser begins to scan, melt, and solidify the powder layer 
according to the geometry of the sliced CAD model. Based on the scan 
strategy, after the laser has finished sintering the current track, it turns 
off and jumps to the start of the next point to start the next weld track 
until the full layer is printed. In other words, the total time is the sum of 
the powder spreading time and the laser travel time, where the laser 
travel time can be further divided into the laser sintering time and the 
laser jumping time. While different scan strategies share the same 
powder spreading time and laser sintering time to fabricate samples with 
the same geometry and orientation at the same laser scanning speed and 
hatch spacing, the total time will be different due to differences in 
jumping times among scanning strategies. The total laser travel time, 
laser sintering time, and the laser jumping time for the 10 mm × 10 mm 
× 10 mm cubic sample with 12 different scan strategies are listed in 
Table 2. It can be seen that there is a difference of 80 s between the 
fastest (In-Out and Out–In) and slowest (S45-R90-UD) scan strategies. 
Although such difference is not significant when fabricating small parts, 
it will be exacerbated in the case of larger scale parts. In addition, the 
difference in laser jumping time also has an effect on the transient 
thermal histories, which in turn affect the phase transformation 
behavior of fabricated NiTi parts, as will be detailed in the following 
sections. 

2.3. Surface morphology characterization 

SEM was employed to investigate the top surface morphology of the 
edge / corner area and the central area in as-fabricated cubic samples 
with different scan strategies. The study of the morphology of the central 
region of the top surface can help investigate the effect of the laser scan 
strategy on surface roughness. In addition, the importance of assessing 
the impact of the laser scan strategy on material accumulation in the 
corner region stems from the fact that the degree of material accumu
lation in that corner region directly affects both the printing process but 
also the quality of the as-printed part. Intuitively, the material accu
mulation around the corners can lead to swelling/elevation of the cor
ners, which can in turn have negative influence on the geometrical 
accuracy of the fabricated part. It has also been reported in [34] that the 
elevated corner induced by material accumulation would be orders of 
magnitude higher than the powder layer thickness. During the L-PBF 
process, the elevated corner would protrude from the powder bed and 

Table 2 
Total laser travel time, laser sintering time, and laser jumping time of each 10 ×
10 × 10 mm3 cubic sample fabricated by different laser scan strategies.  

Numeric 
label 

Laser scan 
strategy 

Laser travel 
time (s) 

Laser sintering 
time (s) 

Laser jumping 
time (s) 

1 S0-R90-BF  326  312  14 
2 S0-R90-UD  388  312  76 
3 S45-R90-BF  335  312  23 
4 S45-R90-UD  400  312  88 
5 S67-R90-BF  334  312  22 
6 S67-R90-UD  396  312  84 
7 In-Out  320  312  8 
8 Out-In  320  312  8 
9 S0-R120-BF  331  312  19 
10 S0-R120-UD  394  312  82 
11 Cage  349  312  37 
12 Shell  346  312  34  

Fig. 4. Schematic diagram of (a) labels of each bottom corner of the fabricated cubic sample and (b) the warping height of one corner. (c) Photograph showing the 
warping phenomenon of a cubic sample fabricated using the laser scan strategy Out–In. 

C. Zhang et al.                                                                                                                                                                                                                                   



Journal of Manufacturing Processes 84 (2022) 260–271

264

collide with the powder spreading mechanism such as the powder 
recoating roller or blade spreads the powder for the next layer, and 
would potentially cause early failure of the printing process. As reported 
in [35], the elevated corner is a common phenomenon in the fabrication 
of NiTi alloys with high Ni-content using L-PBF, and often occurs early in 
the fabrication process, with specimens with such defect often failing at 
very early stages. Therefore, mitigating the material accumulation 
around the corners by selecting the appropriate laser scan strategies is 
critical to improving the geometrical accuracy and the reliability of the 
fabrication process. 

