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Abstract 

This paper explores the additive manufacturing of nickel-titanium (Ni-Ti) shape memory alloy 

(SMAs) using binder jetting and subsequent solid-state sintering under an Ar atmosphere. The 

consolidated 3D-printed Ni-Ti parts exhibit a correlation between pore morphology, pore fraction, 

and phase formation at different solid-state sintering temperatures. At a sintering temperature of 

1175 °C, NiTi grains with TiC precipitates along grain boundaries are observed, accompanied by 

irregular, interconnected pores constituting ~15% of the volume. Increasing the sintering 

temperature to 1185 °C leads to the formation of a minor phase of Ni4Ti3 within NiTi grains, along 

with grain boundary TiC precipitates, and isolated pores with a volume fraction of ~5%. The higher 

sintering temperature corresponds to a higher average nanohardness value (8.1 GPa or 763 Hv 

compared to 6.9 GPa or 654 Hv), indicating the presence of a greater abundance of secondary 

phases and higher densification at the elevated sintering temperature. While the transformation 

temperatures (TTs) were undetectable in the bulk-printed samples, a different structure featuring 

designed channels and thin struts, sintered under similar conditions, exhibited detectable TTs, with 

a martensite start temperature of 34°C. Biocompatibility tests demonstrated cell spreading and 

attachment on both sintered Ni-Ti samples. These findings offer valuable insights into the potential 

use of binder jetted Ni-Ti for medical implants and tissue engineering applications. 

Keywords: Binder jetting; Shape memory alloys; Microstructure analysis; Nanoindentation; 

Biocompatibility. 
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1. Introduction 

In the past decades, research and development around Ni-Ti shape memory alloys (SMA), 

specifically in the medical industry, has been growing due to the enhancement of manufacturing 

technology and the needs of the market [1]. This material is suitable for load-bearing bone/tissue 

implants due to its light weight, corrosion resistance, biocompatibility, shape memory effect, and 

superplastic behavior [2,3]. Its austenite transformation temperatures typically range between 0 °C 

and 100 °C, with a temperature hysteresis of 25–40 °C [4]. The Ni50.8-Ti composition is commonly 

used in pseudoelastic SMA components due to presenting superelastic behavior at room and body 

temperatures [5]. The transformation temperatures can be significantly altered by small changes 

in the Ni or Ti content. Ni-rich NiTi alloys undergo thermomechanical treatment involving the 

precipitation of metastable Ni4Ti3 and Ni3Ti2 phases, which affect martensite transformation 

temperatures and parent phase strengthening [6,7]. The concentration of point defects in shape 

memory intermetallics, influenced by composition or heat treatment, also impacts transformation 

temperatures (martensitic start and finish, Ms and Mf, respectively) and hysteresis [4]. Factors such 

as lattice defects, internal stress/strain fields, and precipitates can affect the mobility of martensite 

interfaces and consequently, the shape memory properties of the alloy. 

Porous Ni-Ti has recently received much attention in biomedical applications [2,3,8–10]. 

Powder metallurgy is a common method of manufacturing Ni-Ti parts. It allows for the production 

of porous structures suitable for biomedical applications. Adjustment of  mechanical properties by 

controlling impurity content and pore fraction is achievable [11–15]. Porous Ni-Ti allows direct 

nutrient transport, body fluid flow, and human tissue development [9]. The interaction between 

implanted devices and body tissues is usually influenced by the chemical and morphological 

characteristics of the pore wall surface. As the porous implant resides within the body, its pore 

space is filled with living tissues and fluids; thus, the pore size, distribution, and surface 

morphology significantly impact the integration of cell cultures within the pore surface of implant 

material. Consequently, materials featuring microporous structures in their pore walls are favored 

for cellular culture attachment. Ismail et al. [16] studied the effect of pore size (100-600 μm) and 

fraction (30-80%) on stiffness and comparable results close to human bone with desirable 

biocompatibility were observed. The Young’s modulus of dense NiTi ranges from ~25-60 GPa. An 

engineered porous structure reduces the modulus to ≤ 20 GPa, closely mimicking human bone 

behavior and enhancing implant compatibility [16,17]. Several procedures have been previously 
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used to fabricate condensed Ni-Ti shape memory alloys, such as hot isostatic pressing [18], powder 

pre-alloying [19], elemental powder metallurgy [20], self-propagating hot synthesis [21], and 

thermohydrogen processing [22]. However, the production of complex geometries remains a main 

challenge in those methods that can be addressed by the emergence of additive manufacturing 

(AM) techniques.  

