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Abstract: Porous NiTi shape memory alloys (SMAs) possess compatible mechanical properties with
human bones and can effectively reduce the risk of stress shielding and stress concentration; therefore,
they have been termed promising candidates for orthopedic implants. However, microstructure char-
acteristics of porous NiTi SMAs during plastic deformation have rarely been investigated. The present
study aims to specifically investigate microstructure characteristics and the corresponding underlying
mechanisms of fabricated porous NiTi SMAs via a conventional sintering (CS) process with NaCl
space holder during compressive deformation at room temperature. To realize the aforementioned
target, X-ray diffraction (XRD), scanning electron microscope (SEM), electron backscattered diffrac-
tion (EBSD), transmission electron microscopy (TEM), and high-resolution transmission electron
microscopy (HRTEM) are applied in the present study. The results show that the fabricated porous
NiTi SMA is 51.8% for porosity, 181.65 um for the average pore size, and 0.78 um for the average
grain size. Many Ni4Tiz and NiTi, phases are formed in the mixed matrix with dominant B2 (NiTi)
and some B19’ (NiTi). Severe inhomogeneous deformation happens within compressed specimens,
leading to the occurrence of tangled dislocation and shear bands. Microcracks occur within fabricated
porous NiTi SMAs at a deformation degree of 9.2%; then, they extend quickly to form macrocracks,
which finally results in the failure of regions between pores. The observed nanocrystallization and
amorphization around microcrack tips within the 12.5%-deformed sample can be attributed to the
relatively small grain size and the grain segmentation effect via statistically stored dislocation (SSD)
and geometrically necessary dislocation (GND).

Keywords: porous NiTi; conventional sintering; microstructure characteristics; deformation mechanism

1. Introduction

Recently, porous NiTi shape memory alloys (SMAs) have become promising candi-
dates for orthopedic implants because of their unique shape memory effect, outstanding
superelasticity, and good biocompatibility and corrosion resistance [1-4]. Moreover, the
introduction of controllable pore characteristics can effectively adjust the elastic modulus,
stiffness, and strength of porous NiTi SMAs. Zhao et al. [5] reported that these fabricated
porous NiTi SMAs with Menger sponges exhibit different porosity levels in the range of
25.93% to 95.64% and include three ranges of fractal pore sizes, which possess excellent
superelastic recovery strain ratios even at high porosity levels. Li et al. [6] reported that
the addition of NaCl space holder can increase the porosity of porous NiTi SMAs, as well
as the average pore size and oxygen content. These fabricated NiTi SMAs with porosities
of 14% and 22% exhibited compressive strengths >1600 MPa. These controllable pores
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make porous Nili SMAs more mechanically compatible with human bones, and they can
effectively reduce the risk of stress shielding and stress concentration [7,8].

By far, numerous powder metallurgy methodologies have been employed for the
fabrication of porous NiTi SMAs, including conventional sintering (CS) [9,10], hot iso-
static pressing (HIP) [11,12], self-propagating high-temperature synthesis (SHS) [13,14],
microwave sintering [15,16], selective laser melting (SLM) [17,18], and metal injection mold-
ing (MIM) [19,20]. Unfortunately, these aforementioned studies mainly focus on tailoring
the processing parameters to control the constituent phases, porosity ratios and sizes, and
superelasticity behaviors of synthesized porous NiTi SMAs. Microstructure characteristics
of porous NiTi SMAs beyond the threshold of superelasticity strain have rarely been in-
vestigated. Actually, a comprehensive understanding of this issue would be beneficial for
broadening the further applications of porous NiTi SMAs in biomedical fields.

To achieve the above goal, a porous NiTi SMA with a composition of Ni:Ti = 50:50 (at.%)
was prepared via the CS method under atmosphere protection in the present study. After-
ward, uniaxial compression experiments beyond the threshold of superelasticity strain at
room temperature and the corresponding characterization experiments were conducted to
investigate the microstructure characteristics of fabricated porous NiTi SMAs during plastic
deformation.