2.4. Warping deformation measurement 

Warping is a common phenomenon in L-PBF, especially in the case of 
NiTi with high nickel content [36]. In earlier studies by the co-authors, 
warping was observed in samples fabricated using Ni-rich NiTi powder 
(Ni51.2Ti48.8), while for the near equiatomic counterpart (Ni50.1Ti49.9), 
the fabricated coupons were free of such defect [31,37]. A photograph of 
the warping phenomenon in a cubic sample fabricated by L-PBF using 
the laser scan strategy Out-In is shown in Fig. 4 (c). Warping is caused by 
the relief of residual stresses generated during the fabrication process 
due to transient thermal gradients, phase transformations, and chemical 
composition variations (Ni evaporation). When warping is severe, the 
printed samples can get detached from the substrate and cause failure of 
the entire fabrication process. Therefore, process parameters should be 
tailored and the effect of laser scan strategy on the warping behavior 
should be investigated to mitigate or avoid the warping deformation 
during the fabrication of Ni-rich NiTi SMAs. Warping was assessed by 
the warping height of four bottom corners, as illustrated in Fig. 4 (b), 
while the label for each corner is shown in Fig. 4 (a). The warping height 
of each bottom corner was measured by a digital vernier caliper before 
the samples were removed from the substrate. 

2.5. Density and porosity measurements 

Upon completion of the surface morphology characterization and 
warping deformation measurements, the fabricated parts were removed 
from the substrate by wire electrical discharge machining (EDM). The 

density of the fabricated samples was subsequently measured using 
Archimedes’ method according to ASTM B962-17 standard. The as- 
fabricated parts were then cut into smaller samples for further charac
terization of microstructure, transformation behavior, and mechanical 
properties via EDM, as shown in Fig. 5. In order to quantify the porosity 
of the printed parts, the porosity samples were mounted and the cross- 
sections parallel to the building direction were ground with 1200 grit 
SiC paper. Cross-sectional images were captured by optical microscopy 
(OM, Keyence VHX-1000) and analyzed using image analysis software 
ImageJ to measure the areal percent porosity. 

2.6. Transformation behavior analysis 

The transformation behavior of fabricated samples in both as-printed 
and solution heat treated condition (800 ◦C for 1 h followed by water 
quenching) was characterized using a TA Instruments Q2000 DSC in
strument on cylindrical DSC samples with 3 mm diameter and 1 mm 
thickness. Two DSC cycles from −150 ◦C to +150 ◦C with heating / 
cooling rate of 10 ◦C /min were applied. Transformation temperatures 
(martensite finish, Mf; martensite start, Ms; austenite start, As; austenite 
finish Af) were determined using the method of tangent line intercept in 
the second cycle following ASTM F2004–17 in order to eliminate the 
first cycle effects. Thermal hysteresis was calculated thereafter. 

2.7. Thermo-mechanical characterization 

Thermomechanical characterization, including the incremental load 
tests and shape recovery tests, was performed on a servo-hydraulic MTS 
compression testing system with temperature control capability in the 
strain control mode with a strain rate of 5 × 10−4 s−1. These tests were 
conducted on rectangular prism compression samples that were EDM cut 
from as-printed cubic samples, as shown in Fig. 5. The compression 
samples had a dimension of 4 × 4 × 8 mm3, with the long edge parallel 
to the compressive loading direction. 

Incremental load tests were conducted in order to characterize the 
superelasticity of fabricated samples. The compression sample was 
loaded with a compression strain starting from 1 % all the way to 8 % 
with 1 % increment each time and unloaded. The whole testing process 

Fig. 5. Cutting scheme of as-printed cubic samples for DSC, porosity measurements, and compression mechanical testing. For each as-printed cubic sample, two 4 ×
4 × 8 mm3 rectangular prism compression samples, two 4 × 4 × 4 mm3 cubic porosity samples, and one cylindrical DSC sample with 3 mm diameter and 1 mm 
thickness were EDM cut. 
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Fig. 6. SEM images of the central region of top surfaces fabricated with different laser scan strategies.  

Fig. 7. SEM images of the corner region of top surfaces fabricated with different laser scan strategies.  
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was conducted at the temperature slightly above the Af of each as- 
printed sample. The recoverable and irrecoverable strains were recor
ded for each loading-unloading cycle. 