Although laser powder bed fusion (L-PBF) has been widely used in AM for NiTi biomedical 

implants, it poses significant challenges, particularly with NiTi alloys. These challenges stem from 

high residual stresses caused by rapid cooling rates during the process, which can result in warping 

or cracking of the implant with complex shape. Moreover, the high operating temperatures during 

laser processing can induce alterations in the chemistry, solidified microstructure, and mechanical 

properties of NiTi-based alloys, potentially affecting their shape memory and superelastic 

characteristics [23–25]. Controlling the atmosphere during L-PBF is also problematic, leading to 

the potential introduction of impurities that may impact the biocompatibility and mechanical 

integrity of the implants [26,27].  

In response to these challenges, binder jetting has emerged as a promising alternative to L-

PBF [28,29] One of its key advantages is the avoidance of direct exposure to high temperatures, 

thereby reducing the risk of undesirable microstructural changes. Unlike L-PBF, binder jetting 

does not involve melting, resulting in part production without residual stresses and minimizing the 

likelihood of warping or cracking. Additionally, binder jetting allows production of biomedical 

implants at a lower cost with customizable porosity, which can be tailored for optimal bone 

ingrowth, enhancing stability and longevity. This method also offers greater control over material 

composition, which is crucial for minimizing impurities and ensuring the biocompatibility of NiTi 

implants. Although binder jet additive manufacturing is a multi-step process that includes both 

printing and post-process heat treatments like sintering, it offers significant advantages for 

producing porous biomaterials. Specifically, this technique allows for the introduction of a 

controlled pore fraction throughout the designed structure, making it highly beneficial for 

applications requiring tailored porosity [30–35]. 

This study aims to introduce the binder jetting technique to the production of porous NiTi 

alloys. Solid-state sintering is conducted to control pore fraction, phase formation, and to test 

structure-property relationships [36]. Additionally, the formation of grain boundary TiC in binder 

jetted Ni-Ti powder appears to be beneficial in enhancing strength and inhibiting the formation of 
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the undesired rhombohedral phase (R phase). This inhibition is due to the mismatch of thermal 

stresses between the Ni-Ti matrix and TiC [37]. This study also evaluates the cell viability and 

attachment of fibroblasts to determine Ni-Ti biocompatibility. Fibroblasts are the main connective 

tissue cells that support normal wound healing [38,39]. It is important for cell survival and for cells 

to adhere to the surface of a Ni-Ti implant as one aspect of successful osseointegration. To 

determine that nickel-titanium is a suitable material for long-term biomedical applications, we 

have evaluated the biocompatibility of the material. 

 

2. Experimental Procedure 

Powder – Ni50.8Ti49.2 powder (Ni-rich SMAs) was prepared by the electrode induction 

melting gas atomization (EIGA) technique with particle size distribution (PSD) of 15-53 µm and 

spherical morphology shown in Figure 1(A). The analyzed PSD showed D10 = 19.6 µm, D50 = 33.8 

µm, and D90 = 50.7 µm and results are presented in Figure 1(B). The PSD falls within the typical 

range used for powder bed AM systems. 

 

 

Figure 1. (A) Scanning electron microscopy image of NiTi powder using secondary electron imaging, and (B) particle 

size distribution analysis. 

Sample Preparation – An ExOne Innovent+ binder jet printer was used to manufacture parts 

made of NiTi powder. An AquaFuse water-based binder (BA-005 solution) from ExOne Company 

was utilized, consisting of 10 vol% ethylene glycol monobutyl ether and 20 vol% ethylene glycol. 

Rectangular coupons, also named as bulk-printed samples, with dimensions of 7 mm × 5 mm × 6 

mm were printed. By introducing engineered channels and thin struts samples, tiny struts with a 

cross-section area of 1 mm × 1 mm were also manufactured that are, at least, five times smaller 
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than the cross-section area of the bulk-printed sample (7 mm × 5 mm mm). To prevent possible 

oxidation of NiTi powder in air, curing was carried out in a vacuum oven at a temperature of 185±2 

°C for 8 h. After depowdering, the parts were each encapsulated in quartz tubes under a vacuum 

of 10−6 bar. Capsules were purged and back-filled with argon gas five times to dilute oxygen 

concentration [40,41]. Encapsulated samples were placed in a box furnace and sintered at two 

temperatures of 1175 °C and 1185 °C under a hold time of 2 h. The selected temperatures were 

expected to result in different pore morphology and phase formation after sintering of binder jetted 

Ni-Ti powder. The selection of temperature and atmosphere was based on previous attempts to 

densify binder jetted NiTi alloys. Experimental findings showed that vacuum sintering was 

unsuitable for NiTi due to potential elemental evaporation and composition changes. A range of 

sintering temperatures (1100-1200 °C) were tested on binder jetted NiTi samples, and two 

temperatures that proved most effective for densification and microstructure evolution were 

selected for this study. 

