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A B S T R A C T   

The Charpy impact toughness is a crucial mechanical parameter in the application of materials within the realm 
of engineering. This study represents the pioneering investigation into the influence of different building di
rections on the Charpy impact toughness of NiTi shape memory alloys (SMAs) produced via laser powder bed 
fusion (LPBF). Texture analysis reveals that C0 and C90 exhibit a pronounced <001>// building direction (BA), 
while C45 demonstrates a strong texture along <110> and <111>. The impact test results demonstrate that C0 
exhibits superior impact toughness with an absorbed energy of 12.87 J. The fractured surfaces are examined 
using the scanning electron microscope (SEM) and transmission electron microscope (TEM). Among them, the 
electron backscatter diffraction (EBSD) results indicate that the samples with higher geometrically necessary 
dislocation (GND) and kernel average misorientation (KAM) values can effectively reflect superior impact 
toughness. In contrast, fewer high-angle grain boundaries (HAGBs) are preferable. Due to the adiabatic effect, the 
phase transformation of the samples from austenite to martensite doesn’t appear under the impact loading. 
Additionally, this paper discusses the impact of texture orientation, defects, and the relationship between loading 
direction and deposited layers on the impact toughness of the samples. These findings on impact properties 
would provide valuable guidance for engineering applications of NiTi SMAs.   

1. Introduction 

As one of the most attractive functional materials, NiTi SMAs [1] 
have a special phase transformation process under changing external 
conditions, which leads to the unique shape memory effect or the 
superelastic effect. Additionally, NiTi SMAs also exhibit excellent me
chanical properties, corrosion resistance [2], fatigue resistance [3], and 
high damping [4]. Due to these outstanding characteristics, NiTi SMAs 
have been widely applied in aerospace [5], civil engineering [6], and 
other engineering fields [7,8]. In these applications, many structures 
fabricated using the NiTi SMAs may experience impact or high-strain 
rate loads during the explosion and crash circumstances. Therefore, 
the ability of structural components to withstand sudden stress is a 
critical parameter as it directly influences the product’s service life, 
safety, and reliability [9]. Hence, it’s necessary to investigate the impact 
properties of NiTi SMAs. 

In recent decades, many studies have explored the energy absorption 
ability and failure mechanical behaviors of the NiTi SMAs under impact 
loading. Cui et al. [10] studied the dynamic impact fracture behaviors of 
the NiTi SMAs using a split Hopkinson compression bar. Wang et al. [11] 
examined the impact fracture behavior of NiTi SMAs on the drop-weight 
impact system. These studies found that both impact energy and the 
environment temperature have an important effect on the impact 
resistance of NiTi SMAs. Additionally, laser shock experiments and 
driven flyer plates were also used to investigate the impact resistance 
behaviors of NiTi SMAs, as reported in Refs. [12,13]. However, Charpy 
impact tests with a strain rate in the range of 102-103 s− 1 have not been 
employed for investigating the impact properties of NiTi SMAs. 
Furthermore, most of the NiTi SMAs (NiTi wires [14], NiTi plates [11], 
and bar [10]) used to study the impact properties above were made by 
the traditional processing technology. 

As widely acknowledged, traditional NiTi SMAs have poor 
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machinability, severely limiting their application space [15]. As a 
layer-by-layer approach for creating desired shapes, LPBF can produce 
complex parts rapidly, which has injected new vitality into the devel
opment of NiTi SMAs [16,17]. Therefore, LPBFed NiTi SMAs are in great 
demand for aerospace and civil engineering [5,6]. Nevertheless, the NiTi 
SMAs may undergo complex thermal processes during the LPBF pro
cessing. Specifically, when the laser traverses a layer of powder, rapid 
melting and solidification occur with high efficiency. Subsequently, as 
the laser moves through the upper layer, the lower powder experiences 
cyclic reheating due to temperature gradients from above, resulting in 
non-uniform heat distribution across the LPBFed part. Consequently, 

this phenomenon significantly influences both microstructure and 
texture [18]. As a result, the properties of NiTi SMAs are influenced, 
particularly when altering the building direction which can further 
modify the velocity of solid/liquid interface and thermal conditions 
[19]. Currently, many studies have studied this aspect. 