Shape recovery tests were conducted in order to characterize the 
shape memory effect of fabricated samples. The compression samples 
were compressed at −50 ◦C (in martensite) by increment of 2 % strain 
and unloaded, followed by heating up to 100 ◦C (in austenite) to mea
sure the recovered and unrecovered deformations. 

3. Characterization results and discussion 

3.1. Surface morphology 

The top surface morphologies of cubic samples fabricated using 
different laser scan strategies are shown in Fig. 6 and Fig. 7, in which 
middle and corner regions are captured respectively. As shown in Fig. 6, 
uniform and smooth surfaces were obtained by using uni-directional or 
back and forth scan strategies in the middle region (Samples #1 - #6, 
Samples #9 - #12), with spatter occasionally observed. The laser power 
and scanning speed used in this study were proved to result in uniform 
and smooth single tracks in our previous study [31]. In the middle re
gion, the laser tracks generated by uni-directional or back and forth scan 
strategies reached a steady state, compared to the beginning and end of 
laser tracks. Therefore, a smooth surface morphology in the middle re
gion was secured. On the contrary, for concentric Out-In scan strategy 
(Sample #8), local bumps were observed along the diagonal direction, 
which were caused by the instability of the melt pool near the diagonal. 
When the laser reaches the diagonal line of the square cross section, the 
change of laser scan direction resulted in an abrupt scanning speed 
decrease from setting value toward 0 along the previous scan direction, 
which subsequently increased the input energy and finally resulted in a 
significantly larger melt pool size in a short period of time. To avoid such 
melt pool instability, modifications in part geometry (e.g., introduce 
rounded corners) is recommended in order to prevent sharp turn of the 
laser scan direction. It is worth mentioning that in addition to degrading 
the surface integrity, the abrupt change of laser scan direction near the 
diagonal also lead to local residual stress concentration [30], and gen
erates crack initiation sites. As shown in Fig. 6, cracks initiated on the 
diagonal are observed in Sample #7. 

On the corner region, as shown in Fig. 7, the samples printed using 
different scan strategies exhibit notable difference. Among uni- 
directional and back and forth scan strategies (Samples #1 - #6, and 
Samples #9 - #10), S0-R90-BF and S0-R90-UD exhibit the most smooth 
corner region without noticeable material accumulation. Material 
accumulation is noticed in S45-R90-BF, while the uni-directional scan 
strategy marginally mitigated such material accumulation to a certain 
extent compared to back and forth scan strategy (compare Samples #3 
and #4). Similar difference between uni-directional and back and forth 
scan strategies existed in other scan strategies (compare Samples #5 and 
#6, #9 and #10). For the back and forth scan strategy, laser starts to 
melt the powder material adjacent to the former generated melt track 
which does not have enough time for cooling, therefore the thermal 
gradient is smaller and the maximum attainable temperature is higher 
compared to the uni-directional counterpart, giving rise to a more sig
nificant material accumulation due to the enlargement of melt pool and 
entrapment of surrounding powder particles at a relatively high tem
perature (higher than melting temperature and sustains for a longer 
period of time). The shell scan strategy (Sample #12) mitigated such 
material accumulation at the corner by generating an outer shell prior to 
the melting of the inner area, which functions both as a heat sink that 
facilitates thermal dissipation and as an isolating wall separating the 
inner region and the outer powder material, and in turn reduced the 
material accumulation around the corner at the inner area. Due to the 
existence of the large gap between the cage (outline) and the core re
gions in the cage scan strategy (Sample #11), the cage didn’t make a 
comparable difference to the shell in Sample #12. As a result, material 

accumulation still existed around the corner of the core region, which 
was scanned by the same scan strategy as Sample #3. No significant 
material accumulation existed in concentric scan strategies (Samples #7 
and #8). 