Characterization - X-ray diffraction analysis (XRD, Bragg-Brentano mode) was performed 

on samples (model Thermo ARL) with Cu-Kα radiation (λ = 1.54 Å, 35 kV and 30 mA) [42], with 

2θ ranging between 30 and 90º, a scan speed of 1 s/step, and scan step of 0.02º at ambient 

temperature. The sintered coupons were sliced (using Mitsubishi FX10k Wire-EDM machine) 

parallel to the build direction along the XZ plane. Then, the sliced parts were hot-mounted using 

MetLab phenolic thermosetting molding powder. Subsequent steps involved grinding and 

polishing the mounted samples. The grinding process started with SiC sandpapers, progressively 

moving up to a P4000 grade for a smooth finish. Polishing was carried out using a 3 μm diamond 

abrasive, followed by 1 and 0.05 μm Al₂O₃ abrasives. The final polish was achieved using a 0.04 

μm colloidal silica solution on a Buehler Phoenix 4000 platen grinder-polisher machine. To 

examine the pore morphology, size and distribution as well as grain structure, a Keyence VHX-

7100 digital microscope was used. Also, the spatial distribution of pores was qualitatively and 

quantitatively analyzed using a ZEISS Metrotom 800 X-ray micro-computed tomography (μ-CT), 

operating at an energy of 130 kV and a current of 30 mA, and it was equipped with an Al 2.0 mm 

filter. The scanning parameters included averaging frames of 4 and an angular range of 360° with 

a step size of 0.12°. This setup achieved a spatial resolution of 5 μm/pixel, allowing for a detailed 

examination of the internal structure. The data was then reconstructed and analyzed using Volume 

Graphics Studio Max 3.5.1. A scanning electron microscope (SEM, JEOL 5900LV) equipped with 
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an Oxford Instruments energy dispersive spectroscopy (EDS) detector operating at an acceleration 

voltage of 20 kV and step size of 0.75 μm was used for microscopy and elemental mapping. In 

addition, the TA Instrument Differential Scanning Calorimetry 250 (DSC 250) with a 

heating/cooling rate of 10 °C/min in a nitrogen atmosphere was used to determine the 

transformation temperatures (TTs). 

Vickers microhardness measurements were conducted (Buehler model Micromet 2) at a load 

of 100 gf and a dwell time of 10 s (twenty indentations).  Nanoindentation experiments were 

conducted using a Femtotools NMT04 nanomechanical testing platform with a diamond Berkovich 

tip. The tip function and frame stiffness were calibrated using a fused silica reference, following 

standard procedures described by Oliver and Pharr [43]. For all indents, loading was executed at a 

rate of 1000 μN/s, with a 10 s hold at the peak load before initiating the unloading phase. During 

unloading, the load was removed at a rate of 500 μN/s. The sample was subsequently unloaded to 

10% of the peak load and held at constant load for 100 s to collect data for thermal drift correction. 

An indentation array consisting of at least 20 indents was generated for the 1175 °C and 1185 °C 

sintered samples, with an indent spacing of 10 μm, and peak load ranging from 2000 μN to 5000 

μN. The nanoindentation hardness is measured from the sample penetration depth at the peak load 

of the unloading segment and is natively calculated as a Meyer hardness (projected contact area 

definition) using the calibrated tip function. The nanohardness is also calculated on the Vickers 

scale (surface contact area definition) by assuming an idealized conversion between projected and 

surface contact areas. 

Cell viability - An indirect assessment of biocompatibility of two binder jetted Ni-Ti samples 

with interconnected channels (400 μm) sintered at 1175 °C and 1185 °C was assessed through in 

vitro cytotoxicity assays conducted on mesenchymal mouse cells, 3T3 fibroblast cells (American 

Type Culture Collection (ATTC)), as previously described [35], in accordance with ISO 10993-

5:2009(E) standards. 3D printed samples were then steam autoclaved to achieve sterilization. 

Samples were each submerged in a 50 ml conical tube of Dulbecco’s Modified Eagle Medium 

(DMEM) + 10% fetal bovine serum (FBS) for 24 h at 37 °C to create NiTi-exposed leachates. On 

the same day, cells were seeded in a 48-well tissue culture-treated well plate at seeding density of 

0.03×106 cells/well. Cells were incubated at 37 °C and 5% CO2 with 0.4 ml of complete growth 

medium (DMEM, 10% FBS, 1% Penicillin-Streptomycin, and 1% L-Glutamine) for 24 h. After 
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24 h, cells were approximately 50-70% confluent and the complete growth medium was removed. 