Specifically, Moghaddam et al. [20] found that the 0◦ samples 
exhibited the highest ultimate strength and elongation in the tensile test. 
While in the compression behavior, Mohammadreza et al. [21] reported 

Table 1 
Chemical composition of the NiTi powder (wt%).  

Element(wt.%) Ni Fe C O N Ti 

Powders 55.8 0.0083 0.0066 0.0576 0.0067 Bal.  

Fig. 1. Schematic of (a) the stripe rotation scanning strategy, (b) LPBFed impact samples with the different building angle (BA), referred to as C0, C45, and C90, 
respectively, and (d) the impact samples after wire-cut; (c) Actual view of the impact samples. 

Fig. 2. (a) DSC curves of different samples; (b) XRD results of C0, C45, and C90.  

Table 2 
Phase transition temperatures of C0, C45 and C90 (◦C).  

Sample As Af Ms Mf Mp Ap 

C0 − 4.3 26.1 8.3 − 35.1 − 11.8 11.5 
C45 − 7.2 30.3 15.5 − 40.1 − 9.5 13.2 
C90 − 13.1 37.6 24.7 − 53.2 − 10.1 13.1  
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that the 45◦ sample demonstrated the earliest failure. However, the 45◦

sample showed the highest fatigue life in Ref. [22]. According to the 
analysis results, texture could be the main influencing factor. Interest
ingly, Safaei et al. [23] proved that the 90◦ sample showed the best 
strength and ductility in torsional behavior compared to the 0◦ and 45◦

samples. As seen, all the studies above focus on the influence of the 
building direction on the tensile, compression, torsional, and fatigue 
behaviors. However, the relationship between the Charpy impact 
toughness and the building direction is unclear. Therefore, it is neces
sary to investigate the influence of the building direction on the impact 
properties of the LPBFed NiTi SMAs. 

In this paper, we address the research gap regarding the impact 
properties of LPBFed NiTi SMAs tested by the Charpy impact tester at a 
strain rate of 102-103s− 1. We investigate the influence of three different 
building directions (0◦, 45◦, and 90◦) on the impact properties of LPBFed 
NiTi SMAs. Specifically, we meticulously analyze the load-displacement 
curves obtained from the Charpy impact testing machine. Secondly, we 
carefully observe the impact fracture surface and cross-section using 

SEM and EBSD techniques. Furthermore, we conduct a comprehensive 
analysis including texture orientation, defects, and their relationship 
with loading direction and deposited layers to explore how building 
directions affect the impact properties of NiTi SMAs. 

2. Experimental procedures 

2.1. Materials and samples 

The NiTi powder (55.8 wt% Ni) produced with the electrode 
induction-melting gas atomization (EIGA) technique (Shenzhen Mina
tech Co Ltd.) was used in this work, which is the same as that used in our 
previous work [24]. The powder has a spherical or near-spherical 
morphology with 15–53 μm dimension, and the chemical composition 
is shown in Table 1. The experimental samples are manufactured by the 
SLM machine (BLT S210) equipped with a Yb-fiber laser with a 
maximum power of 500 W. During the forming process, the stripe 
rotation scanning strategy presented in Fig. 1 (a) is employed. The stripe 
width is 5 mm. The hatch rotation angle is 67◦ between the adjacent 
layers. The hatching spacing is 80 μm and the layer thickness is 30 μm. 
The detailed parameters to produce the impact samples with LPBF were 
reported in our early work [24]. The samples were printed under an 
argon atmosphere with less than 20 ppm oxygen content. 