3.2. Warping due to residual stresses 

Fig. 8 shows warping deformation magnitudes for the fabricated 
samples, indicating notable difference among different scan strategies. 
The concentric Out-In strategy (Sample #8) showed maximum warping 
deformation, while the normal S67-R90-UD strategy (Sample #6) 
showed minimum warping deformation. Concentric scan strategies are 
observed to generally result in larger warping deformation than uni- 
directional or back and forth scan strategies. One possible explanation 
is the fact that, on average, concentric scan strategies have longer laser 
scan vectors. It has been frequently reported that thermal stress gener
ated along the laser path is a key contributor to residual stress build-up 
during L-PBF process due to high thermal gradient along the scanning 
vector direction [38]. With the increase of scanning vector length, re
sidual stress increases, resulting in a higher magnitude of warping 
deformation [39,40]. Owing to the average laser scan vector length 
difference, the warping deformation associated with uni-directional or 
back and forth scan strategies was systematically less than concentric 
strategies. The result is consistent with what has been reported in [30], 
that concentric Out-In scan strategy provided the highest residual 
stresses. In addition, for uni-directional or back and forth scan strategies 
applied in this study, the scan vector rotation between consecutive 
layers avoided residual stress accumulation along a specific direction to 
a certain extent, while for the concentric scan strategies, scan vector 
direction was kept identical throughout the printing process, which is 
another possibility for the difference of warping deformation magnitude 
between uni-directional or back and forth scan strategies and concentric 
scan strategies. 

It is worth mentioning that for Samples #11 and #12, the middle 
region of which were printed using back and forth scan strategies, sig
nificant warping deformation was still noticed. Such phenomenon could 
be explained by residual stress distribution in as-printed parts. Accord
ing to [41], the maximum residual stress was observed close to the edges 
of printed samples, while the central area possessed a uniform stress 
distribution. As a result, scan strategy applied near the edge has a more 
significant impact on the residual stress build-up and resulting warping 
deformation compared to the scan strategy implemented in the central 
area. Therefore, for Samples #11 and #12, due to concentric scan 

Fig. 8. Warping deformation magnitudes of L-PBF fabricated NiTi cubic sam
ples using different laser scan strategies. 

C. Zhang et al.                                                                                                                                                                                                                                   



Journal of Manufacturing Processes 84 (2022) 260–271

267

strategy was applied on printing cage or shell near the edge respectively, 
comparable warping deformations were observed to samples fabricated 
solely using concentric scan strategies (Samples #7 and #8). 

3.3. Density and porosity 

Density of as-printed parts was measured using Archimedes’ 
methods and subsequently compared to a reference density of 6.481 g/ 
cm3 (density of bulk material used to prepare the powder) to calculate 
the relative density. The relative Archimedes’ density values of fabri
cated samples with different laser scan strategies are listed in Table 3. All 

samples exhibited near-full relative density values (> 99.85 %) except 
for Sample #11, which was fabricated using cage scan strategy with a 
distance of 0.5 mm between the outline and the periphery of inner 
section (Fig. 2). In general, when other process parameters were kept 
constant (optimized in our previous work [31]), the effect of laser scan 
strategy on the relative density was negligible due to the comparable 
energy input. However, it is worth noting that for scan strategies sepa
rating the printing area into smaller subsections (e.g., island, stripe), due 
to the existence of overlap to ensure bonding between subsections, 
remelting occurred within the overlap regions and increased the overall 
input energy, which would possibly have a great impact on the density 
of fabricated sample [32]. 

Fig. 9 shows the OM images capturing the cross-sections of porosity 
samples along the building direction. The corresponding areal porosities 
were determined by image analysis and are listed in Table 3. It can be 
noticed that except for Sample #10, all samples possessed almost 
porosity-free cross-sections with areal porosity <0.01 %. Sample #10 
exhibited a comparatively high areal porosity (nevertheless still <0.1 
%), which is possibly attributed to the fabrication process instability. 
Even though L-PBF possesses a comparatively high robustness in terms 
of keeping consistent porosity with identical process parameters, chan
ces still exist when the powder bed flatness, laser status, or the chamber 
atmosphere slightly changes, and in turn leading to a surge of porosity at 
certain portions inside the fabricated parts. In addition, it is of high 
possibility that such high areal porosity found in Sample #10 was not 
prevalent throughout the fabricated cubic body, in consideration of the 
high relative Archimedes’ density value measured (99.93 %). 