2. Material and Methods
2.1. Preparation of Porous NiTi SMA

The raw materials used in the present study include the spherical carbonyl Ni powder,
the irregular Ti powder, and the high-purity NaCl powder. Specifically, the carbonyl Ni
powder has a mean particle size of <8 pm and a purity of >99.9%; the Ti powder has
a mean particle size of <50 um and a purity of >99.5%; and cubic NaCl powder has a
mean particle size of <500 pm. Actually, the NaCl powder serves as the space holder
material in the present study, which could provide sufficient stability to withstand pressure
and temperature during the fabricating process [21]. The schematic diagram of the CS
process is shown in Figure 1. Firstly, the equiatomic carbonyl Ni powder and Ti powder
are applied and blended in a planetary ball mill (PM-400) at a constant speed of 200 r/min
and 4 h. To maintain the homogeneity of the mixed powder and prevent oxidation of
powders, the stainless steel balls are added with a powder-to-ball ratio of 2:1 by weight
during the ball milling process with a protective argon gas atmosphere. Afterward, 50 wt.%
NaCl powder is added and blended without balls at a protective argon gas atmosphere.
The mill condition is 105 r/min and 0.5 h. These mixed powders are then cold-pressed
into green samples (4 40 mm x 20 mm) under a uniaxial pressure of 800 MPa for 120 s.
These fabricated green samples are further desalted by soaking in distilled water at 55 °C.
The duration time is as long as 5 days for guaranteeing complete desalination. These
desalinated samples are further sintered at a heating rate of 7 °C/min to 1000 °C and
held for 4 h in a protective argon gas atmosphere. After sintering, cooling in a furnace
under the protection of high-purity argon gas is performed in the present study at the rate
of 7 °C/min to room temperature. No additional heat treatment is performed on these
sintered samples.

2.2. Experimental Characterization Procedures

Uniaxial compression experiments are performed in the present study on a CMT-
5205GL microcomputer-controlled electro-hydraulic servo pressure testing machine at a
chosen strain rate of 0.001 s 1. These compression specimens are cut from sintered sam-
ples with dimensions of 4 8 mm x 12 mm via electrical discharge machining (EDM). The
previously conducted loading—unloading experiments demonstrate that the threshold of
superelasticity strain is about 8%, which is superior to the reported one (about 6%) in
the work of Bram et al. [22]. The results of three repeated uniaxial compression experi-
ments confirm that the fracture elongation of the fabricated porous NiTi SMA is about
16%. Therefore, in order to investigate the microstructure characteristics during plastic
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deformation, some compression specimens are deformed to a deformation degree of 9.2%
and 12.5%, respectively.
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Figure 1. Schematic illustration of the processing route for preparing porous NiTi SMA.

The phase composition of fabricated porous NiTi SMAs is identified via X-ray diffrac-
tion (XRD) with Cu Ku radiation (PANalytical Empyrean Series 2, Malvern Panalytical
Ltd., Malvern, UK) at a scanning speed of 2°/min and an operating voltage of 40 keV.
The microstructure characteristics of fabricated porous NiTi SMAs during plastic deforma-
tion are investigated using a FEI NOVA 400 Zeiss Sigma field emission scanning electron
microscope (SEM, FEI Corporation, Hillsboro, OR, USA), which is equipped with an elec-
tron backscattered diffraction (EBSD) detector and energy dispersive spectrometer (EDS)
detector. Samples for SEM characterization are prepared via mechanical grinding with
#400, #800, and #2000 SiC papers. Samples for EBSD characterization are prepared by
mechanical grinding first, followed by electrochemical polishing in electrolytes, including
80 vol.% ethanol and 20 vol.% sulfuric acid. These obtained data are post-processed using
the Channel 5 analysis software. These observation areas are located in the central regions
of specimens, which are parallel to the compression direction. Additionally, transmis-
sion electron microscopy (TEM) and high-resolution transmission electron microscopy
(HRTEM) are applied in the present study on an FEI Tecnai G? instrument to investigate
the specific microstructure characteristics around microcrack regions. The TEM sample
preparation method applied in the present study is similar to the reported one in the work
of Yan et al. [23] for bulk NiTi SMA; therefore, they would not be declared here.