Ni-Ti leachates were mixed with a vortex mixer immediately before they were used for cell culture. 

Media was replaced with 0.4 ml of DMEM + 10% FBS as the control group, Ni-Ti 1175 °C leachate 

as experimental group 1, and Ni-Ti 1185 °C leachate as experimental group 2. 3T3 fibroblasts were 

cultured with control and experimental medias for 1 day. After 1 day of culture with the leachates, 

cells were stained with Calcein AM and Ethidium Homodimer-1 in accordance with the 

manufacturer’s protocol for the LIVE/DEAD Viability/Cytotoxicity Kit for Mammalian Cells by 

ThermoFisher Scientific [35]. Cells were imaged with a Nikon A1 HD25 confocal imaging system 

with fully motorized Nikon Eclipse Ti2-E inverted microscope with epifluorescence [35]. Images 

were analyzed in ImageJ to determine the percentage of viable cells by counting cells stained green 

(live) and cells stained red (dead) within each well. This procedure was then repeated for a long-

term experiment of 3T3 fibroblasts cultured in the Ni-Ti leachates for 5 days. Cells were incubated 

at 37 °C and 5% CO2 for 5 days with regular media changes every 2-3 days, in accordance with 

the International Organization for Standardization (ISO) ISO 10993-5:2009(E) standards [44]. 

Figure 2 demonstrates the experimental setup for cell viability. 

 

Figure 2. Experimental setup for preparing and culturing 3T3 fibroblasts with Ni-Ti leachates. 
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Cell attachment - A direct assessment of 3T3 fibroblast cell contact and attachment with both 

Ni-Ti samples was conducted, in accordance with ISO 10993-5:2009(E) standards. Ni-Ti samples 

were autoclaved to achieve sterilization. 3T3 fibroblast cells were cultured in a T-75 flask until 

they reached 80% confluency, observed through inverted microscopy. Media was removed from 

the flask and cells were briefly rinsed with 5 ml of Phosphate Buffered Saline (PBS). PBS was 

aspirated and 5 mL of Trypsin-EDTA was added to the flask. The flask was incubated at 37 °C and 

5% CO2 for 4-6 minutes to allow cells to detach from the bottom of the flask. Cells were observed 

with the inverted microscope to ensure the cells had detached and dispersed from the bottom of 

the flask. A complete growth medium (5 ml) was added to the flask and this mixture of media and 

cells was pipetted into a 15 ml conical tube. Cells were spun down in a centrifuge at 200 g-force 

for 5 min at room temperature. Media was aspirated leaving only a couple of microliters so that 

the cell pellet was not disturbed. Cells were resuspended in 3 ml of complete growth medium and 

were homogenized via slow and gentle pipetting. To determine the cell count, 50 μl of cell 

suspension was transferred into a 1.5 ml microcentrifuge tube and mixed with 50 μl of Trypan 

Blue Solution. Cells stained with 10 μl of Trypan Blue were transferred into the counting chamber 

of a hemocytometer covered with a glass coverslip. The inverted microscope was used to observe 

the hemocytometer to count the number of cells in four squares. Cells that were stained blue were 

recorded as dead and cells that were not stained were counted as alive. The total cell count was 

calculated from the average number of cells per square, the cell resuspension volume, the Trypan 

Blue dilution factor, and the hemocytometer factor. Next, the 3T3 fibroblast cells were stained 

following the manufacturer’s instructions for PKH26 Red Fluorescent Cell Linker Mini Kit for 

General Cell Membrane Labeling (Sigma-Aldrich), as previously described [35]. After the cells 

were stained, 5.775×104 cells/sample suspended in 10 μl of the cell solution was pipetted onto the 

surface of the 3D printed Ni-Ti samples that were placed in a 24-well tissue culture treated well 

plate. The samples were incubated for 45-60 minutes and then 1 ml of DMEM + 10% FBS was 

added to the wells with the samples. The samples were then incubated for 24 h to allow for 

adequate cell attachment. After 24 h the samples were flipped over and transferred into a new 24-

well plate for imaging. Cells were imaged with a Nikon Eclipse Ti2 confocal microscope. Samples 

were flipped over to image the bottom of the sample in addition to the top. Both samples had 

interconnected channels which are large openings that cells could have traveled through. Cells 

were only directly seeded on the top surface of the samples; however, it is important to see if cells 
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traveled through the interconnected channels to the bottom surface of the samples. The obtained 

images were analyzed with ImageJ to obtain the average area of cell attached to the sample. Cells 

were formalin fixed to both Ni-Ti samples for characterization by scanning electron microscopy. 