Table 3 
The measured relative density and areal percent porosity of fabricated samples.  

Numeric 
label 

Laser scan 
strategy 

Relative Archimedes’ 
density (%) 

Areal porosity 
(%) 

1 S0-R90-BF  99.90  0.002 
2 S0-R90-UD  100.00  0.003 
3 S45-R90-BF  99.95  0.003 
4 S45-R90-UD  99.96  0.006 
5 S67-R90-BF  99.91  0.002 
6 S67-R90-UD  99.92  0.002 
7 In-Out  99.91  0.011 
8 Out-In  99.86  0.003 
9 S0-R120-BF  99.87  0.001 
10 S0-R120-UD  99.93  0.098 
11 Cage  98.44  0.001 
12 Shell  99.93  0.002  

Fig. 9. Cross-sections along the building direction captured under OM of NiTi samples fabricated using different laser scan strategies.  
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Fig. 10 shows the bottom corner area of the cross-sections fabricated 
using In-Out and Out-In laser scan strategies. The red arrows indicate the 
presence of cracks along the building direction. It has been illustrated in 
Section 3.2 that the samples fabricated by the concentric scan strategies 
exhibit the largest warping deformation, which is an indication of high 
residual stress accumulation. Crack formation is another pathway to 
release high residual stresses. It has been investigated in [42] that the 
longitudinal residual stress along the building plane was the impetus of 
the warping distortion and the crack growth, which is in accordance 
with the results discovered here. 

3.4. Phase transformation behavior 

To investigate the effect of laser scan strategy on the phase trans
formation behavior of L-PBF fabricated NiTi parts, DSC results of sam
ples fabricated under different scan strategies in both as-printed and 
solution heat treated conditions are shown in Fig. 11. After solution heat 
treatment, the phase transformation peaks become narrower with 
decreased Ms and Af temperatures, while Mf and As temperatures remain 
at a comparable level as the as-printed counterparts. Such change in 
phase transformation behavior can be attributed to the mitigation of the 
directional residual stress field accumulated during the fabrication 
process [31]. It is seen that the overall phase transformation behaviors 
were similar for all samples, mainly due to the same overall input energy 
during the fabrication process obtained by the identical laser power, 
scanning speed, and hatch spacing, which resulted in similar amount of 
Ni differential evaporation. The sample fabricated using S45-R90-UD 
scan strategy exhibited the lowest transformation temperatures in 
both as-fabricated and after solution heat treatment conditions. One 
possible explanation is based on Table 2, this scan strategy has the 
longest laser jumping time. With the same input energy for different 
scan strategies, the longer cooling time caused by the longer laser 
jumping time results in more heat dissipation, which reduces the overall 
temperature during the manufacturing process and keeps the melt pool 
at a high temperature for a shorter period of time, ultimately reducing 
the amount of Ni evaporation and thus the phase transformation tem
peratures. Details of the transformation temperatures for different laser 
scan strategies in as-printed and solution heat treated conditions are 
listed in Table 4 and Table 5 respectively. By using different laser scan 
strategies, the transformation temperatures (Ms and Af) and hysteresis 
variations were kept within 7 ◦C and 4 ◦C, respectively. It can be clearly 
seen that for the concentric scan strategies (In-Out, Out–In), the 
transformation temperatures are overall higher than the uni-directional 
or back and forth scan strategies, owing to the fact that the concentric 
scan strategies possessed less laser jumping time, which resulted in a less 
amount of time for cooling and heat dissipation during the fabrication 
process. 

3.5. Thermomechanical performance 

The thermomechanical performance of NiTi part is closely related to 
its phase transformation behavior [43]. Owing to parts fabricated using 
different scan strategies all exhibited similar phase transformation 
behavior, thermomechanical testing was conducted on one sample to 
ascertain the fabricated samples possessed acceptable thermomechan
ical performance. Incremental loading test was conducted on part 
fabricated by S45-R90-UD scan strategy at the temperature of 35 ◦C (~ 
(Af + 10 ◦C) for all samples in as-printed condition) and the result is 
shown in Fig. 12 (a). The incrementally applied strain and recovered 
strain are illustrated in Fig. 12 (b). The relationships between recovered 
strain and total applied strain or incrementally applied strain are shown 

Fig. 10. Cross-sections along the building direction captured under OM of NiTi samples fabricated using In-Out and Out-In laser scan strategies. The arrows indicate 
the presence of cracks at the bottom. 