The impact samples are fabricated with the building direction of 0◦, 
45◦, and 90◦ concerning the NiTi platform, referred to as C0, C45, and 
C90, respectively (Fig. 1 (b)). Fig. 1 (c) shows the actual photos of the 
impact samples. According to ASTM standard E23-12c, the dimensions 
of impact specimens with a 45◦ notch is 50 mm (length) × 10 mm 
(width) × 10 mm (height), and the notch size is 2 mm (Fig. 1 (d)). 

2.2. Thermomechanical characterization and impact test 

The differential scanning calorimetry (DSC) method is performed to 
evaluate the transformation temperatures of the samples with different 
building directions using a Netzsch DSC214, German. The weight of DSC 

Fig. 3. The schematic diagram of the information acquisition surface marked with red color: (a) C0, (b) C45, and (c) C90; IPFs (Normal direction (ND), Rolling 
direction (RD) and Transverse direction (TD)) of (a1) (a2) (a3) C0, (b1) (b2) (b3) C45 and (c1) (c2) (c3) C90; IFs of (a4) C0, (b4) C45 and (c4) C90. 

Fig. 4. The schematic diagram of the melt pool and the grain growth 
orientation. 
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specimens is about 10 mg and the heating/cooling rate is 10 ◦C⋅min− 1 

from − 150 ◦C to 120 ◦C. To ensure repeatability, three DSC specimens 
have been tested for each sample with different building directions. The 
analysis of the phase structure is performed using X-ray diffraction 
(XRD, DX-2700BH, China) with the Cu Kα radiation. The scanning angle 
ranges from 25◦ to 95◦ with a scanning rate of 2◦⋅min− 1. 

The impact test is performed on a standard Charpy impact machine 
(MTS Exceed E22, the strain rate is 102-103 s− 1 [25]) following the ISO 
148–1:2016 standard. The result of the impact absorbed energy is an 
average of three values obtained from the three specimens with the same 
parameters at room temperature. The impact absorbed energy of each 
tested specimen is shown in Table S1. 

2.3. Microstructure characterization 

The microstructure investigation of the NiTi impact samples is per
formed on the cross-section parallel to the loading direction and the 
cross-section perpendicular to the fracture surface of the impact sam
ples. All the specimens are ground using silicon carbide paper with 600 
mesh–2000 mesh and then polished with the diamond particle suspen
sion. Finally, the specimens need to be etched using the etchant solution 
of CH3OH: HNO3 = 4:1. Further microstructural assessments are per
formed by the SEM (FEI Scios2, USA). SEM also examines the 
morphology of the impact fracture surfaces. Crystallographic orienta
tion information for each sample is collected using EBSD. 

Specimen disks for TEM are ground to a thickness of 50 μm and then 
electro-polished using a twin-jet thinning electropolishing device and an 
electrolyte consisting of 25 % HNO3 in methanol at 243 K and 30 V. The 
TEM analysis is performed in a JEM-2100 at an acceleration voltage of 

200 KV. 

3. Results and discussion 

3.1. Transformation behavior 

Fig. 2 (a) shows the results of the DSC measurements for the samples 
with different building directions. All the samples show a single-step 
transformation with a slight change in transformation temperatures 
(TTs), including martensite peak temperature (Mp), martensite start 
temperature (Ms), martensite finish temperature (Mf), austenite peak 
temperature (Ap), austenite start temperature (As) and austenite finish 
temperature (Af). Table 2 lists the corresponding TTs. 