Briefly, in a 24-well plate Ni-Ti samples were rinsed with 100 μl of PBS. PBS was removed and 

100 μl of 10% formalin was pipetted onto the Ni-Ti samples and the well plate was covered and 

incubated at room temperature for 15 min. Formalin was removed and the samples were rinsed 

with 100 μl of PBS three more times. Ni-Ti samples were moved into a dry 24-well plate and 

allowed to air dry for 48 h. Samples were loaded into the SEM chamber and were imaged with an 

acceleration voltage of 5 kV using secondary electron imaging.  

 

3. Results and Discussion 

3.1. Density and pore analyses 

The densification behavior, pore morphology and its size distribution in the sintered NiTi 

samples manufactured through binder jetting were examined using optical microscopy and micro-

computed tomography, and the findings are shown in Figure 3. The optical micrographs revealed 

irregular, interconnected pores in the sample sintered at 1175 °C, whereas the sample sintered at 

1185 °C exhibited isolated pores with a mixed irregular/spherical pore morphology. Quantitative 

pore analysis using μ-CT indicated a pore size distribution ranging from 200 μm to 1.6 mm in the 

sample sintered at 1175 °C, whereas a slight increase in temperature to 1185 °C resulted in pore 

sizes ranging from 10 to 200 μm. Additionally, the horizontal interconnected pores formed during 

the binder jetting process, which were visible in the sample sintered at the lower temperature. This 

phenomenon is known to be related to the binder-powder interaction and the formation of ballistic 

defects in each discrete layer [45–47]. At higher temperatures, diffusion-driven particle 

rearrangement and densification played a key role in mitigating this in-process defect. As the 

temperature increased, atomic diffusion became more active, promoting enhanced mass transport 

across particle boundaries [46,48,49]. This accelerated diffusion facilitated the movement and 

redistribution of atoms, allowing particles to better rearrange, fill voids, and reduce pore sizes. As 

a result, the enhanced diffusion mechanisms at elevated temperatures led to improved bonding 

between particles, contributing to the elimination of defects that were present at lower sintering 

temperatures, and thus increasing the overall density and uniformity of the microstructure. Pore 
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analysis conducted on both optical and tomography micrographs indicated the presence of 15.4 

vol.% of pores in the sample sintered at 1175 °C, whereas the pore fraction decreased to 5.1 vol% 

in the sample sintered at 1185 °C. Optical images showed area fractions of pores, which matched 

the volume fraction measured by μ-CT. Pores can act as stress concentrators, reducing the load-

bearing cross-sectional area, which may lead to decreased mechanical strength, lower fatigue 

resistance, and reduced ductility [42]. Higher porosity can contribute to premature failure under 

tensile or cyclic loading due to crack initiation and propagation from pore sites. Therefore, 

minimizing porosity through optimized sintering conditions is critical for improving the 

mechanical performance of binder jetted materials, as densification directly correlates with 

enhanced strength and durability. 

  
Figure 3. Analysis of densification, pore morphology and size distribution of binder jetted NiTi parts (A) sintered at 

1175 °C and (B) sintered at 1185 °C. 
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3.2. Microstructure and phase analyses 

To assess microstructure evolution during sintering, SEM micrographs and elemental 

analysis using EDS were collected. Figure 4 (A,B) displays high-magnification SEM micrographs 

taken from the polished surfaces alongside EDS elemental analysis, featuring both mapping and 

point analyses. According to the EDS findings, the sample sintered at 1175 °C exhibited a 

distribution of Ti- and C-rich regions at the grain boundaries (points 1-3), forming TiC with size 

ranging from 500 nm to 4 µm. The grains are comprised of Ni and Ti, indicating the presence of 

the NiTi phase (points 5-7). Additionally, trace amounts of NiTi-C were detected at the grain 

boundaries (point 4). Ni4Ti3 is a metastable phase commonly generated during the heat treatment 

of NiTi alloys, where it precipitates and contributes to material strengthening [50–52]. Sintering 

at 1185 °C also revealed a distribution of Ti- and C-rich regions at the grain boundaries (points 

1,2) forming TiC with grain size ranging from 500 nm to 4 µm. The dominant phase was comprised 

Ni and Ti, indicating the presence of the NiTi compound (points 6,7). In addition, Ni-rich areas 

with lower Ti concentration were also detected, indicative of Ni3Ti phase formation. Formation of 