Fig. 11. Phase transformation behavior for the NiTi samples fabricated using 
different laser scan strategies in (a) as-printed and (b) solution heat 
treated conditions. 
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in Fig. 12 (c) and (d) respectively. Similar to what has been reported in 
[31], perfect superelasticity was not achieved (i.e., recovered strain =
total applied strain). After the first loading cycle, the superelasticity of 
as-printed part degraded rapidly. 

In general, for Ni-rich NiTi components, superelasticity is achieved 
by homogeneous Ni4Ti3 nanoprecipitation [44]. In this study, the 
degradation of superelasticity is possibly due to lack of Ni4Ti3 pre
cipitates generation. During L-PBF process, the differential evaporation 
of Ni resulted in a lower Ni/Ti ratio in the printed part compared to the 
starting powder. As a result, no sufficient amount of Ni was available to 
form Ni4Ti3 precipitates. By comparing the incremental loading test 
results in this study with [31], in which a different laser scan strategy 
(S45-R90-BF) was used keeping other process parameters identical, it is 
validated that the effect of scan strategy on the superelasticity of L-PBF 
fabricated NiTi structures is negligible. 

The stress-strain curves representing the shape recovery behavior of 
the compression sample fabricated using the laser scan strategy S0-R90- 
BF are shown in Fig. 13 (a). The sample was compressed to the strain 
magnitudes of 2 % (red lines) and 4 % (blue lines) at −50 ◦C (in 
martensite phase) and unloaded to zero stress, and then subsequently 
heated up to 100 ◦C (in austenite phase) in order to measure the re
covery ratio and quantify the shape memory property. The recoverable 
strains are shown as dashed arrows in Fig. 13 (a), and a summary of the 
recovered strains at different applied strain levels are shown in Fig. 13 
(b). It could be clearly noticed that recovery strain of up to 3 % was 
obtained after compressive deformation of 4 %. As compared to the 
result reported in [31], in which scan strategy S45-R90-BF was applied, 
similar shape recovery behavior was obtained, indicating that the shape 
memory effect is insensitive to the applied laser scan strategy. 

4. Conclusions 

In the present study, the effect of laser scan strategy on the fabrica
tion outcome of Ni-rich Ni50.8Ti49.2 (at. %) shape memory alloys (SMAs) 
by laser powder bed fusion (L-PBF) process was investigated. 

Fabrication time, warping deformation, top surface morphology, den
sity/porosity, phase transformation behavior, shape memory and 
superelastic properties were compared among samples fabricated by 12 
distinct laser scan strategies. With all other process parameters (e.g. 
laser power, scanning speed, hatch spacing, layer thickness) kept con
stant, the effect of individual change of laser scan strategy on different 
properties of the fabricated part was evident. The current study serves as 
a guideline to select adequate laser scan strategies for manufacturing 
NiTi SMAs via L-PBF. No scan strategy excelled in all evaluation metrics 
simultaneously, indicating that the scan strategy must be selected based 
on desired final properties and manufacturing constraints. Main con
clusions can be summarized as follows:  

1. Laser scan strategy exerted significant effects on the level of warping 
deformation. Concentric scan strategies resulted in more severe 
warping deformation compared to uni-directional or back and forth 
strategies, which was attributed to the long scanning vectors and 
accumulated residual stress build-up along specific directions.  

2. Uni-directional or back and forth scan strategies with an angle to the 
edge of the part exhibited material accumulation at the corners and 
resulted in the elevated corner phenomenon. Single-directional scan 
strategy alleviated such phenomenon to a certain extent compared to 
the back and forth counterparts. Shell scan strategy also relieved 
such phenomenon.  

3. The samples fabricated using different scan strategies all obtained 
near full densities with porosity <0.1 % with careful selection of 
other key process parameters of laser power, scanning speed, hatch 
spacing, and layer thickness.  