3. Results and Discussion
3.1. Microstructure Characteristics of Fabricated Porous NiTi SMA Samples

Figure 2 shows the microstructure characteristics of fabricated porous NiTi SMA
samples via the CS method. Obviously, numerous pores with various sizes are randomly
distributed in Figure 2a, and the corresponding porosity is determined to be about 51.8% via
Archimedes’ principle. Besides, the average size of pores is determined to be 181.65 um via
the line-segment method. Except for these large pores deriving from these desalted NaCl
powders, there also exist many small pores in Figure 2b, which is termed the Kirkendall
porosity. The underlying mechanism leading to this phenomenon is that Ni atoms diffuse
faster than Ti atoms during the sintering process, resulting in a quicker diffusion of Ni
atoms into Ti atoms instead of a quick diffusion of Ti atoms into Ni atoms. This would
cause unbalanced mass transfer, which is responsible for the formation of the Kirkendall
porosity [24,25]. Besides, Figure 2b shows that there exist various secondary phases (the
lath-like phases, which are larger and brighter, and the block-like phases, which are smaller
and darker) in the NiTi matrix. Furthermore, TEM characterizations via bright field
(BF) images on these secondary phases are shown in Figure 3, where analysis of their
composition is inserted. Based on the relative atomic mass of Ni (58.69) and Ti (47.87),
as for the matrix NiTi, the theory weight percents are calculated to be 55.08% for Ni
and 44.92% for Ti. Similarly, with respect to the TipNi phase, the theory weight percents
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are determined to be 38.0% for Ni and 62% for Ti. With regard to the Ni4Tis phase, the
theory weight percentages are identified to be 62.05% for Ni and 37.95% for Ti. Obviously,
Point 1 and Point 4 in Figure 3 refer to the NiTi matrix; meanwhile, Point 2 refers to the
Ti;Ni phase, and Point 4 refers to the NiyTiz phase. XRD patterns of fabricated porous
NiTi SMAs in Figure 4 further confirm this issue, where peaks of B2 (NiTi), B19’ (NiTi),
Ni4Tiz and NiTi; are measured. Zhu et al. [26] and Laeng et al. [27] both have reported
that the formation of the NiTi, phase is due to the solid-state diffusion reaction, which
is more thermodynamically favorable than the formation of the NiTi matrix during the
sintering process. Meanwhile, these intermediate phases (NiTiy) are brittle ones, and they
are adverse to the superelasticity property of fabricated porous NiTi SMAs [22]. Figure 2¢,d
depict the results of EBSD measurement, including the inverse pole figure (IPF) map and
the kernel average misorientation (KAM) map. Obviously, the grain color in Figure 2c
is rather random, indicating that the grain orientation also distributes randomly. This
observation is similar to the reported result in the work of Lu et al. [1]. The average grain
size is determined to be 0.78 um, and the average KAM value is calculated to be 0.203 in
the present study. In general, KAM is positively related to the density of geometrically
necessary dislocation (GND) [28,29]. The rather low KAM value in the present study
demonstrates that the formation of thermal stress during fabricating porous NiTi SMAs via
the CS process is limited, as well as the formation of dislocations [28].

Figure 2. Microstructure characteristics measured via SEM and EBSD techniques: (a) secondary-
electron SEM with low magnification; (b) backscattered electron SEM with large magnification; (c) IPF
map inserted with the statistical result of grain size; (d) KAM map inserted with the average KAM
value.

3.2. Microstructure Characteristics of Deformed Porous NiTi SMA Samples

XRD patterns of 9.2%-deformed and 12.5%-deformed samples are shown in Figure 4.
Obviously, peaks of B2 (NiTi), B19/(NiTi), NigTi3, and NiTi, are also included in deformed
samples. However, intensities of peaks of B2 (NiTi) and B19'(NiTi) for deformed samples
were changed in comparison with those in undeformed samples. This observation indicates
the occurrence of stress-induced phase transformation during uniaxial compression of fab-
ricated porous NiTi SMA sample at room temperature. Figure 5 shows the microstructure
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characteristics of deformed samples via SEM measurements. Microcracks occur within
the 9.2%-deformed sample, as shown in Figure 5a,b. Mentz et al. [30] reported that these
microcracks are preferentially initiated around these intermediate phases (NiqTiz and Ti;Ni)
and near the surface roughness of these formed pore microstructures. Mechanisms of its
formation are as follows [22,25]: owing to the formed complex pore structure in fabricated
porous NiTi SMAs, severe inhomogeneous deformation happens within the compressed
specimen. Therefore, thin-walled regions would suffer from huge local strain and deform
plastically, which contributes to the occurrence of buckling and /or microcracks. Meanwhile,
stress-induced phase transformation would occur simultaneously within thick-walled re-
gions. Figure 5c¢,d show that these existing microcracks extend quickly to form macrocracks
preferentially near wall regions of 12.5%-deformed porous NiTi SMA sample. Clearly, the
failure of fabricated porous NiTi SMAs starts locally, followed by a failure of neighboring
regions [31].