Ni3Ti phase at higher sintering temperature was related to Ti depletion in NiTi regions due to TiC 

formation at the grain boundaries, thus, Ni3Ti phase formed in the microstructure which was 

detected at bright regions (points 3-5). The presence of both TiC and Ni₃Ti can negatively affect 

the shape memory properties of NiTi alloys by altering the phase transformation behavior. Ni₃Ti, 

being a brittle intermetallic phase, can reduce the material's ability to undergo the reversible 

martensitic transformation essential for shape memory effects. Additionally, TiC precipitates at 

grain boundaries can act as obstacles to transformation, further degrading the alloy's shape memory 

and superelastic properties. Since a Ti sponge was used as an oxygen getter during sintering 

experiments, no oxide compound was detected on the SEM-EDS micrographs. 
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Figure 4. Scanning electron micrographs (secondary electron) and elemental analysis (map and point EDS results in 

at.%) revealing the microstructure and distribution of elements in different phases in NiTi samples sintered at two 

different temperatures of (A) 1175 °C and (B) 1185 °C.  

The XRD patterns of the Ni-Ti samples sintered at 1175 °C and 1185 °C are shown in Figure 

5, indicating the presence of NiTi, Ni3Ti, Ni4Ti3, and TiC phases. Additionally, the sample sintered 

at 1185 °C showed possible formation of the NiTi2 phase. The formation of the NiTi2 phase at the 

higher sintering temperature is attributed to its thermodynamic favorability compared to the NiTi 

phase [51,53].  
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Figure 5. X-ray diffraction patterns of the NiTi powder and binder jetted parts sintered at two different temperatures. 

The background baselines have been shifted to the y-axis to allow for easy comparison. 

 

3.3. Transformation temperatures 

The Differential Scanning Calorimetry (DSC) results in Figure 6 showed the transformation 

temperatures (TTs) of powder and two different sintering conditions at 1175 °C and 1185 °C for 

the bulk-printed part and the structure with designed channels and thin struts. The austenite start 

and finish temperatures (As and Af) during heating and martensite start and finish temperatures 

(Ms and Mf) during cooling were calculated using the tangent line method. For the powder, the 

TTs were As = -25.5 °C, Af = 30.5 °C, and Ms = 6 °C. The Mf was below -60 °C and could not be 

captured due to experimental limitations. After binder jet printing followed by sintering, no peaks 

could be detected for dense specimens, while they appeared for the structure with designed 

channels and thin struts with TTs of As = -1 °C, Af = 70 °C, Ms = 34 °C, and Mf = -36.5 °C. Since 

similar printing and post-processing conditions were applied for the bulk-printed part and the 

structure with designed channels and thin struts, the reason for this different behavior can be rooted 

in the design factors. By introducing engineered channels and thin struts samples, tiny struts with 
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a cross-section area of 1 mm × 1 mm were created that are, at least, five times smaller than the 

cross-section area of the bulk-printed sample (7 mm × 5 mm mm). Decreasing the dimension of 

samples at the same sintering conditions (time and temperature) provides a higher ratio of thermal 

energy to the cross-section area of the sample during the sintering process and a higher cooling 

rate from sintering temperature to the room temperature. These various thermal boundary 

conditions potentially resulted in different microstructural evolution that resulted in different DSC 

results for the bulk-printed part and the structure with designed channels and thin struts. These 

results demonstrate the geometry dependency of the sample’s microstructure and indicate the need 

for further studies to explore the relationship between geometry and sintering conditions. This 

behavior was also observed in L-PBF of metals [54]. 

Thus, a more homogeneous microstructure generated at the structure with designed channels 

and thin struts sample compared to the bulk-printed one leads to the observed solid-state phase 

transformation. However, the DSC peaks of the sintered structure with designed channels and thin 

struts were broad and shifted to higher temperatures compared with powder. The TTs increase was 

due to the formation of Ni-rich secondary phases that were depicted in SEM results (such as Ni4Ti3 

and Ni3Ti), which caused Ni depletion in the matrix, followed by an increase in TTs. In addition, 

microstructural areas with varying Ni content resulted in broader DSC peaks [55]. Thus, changes 

in composition are the main factor in shifting or broadening/removing the peaks [56]. The presence 

of secondary phases such as Ni3Ti and TiC can cause additional heat absorption or release events 

during the heating/cooling cycle of DSC. These events may overlap with the main transformation 

peak of NiTi, making it challenging to distinguish and potentially leading to a broader or less 

defined peak. Furthermore, the presence of unsuitable secondary phases that are not coherent 

and/or evenly distributed in the microstructure of NiTi samples can hinder the reversibility of the 

martensitic transformation and prevent the movement of domain boundaries during the 

transformation process, resulting in incomplete or no phase transformations. It should be noted 

that further heat treatments, such as solution annealing combined with aging, can be employed to 

rearrange the microstructure of dense samples to potentially provide more suitable microstructural 

conditions to present solid-solid transformation and also to adjust the TTs for specific medical 

applications [5,56]. 
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Figure 6. DSC curves of NiTi powder, bulk-printed samples or the structure with designed channels and thin struts 

sintered at 1175 °C and 1185 °C for representing reverse and forward transformations during heating and cooling 

cycles, respectively. The binder jetted sample with channels and struts was only sintered at 1185 °C. 