4. The phase transformation behavior and resulting thermomechanical 
properties were similar for all samples in both as-fabricated and so
lution heat treated conditions, mainly due to similarity in the overall 
input energy during fabrication process, which resulted in compa
rable amounts of Ni differential evaporation. The difference in 
cooling time showed minor effect on the variation of transformation 
temperatures. 

Table 4 
As-printed sample DSC results.  

Numeric label Laser scan strategy Laser travel time (s) Ms (◦C) Mf (◦C) As (◦C) Af (◦C) Hysteresis (◦C) 

1 S0-R90-BF  326  −0.7  −32.1  −1.3  22.5  23.2 
2 S0-R90-UD  388  0.9  −34.0  −1.5  23.9  23.0 
3 S45-R90-BF  335  −0.1  −32.4  −0.7  24.1  24.2 
4 S45-R90-UD  400  −0.2  −33.4  −2.0  22.0  22.2 
5 S67-R90-BF  334  1.1  −30.3  1.0  26.0  24.9 
6 S67-R90-UD  396  3.2  −31.1  0.0  25.3  22.1 
7 In-Out  320  5.8  −34.0  −0.3  27.2  21.4 
8 Out-In  320  5.4  −32.6  1.2  28.5  23.1 
9 S0-R120-BF  331  2.0  −30.6  1.2  26.2  24.2 
10 S0-R120-UD  394  3.3  −30.0  1.1  26.5  23.2 
11 Cage  349  5.0  −26.2  4.1  28.8  23.8 
12 Shell  346  1.7  −27.3  2.3  26.0  24.3  

Table 5 
Solution heat treated sample DSC results.  

Numeric label Laser scan strategy Laser travel time (s) Ms (◦C) Mf (◦C) As (◦C) Af (◦C) Hysteresis (◦C) 

1 S0-R90-BF  326  −16.3  −33.1  −2.6  11.1  27.4 
2 S0-R90-UD  388  −16.1  −31.6  −2.8  10.2  26.3 
3 S45-R90-BF  335  −14.6  −31.2  0.0  13.9  28.5 
4 S45-R90-UD  400  −19.5  −37.3  −5.8  7.6  27.1 
5 S67-R90-BF  334  −17.5  −35.3  −2.8  10.4  27.9 
6 S67-R90-UD  396  −13.7  −30.1  −0.2  13.5  27.2 
7 In-Out  320  −12.9  −31.5  −1.1  14.7  27.6 
8 Out-In  320  −14.3  −32.0  −0.5  15.2  29.5 
9 S0-R120-BF  331  −15.7  −31.6  −2.2  10.8  26.5 
10 S0-R120-UD  394  −14.4  −30.1  −0.1  13.8  28.2 
11 Cage  349  −13.1  −29.7  0.5  14.0  27.1 
12 Shell  346  −13.1  −29.2  0.4  13.8  26.9  
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Fig. 12. (a) The results of incremental loading test performed at 35 ◦C on the compression sample fabricated using the scan strategy of S45-R90-UD. (b) Illustration 
of incrementally applied strain and recoverable strain of the cycle with the total applied strain of 3 %. (c) The relationship between total applied strain and recovered 
strain. (d) The relationship between incrementally applied strain and recovered strain. 

Fig. 13. (a) Stress-strain curves showing the shape recovery behavior of the compression sample fabricated using the laser scan strategy S0-R90-BF. The sample was 
compressed to the strain magnitudes of 2 % (red lines) and 4 % (blue lines) at −50 ◦C in martensite and unloaded to zero stress, followed by heating up to 100 ◦C in 
austenite to recover the deformation (dashed arrows). (b) The recoverable strain vs. the applied strain at the strain magnitudes of 2 % and 4 %. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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5. Since the total fabrication time for different laser scan strategies was 
different while increasing the manufacturing time will increase the 
energy consumption, under the circumstance where the acceptable 
part properties could be achieved via more than one laser scan 
strategies, the strategy with minimum energy consumption (mini
mum fabricating time) should be utilized. 
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