As shown in Fig. 2 (a), the martensite transformation start temper
ature is below room temperature (25 ◦C) for all the samples. Further
more, as the building directions of the samples change from 0◦ to 90◦, 
the transformation peaks become wider, while the position of the 
transformation peaks remain essentially unaffected. There is no signif
icant connection between the building directions and the TTs. Generally 
speaking, the TTs are sensitive to the LPBF process parameters, e.g., the 
laser powder, scanning speed, and hatch space. The changes in these 
parameters could affect the TTs utilizing their influence on the propor
tion of Ni atoms and the microstructure of the samples [26–28]. How
ever, as all samples are manufactured using similar laser parameters 
[24] in this work, the proportion of the Ni atoms and the microstructure 
would not change significantly, and thus no obvious changes in the TTs 
are observed. It was worth noting from Fig. 2 (a) and Table 2 that the 
C90 has a wider martensite transformation peak than the C0 and C45. 
This suggests a complicated effect of the thermal histories, which could 

Fig. 5. Load-displacement curves of (a) C0, (b) C45, (c) C90; (d) The total impact absorbed energy (W), crack initiation energy (WI), and crack propagation energy 
(Wp) of C0, C45, and C90. 
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produce different effects on the formation of the non-uniform micro
structure, the presence of residual stress, and the pick-up of oxides, ni
trides, or other impurities [29–32]. On the other hand, the higher 
numbers of layers of the C90 could enhance the effect of the thermal 
histories, thereby broadening the peak of the martensite transformation. 
As described in Refs. [28,33], the width of the martensite transformation 
peak could be effectively alleviated by heat treatment. 

Fig. 2 (b) shows the XRD results of C0, C45, and C90 at room tem
perature. As shown, the B2 austenite phase dominates in the three 
samples at room temperature, and no other secondary phases were 
detected. Such results are consistent with the results of the DSC in Fig. 2 
(a). However, the peak intensity has a slight difference. Among them, 
the main reflection plane of C0 and C90 is the (100) plane, and the main 
reflection plane of the C45 is the (110) plane. It has been reported [34] 
that this difference may arise from the variation in the crystallographic 
texture orientations caused by the different building directions [21]. 
This effect of the building directions will be analyzed in section 3.3. 

3.2. Microstructural analysis 

The microstructure analyses of C0, C45, and C90 are analyzed on the 
cross-section surface (10 × 10) and the surface perpendicular to the 
loading directions, respectively. Fig. 3 shows the inverse pole figure 
(IPF) and pole figure (PF) obtained by the EBSD analysis. As shown in 
Fig. 3 (a1), the C0 exhibits the large columnar grains along the building 
direction. As shown in Fig. 3 (b1) and (c1), the C45 and C90 show large 
grains with chessboard patterns and a high number of sub-grains 
distributed at the boundaries of the large grains, respectively. The 
columnar grain morphology observed in the C0 arises from the high 
cooling rate during the LPBF processing [35]. 

Fig. 4 depicts a schematic representation of the formation process of 
columnar grains, elucidating their structural characteristics and growth 
mechanisms. As shown, a molten pool forms when the laser melts the 
powder. In the molten pool, heat flow radiates from the center of the 
laser spot to the surroundings. The high thermal gradient could provide 
a high driving force for solidification. During the solidification, the 
grains may grow towards the center of the molten pool and along the 

Fig. 6. Fractography of (a–c) C0, (d–f) C45, and (g–i) C90: (a) (d) (g) overall morphology, (b) (e) (h) high magnification SEM photo of the fibrous zone, (c) (f) (i) 
higher magnification SEM photo of the radial zone. 
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highest thermal gradient as shown by the dotted line. Based on the layer- 
by-layer additively building technology, the processes of the rapid 
heating and cooling and the multiple remelting could result in the 
overgrowth of the grains along the deposition direction across multiple 
layers and hence the formation of the columnar grain morphology [36, 
37]. 