 

3.4. Microstructure formation mechanism 

Figure 7 presents a schematic illustration of the proposed microstructure evolution during 

the consolidation of binder jetted Ni-Ti powder through solid-state sintering. The consolidation 

process in sinter-based additive manufacturing includes three stages (1) initial stage sintering in 

which sinter necks form due to surface diffusion, (2) intermediate sintering stage in which density 

increases due to volumetric diffusion, leading to shrinkage and pore closure, and (3) final stage 

where grain coarsening may occur. Typically, when a binder jetted part with about 50% porosity 

is heated to about 0.95Tm (Tm is the solidus temperature of metallic materials), the driving force 

for sintering is the reduction of internal interfaces and surface energy. Mass transport, driven by 

the desire to reach a lower energy state, occurs between the particles. Stage 1: Neck formation 

reduces total surface curvature, lowering system energy as material moves from convex surfaces 

(particles) to concave surfaces (necks), resulting in a 2-3% shrinkage and a relative density of 

about 65% is achieved. Stage 2: Particle rearrangement occurs, forming interconnected irregular 

pores or isolated mixed irregular/spherical powders at grain boundaries, with substantial 

densification up to ~92%. Stage 3: Densification continues at a slower rate, eliminating closed 

pores to achieve maximum density. During this stage, grain and pore coarsening may occur if 

maximum density over 99% is not achieved [57,58]. 
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In this study, NiTi was additively manufactured using a binder jetting process, where a water-

based binder selectively bound particles to form a 3D object. The binder jetted parts underwent a 

binder burnout step before sintering at the maximum temperature. The solidus temperature of the 

used Ni-Ti powder is approximately 1310 °C [59], although contamination from the binder (such 

as C) potentially lowers this temperature. Ti has a high tendency to react with C, forming TiC at 

the grain boundaries. The formation of TiC was similar at both applied temperatures, but pore 

evolution differed. The ratio of Ti to C (at. %) was 57:43 (i.e., EDS point analysis 1 in Figure 4), 

indicating TiC formation. Sintering at 1175 °C, consolidation with interconnected pores of 

irregular morphology and a final relative bulk density of 85% occurred. In contrast, sintering at 

1185 °C resulted in isolated pores with a relative bulk density of 95%. The 1175 °C fell within the 

intermediate sintering regime, while the 1185 °C fell within the transition from intermediate to 

final stage sintering. The analyzed microstructures showed grain sizes similar to the starting 

powder size, indicating no grain coarsening, which was associated with the TiC formation and 

hindering grain growth. It is worth noting that powder and binder chemistry are important in binder 

jetting. For instance, Fe-based compounds are less likely sensitive to C contamination [42,48,60–

62], however, Ni-Mn-based shape memory alloys [40,41,63], Cu alloys [64], and hard metals 

[65,66] showed sensitivity to C contamination. An alternative solution to minimize C 

contamination is using a clean burn-off binder which is a new area of research in metal binder 

jetting [67]. 

Ti atoms tended to migrate toward the grain boundaries to form TiC particles, leading to Ti-

depleted regions around these particles. This had two effects including (1) supersaturation of Ni in 

these Ti-lean regions, increasing nucleation rates for Ni4Ti3 precipitates within and at the grain 

boundaries (i.e., EDS point analysis 4 in Figure 4) and (2) the formation of intermetallic 

precipitates such as Ni4Ti3 preferentially nucleating along crystallographic defects due to their 

higher surface energy. At the higher sintering temperature of 1185 °C, NiTi2formed due to local 

chemistry heterogeneities. Additionally, Ni3Ti was detected in this sample, associated with further 

migration of Ti from the matrix to the boundaries, leading to the formation of Ni-rich compounds 

such as Ni3Ti. Finally, the matrix showed that the ratio of Ni to Ti (at. %) was 53 to 47, suggesting 

that NiTi was the dominant phase. 
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Figure 7. Schematic illustration of the proposed microstructure evolution during consolidation of binder jetted Ni-Ti 

powder through solid-state sintering. The layer thickness in printing step is defined as 100 µm. After the printing 

process, the surfaces of the powder particles are coated with binder. During the sintering cycle, a binder burnout step 

is conducted to remove the binder, followed by a temperature ramp-up to the sintering stage. The temperatures are 

kept below the solidus point of the NiTi alloy to promote shape retention while shrinkage and densification occur. The 

microstructure and phase evolution during the sintering stage are detailed in the study, see the solid-state sintering 

illustration. 