El t Ti(K) El t Ni(K) |/ * 0 Element Ti(K) Element Ni(K)
S Weight(%)  Weight(%) ¢ Weight(%)  Weight(%)
| Pointl  42.93 57.07 . Point 3 39.18 60.82
Point2  60.74 39.26 4 U Point 4 42.43 57.57

Figure 3. Microstructure characteristics measured via TEM technique: (a,b) BF images inserted with
the corresponding EDS analysis results.
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Figure 4. XRD patterns of undeformed and deformed porous NiTi SMA samples during compressive
deformation at room temperature.
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3 b1 1
Formation of microcrack

Figure 5. SEM characterization results of deformed samples during compressive deformation: (a,b) at
a deformation degree of 9.2%; (c,d) at a deformation degree of 12.5%.

Further investigations on the specific microstructure characteristics around microcrack
regions via TEM measurements are shown in Figure 6, where BF images are included.
Regions highlighted by the white-dotted bordered rectangle refer to the porous NiTi SMA
matrix. Clearly, tangled dislocation distributes unevenly in the matrix region of the 12.5%-
deformed porous NiTi SMA sample, as well as the shear band. Both of them confirm the
occurrence of severe inhomogeneous deformation [23]. As for the region of microcrack
propagation, which is highlighted by the purple-dotted bordered rectangle in Figure 6,
the inserted selected area electron diffraction patterns (SAEDPs) in Figure 7b depict the
amorphous ring characteristics within the upper right area and the nanocrystalline grains
with B2 (NiTi) and B19’ (NiTi) structures within the lower left area. With respect to the
region at the microcrack tip, which is highlighted by the red-dotted bordered rectangle
in Figure 6, BF images, HRTEM maps, and fast Fourier transformation (FFT) maps in
Figure 7c—f demonstrate the occurrence of nanocrystallization near microcrack tip and the
amorphization within microcrack tip. These specific TEM and HRTEM characterization
results in Figure 7 confirm that severe deformation has occurred in the formed microcrack
region. Mechanisms of its formation are as follows: firstly, the grain size of fabricated
porous NiTi SMAs is relatively small, and the grain fraction with grain size lower than
1 pm is calculated to be 82.95% (Figure 2c when numerous dislocations and shear bands
are activated to sustain plastic strain, grain would be effectively and easily divided via
dislocation cells with the assistance of the statistically stored dislocations (SSDs) and the
geometrically necessary dislocations (GNDs) [32]. This is responsible for the observed
amorphous and nano-sized grains in Figure 7.
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Figure 6. BF images of selected regions near the formed crack within a 12.5%-deformed porous NiTi
SMA sample (Regions highlighted by the white-dotted bordered rectangle refer to the porous NiTi
SMA matrix. Region highlighted by the red-dotted bordered rectangle refers to the region at the
microcrack tip. Region highlighted by the purple-dotted bordered rectangle refers to the region of
microcrack propagation).
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Figure 7. Specific TEM and HRTEM characterization results of formed microcracks within 12.5%-
deformed porous NiTi SMA sample: (a,b) BF images and the corresponding SAEDPs of the selected
region highlighted by a purple-dotted bordered rectangle in Figure 6; (c—f) BF images, HRTEM maps,
and FFT maps of the selected region highlighted by a red-dotted bordered rectangle in Figure 6.
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4. Conclusions

Microstructure characteristics of fabricated porous NiTi SMAs via the CS process
during compressive deformation at room temperature have been investigated in the present
study by collectively using XRD, SEM, EBSD, TEM, and HRTEM techniques. The following
conclusions can be drawn.

(1) The porous NiTi SMA with a porosity of 51.8% and an average size of pores
181.65 pm has been fabricated via CS process with a protective argon gas atmosphere. The
sintering temperature is 1000 °C, and the holding time is 4 h. The composition includes a
large amount of B2 (NiTi) matrix, a small amount of B19’ (NiTi) matrix, as well as NiTis
and NiTip phases.

(2) Microcracks occur within fabricated porous NiTi SMAs at a deformation degree of
9.2%, which is accompanied by the occurrence of stress-induced phase transformation from
B2 (NiTi) to B19" (NiTi). With increasing plastic deformation, these formed microcracks
extend quickly to form macrocracks at a deformation degree of 12.5%, which leads to the
failure of regions between pores.

(3) Tangled dislocation distributes unevenly in the matrix region of the 12.5%-deformed
porous NiTi SMA sample, as well as the shear band. Both of them confirm the occurrence
of severe inhomogeneous deformation. Owing to the relatively small grain size and the
grain segmentation effect via GND and SSD, nanocrystallization and amorphization could
be observed around microcrack tips.
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