It can be seen from Fig. 3 (a2) that the IPF of the C0 along the RD 
exhibits a strong texture of <001>//RD. This strong texture in the C0 
can be attributed to the parallel alignment between BD and RD (Fig. 3 
(a)). Similar observations have been reported in previous researches 
[34,38,39]. In contrast, the C45 shows a crystallographic texture of 
<111>+<110>//ND or RD and <110>//TD (Fig. 3 (a1-a3)), which is 
consistent with the XRD results in Fig. 2 (b). The EBSD analyses of the 
C45 performed on the cross-section are located at 45◦ concerning the 
deposition direction, thus the C45 exhibits the different preferred ori
entations. However, according to the PF of the C45, the {001} pole 
appears 45◦ away from the center of the projection plane along the TD 
direction, which indicates that the crystal lattice of the C45 had been 
tilted 45◦. Essentially, the {001} of the C45 still grows parallel to the 
deposition direction. Along the ND (Fig. 3 (c1)), the C90 shows an 
obvious <100>//ND texture. It could be concluded from the above 
results that all the samples have the same <100> texture toward the 
deposition direction, but different textures toward the building direc
tion. These differences in the types of textures will lead to distinct 
thermomechanical properties among the three types of samples exam
ined in this work. 

3.3. Impact properties 

Fig. 5 shows the load-displacement curves of the C0, C45, and C90 
samples obtained in our impact tests. The maximum load point (Fmax) on 
these load-displacement curves can be used to divide the total impact 
absorbed energy (W) into two components: the crack initiation energy 
(WI) and the crack propagation energy (WP). WI and WP reflect the 
abilities to resist the crack initiation and subsequent propagation, 
respectively, corresponding to the areas under the load-displacement 
curves represented by yellow and blue regions [40–42]. Fig. 5 (d) 
summarizes the difference in W, WI, and WP among the C0, C45, and C90 
samples. As shown, WI values of the C0, C45, and C90 were 4.16 J, 4.04 
J, and 2.41 J, respectively indicating that both C0 and C45 exhibit 

stronger resistance to the crack initiation compared to C90. It should be 
noted from Fig. 5 that WP values for C0, C45, and C90 are 8.17 J, 6.80 J, 
and 7.28 J, respectively. These values are higher than the respective WI 
values by 209 %, 168 %, and 302 %. This suggests that a majority of the 
impact-absorbed energy is utilized for driving the crack propagation 
during the impact processing. The total impact absorbed energies of the 
C0, C45, and C90 are 12.87 J, 10.84 J, and 9.69 J, respectively. This 
indicates that the C0 exhibits the highest impact toughness among these 
three samples. 

Fig. 6 shows the SEM fracture surface morphologies of the C0, C45, 
and C90, which can be used to investigate the fracture mechanism. As 
shown in Fig. 6 (a) (d) and (g), a relatively flat macroscopic fracture 
surface is observed, encompassing the radial zone (crack propagation 
region) located in the middle of the fracture surface and the fibrous zone 
(crack initiation region) near the V-notch. The shear lip (final fracture 
region) also could not be observed. It is apparent that all three samples 
exhibit low-impact energy levels insufficient for shear lip formation. The 
magnified fracture surface morphologies in Fig. 6 (b)(c), (e)(f), and (h) 
(i) show that there are significant differences in the fracture surface 
morphologies among C0, C45, and C90. As shown in Fig. 6 (b)(c), the 
stress distribution on C0 appears to be homogeneous, and it exhibits 
clear quasi-cleavage fracture characteristics, including substantially 
larger dimples, small-sized tearing ridges, and cleavage planes. By 
comparison, the fracture surface of C45 exhibits many “river patterns”, 
large-sized tearing ridges, and cleavage planes (Fig. 6 (d)). These char
acteristics are shown as brittle fracture features. Similarly, the fracture 
surface of C90 also exhibits brittle fracture characteristics including 
many large-sized tearing ridges, voids (Fig. 6 (h)), and secondary cracks 
(Fig. 6 (h)(i)) as well, which cause the impact energy of C90 to dissipate. 
These observations suggest that compared to both C45 and C90, C0 
demonstrates superior crack propagation resistance capabilities consis
tent with its higher W value. 

As mentioned in section 3.1, given that the used laser processing 
parameters were the same for C0, C45, and C90 samples, it could be 
inferred that the structure and the type of defects in each deposition 
layer would also exhibit similarities. Therefore, the significant dispar
ities in their W values may arise from the relationship between the 
loading direction and the building direction, as well as the forming 
height that potentially contribute to differences in defect quantities. As 
shown in Fig. 7 (a–c), C90 has the maximum forming height from the 

Fig. 7. The schematic of the forming process: (a) C0, (b) C45, (c) C90, and the Charpy impact test: (d) C0, (e) C45, and (f) C90.  
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bottom, which increases the possibility of the effect of the defects on the 
interface between two deposited layers, e.g., un-melted areas, micro- 
cracks, and air pores. These defects may lead to a higher possibility of 
the stress concentration in C90 than in the other samples, thereby 
facilitating crack initiation and propagation [43]. In addition, the rela
tive position of the interlayer interface concerning the loading direction 
has a significant effect on the impact properties [19,43,44]. Fig. 7 (a–c) 
schematically illustrate the spatial arrangement of the deposited layers, 

and Fig. 7 (d–f) demonstrate the position relationship between the 
interlayer interface of the deposited layers and the loading direction. 
Specifically, it can be observed that the loading directions are parallel, 
perpendicular, or at 45◦ to the interlayer interface of C90, C0, and C45, 
respectively. As shown in Fig. 7 (f), the interlayer interface in C90 ex
hibits a parallel orientation to the loading direction, which may poten
tially result in the easier failure of the interlayer bonding, and lead to the 
fracture subsequently. Therefore, C90 shows a weaker impact resistance 

Fig. 8. The distributions of GND density of (a) C0, (b) C45, and (c) C90; GND density statistics of (d) C0, (e) C45, and (f) C90; KAM maps of (g) C0, (h) C45 and (i) 
C90; KAM statistics of (j) C0, (k) C45 and (l) C90. 
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in comparison to the other samples [45]. 
The EBSD observations on the cross-sectional region perpendicular 

to the fracture surface of impact samples are conducted to further un
derstand the effect of building directions on the impact properties. 

Fig. 8 (a–c) show the distribution of GND density near the selected 
crack propagation region, which is performed to investigate the dislo
cation activities in each sample after the Charpy impact test. The GND 
density in sample C0 (Fig. 8 (a)) exhibits a relatively homogeneous 
distribution compared to the other samples. However, for sample C45, 
high GND densities are primarily concentrated at grain boundaries while 

intragranular GND densities are comparatively lower, as depicted in 
Fig. 8 (b). These were due to the hindrance of dislocation movement by 
grain boundaries, resulting in the formation of dislocation pile-ups and 
exhibiting macroscopic material plasticity, as shown in Fig. 10 (a). These 
observed characteristics demonstrate that C0 shows relatively uniform 
plastic deformation while C45 does not exhibit such behavior. 
Furthermore, the average number of GND densities in each sample is 
also calculated and presented in Fig. 8 (d)(e) and (f). Specifically, C0 
displays a higher GND density of 0.89 × 1012/m2 compared to that 
measured for C45 and C90 which are recorded as 0.76 × 1012/m2 and 

Fig. 9. The misorientation angle distributions of (a) C0, (b) C45, and (c) C90; HAGB statistics of (d) C0, (e) C45, and (f) C90.  

Fig. 10. TEM images of the fractured NiTi samples, (a) dislocations around the grain boundary; (b) A high magnification image of the dislocations and the cor
responding selected area electron diffraction (SAED) image. 
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0.66 × 1012/m2 respectively. 
In General, there is a significant correlation between the deformation 

behavior of crystalline materials and the dislocation activities [46–48]. 
Specifically, the large mobility of dislocation can result in large plastic 
deformation, which can be reflected by the dislocation density [49]. 
During the deformation of crystalline materials, the dislocation activ
ities usually require a large driving force, which could be supplied by 
dissipating impact energy. Consequently, samples with high GND den
sity will consume more impact energy. Correspondingly, C0 shows the 
highest GND density among all the samples, indicating a stronger 
resistance to crack propagation. 

Additionally, the findings from the GND density analysis are further 
validated through the examination of the KAM maps. As depicted in 
Fig. 8 (g–i), C0 shows a relatively homogeneous KAM map, while the 
color distributions (indicated by the green line) appear non-uniform in 
C45 and C90, reflecting that the high KAM values are mainly localized at 
the grain boundaries. Moreover, C0 (Fig. 8 (j)) exhibits a higher KAM 
value in comparison to both C45 (Fig. 8 (k)) and C90 (Fig. 8 (l)). The 
sequence is observed as follows: C0 > C45 >C90, implying a greater 
degree of plastic deformation in the case of C0. 

Fig. 9 (a–c) display the misorientation angle distribution maps. 
Among them, the grain boundaries with the misorientation below 15◦

are defined as low angle grain boundaries (LAGB), which are denoted 
with the red and green lines. Those of misorientation greater than 15◦

are termed as HAGB and denoted by the blue line. The proportions of 
HAGB and LAGB are further quantified in Fig. 9 (d–f). As shown, the 
proportions of HAGB in C0, C45, and C90 are 15.6 %, 19.4 %, and 26.2 
%, respectively, which shows an increasing trend. Among them, the 
proportion of HAGB in C0 is found to be the lowest compared to the 
others. Generally speaking, the presence of HAGB may impede the 
dislocation movement. In this case, these dislocations will accumulate in 
the grain boundaries during the impact loading, which may lead to the 
dislocations pile up. Finally, the stress concentration occurs along the 
grain boundaries, thereby facilitating crack propagation [10,50]. The 
plastic deformation capacity is hence deteriorated. As previously 
mentioned, the proportion of HAGB in C0 is minimal, thus minimizing 
their impact on material behavior. Therefore, C0 exhibits superior 
impact resistance properties. 

Fig. 10 (b) shows a high-magnification image of the dislocations. It 
can be observed that the dislocations present wavy or bowed morphol
ogies, which are consistent with those reported by Zhang et al. [38]. 
Furthermore, the corresponding SAED in the upper right corner exclu
sively reveals the presence of the austenite phase, suggesting that no 
phase transformation from austenite to martensite occurred during the 
impact loading process. According to several studies [51,52], this phe
nomenon has been attributed to the adiabatic effect. During the impact 
test, the samples undergo plastic deformation at a significantly higher 
strain rate (102-103 s− 1). In this case, heat conduction to the air was 
insufficient due to such rapid deformation [53,54]. As a result, the latent 
heat generated by the deformation significantly elevates the tempera
ture of the samples. At this time, according to the Clausius-Clapeyron 
relationship [55], as the rise of the sample temperature increases, the 
critical stress for stress-induced martensite increases while the stress for 
slip decreases. When slip stress falls below the critical stress required for 
stress-induced martensite transformation, samples will undergo plastic 
deformation and fracture without undergoing stress-induced martensitic 
transformation. 

4. Conclusion 

In this paper, the impact properties of LPBFed NiTi SMAs with 
different building directions are first studied. It makes up the gap in the 
research on the impact properties of the LPBFed NiTi SMAs with a strain 
rate in the range of 102-103 s− 1. The main findings of this work are 
drawn as follows:  

(1) The impact toughness of C0 is found to be superior when 
compared to that of C45 and C90. The texture orientation, the 
defects, and the relationship between the loading direction and 
the deposited layers play a crucial role.  

(2) The building directions have no significant effect on the position 
of the phase transformation peaks but the width. Further heat 
treatment is expected to eliminate this difference. Moreover, 
there is no phase transformation behavior under the high-strain 
rate loading conditions due to the influence of the adiabatic 
effect.  

(3) The impact toughness of LPBFed NiTi SMAs is poor. C0 has the 
best resistance to impact loading with a total impact absorbed 
energy of only 12.87 J. Further heat treatment should be done to 
improve the impact properties of LPBFed Niti SMA, like the 
aircraft structure materials, TC21 [56]. 
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