 

3.5. Mechanical behavior 

The results of nanoindentation experiments are provided in Figure 8, with nanohardness 

measurements expressed in both Meyer (GPa) and Vickers (HV) descriptions. The sample sintered 

at 1185 °C exhibited a higher nanohardness value, with an average of 8.1±2.1 GPa (763 HV), 

compared to the 1175 °C sample, which displayed a lower average nanohardness value of 6.9±1.2 

GPa (654 HV). We attribute the disparities in the average nanohardnesses to differences in the 
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precipitate microstructure and the increased densification in the 1185 ºC sintered sample. This 

interpretation is supported by an examination of the scatter in nanohardness measurements, as 

shown in Figure 8(A). Here, the complete nanoindentation dataset is graphed as box and whisker 

plots showing the median (horizontal lines) and interquartile range (bar) of the nanohardness 

measurements. The whiskers span individual measurements falling within 150% of the 

interquartile range. At the largest indentation loads, the side length of the nanoindentation imprints 

is ~ 1 µm, which matches the size of key microstructural features. Therefore, large variations in 

nanohardness measurements are anticipated as the hardest (i.e., carbide precipitates) and softest 

(i.e., pores) features of the microstructure are selectively probed within nanoindentation volumes. 

Figure 8(B,C) provides the individual depth-resolved indentation curves for each sample. Here, 

the large scatter in nanohardness measurements is again evident, where some lower load indents 

penetrate further into the sample than experiments performed at higher indentation loads. 

Furthermore, the curvature of loading paths varies dramatically between individual indents, which 

is indicative of indentation upon microstructure phases with large differences in mechanical 

properties. We attribute the drift of indents during holding at peak loads with creep in the Ni-Ti 

microstructure, which is well known to occur in the indentation of NiTi SMAs with austenite 

transformation temperatures near room temperature [68]. Vickers microindentation experiments, 

which represent a bulk homogenization of microstructure features, yielded microhardnesses of 

633±50 and 703±38 HV0.1 for the 1175 and 1185 ºC sintered samples, respectively. These values 

fall within the statistical bounds of nanoindentation experiments, which further supports our 

interpretation of nanoindentation results. Several factors influence the microhardness of NiTi 

samples, including porosity, grain size, and the type and fraction of harder phases appeared in the 

microstructure, such as Ni3Ti. At lower sintering temperatures (i.e., 1175 °C), the effect of porosity 

is predominant (pore fraction of ~15%), resulting in lower average nanohardness values, while 

sintering at higher temperature (i.e., 1185 °C) increased the nanohardness, which is attributed to a 

reduced amount of porosity (pore fraction of ~5%) and the inherent high hardness of the phases 

present in the microstructure. The matrix grain size is controlled by the grain boundary TiC 

(mainly) and Ni3Ti phases. The Ni3Ti phase, known for its superhard properties, contributes 

significantly to the increased hardness in the Ni-Ti system. Additionally, the NiTi-B2 phase also 

enhances hardness due to its higher strength compared to the NiTi phase. As a result, the 

combination of Ni3Ti, NiTi-B2, and NiTi₂ phases in the sample sintered at 1185°C leads to an 
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overall increase in hardness. The hardness achieved in the binder jetted NiTi sample examined in 

this study surpasses that reported in other studies [69–72]. Given that one of the limitations of NiTi 

implant materials is their hardness and wear resistance, obtaining very high hardness values 

combined with the alloy's biocompatibility properties presents a significant potential for the 

manufacturing of Ni-Ti alloys using the binder jetting and solid-state sintering method. This 

combination could enhance the performance and durability of NiTi implants, making them more 

suitable for medical applications. 

 

Figure 8. (A) Nanohardness measurements from Ni-Ti samples presented as Meyer (GPa) and Vickers (HV) 

hardnesses. This data is graphed as a box and whisker plot (see main text for the interpretation of plot features). The 

depth-resolved indentation curves collected from nanoindentation experiments are shown for samples sintered at 1175 

°C (B) and 1185 °C (C). 

 

3.6. Biocompatibility 

Cell viability – The average percentage of live and dead cells on day 1 and day 5 (n = 6) is 

presented in Figure 9. Cells that stained green were live cells, and cells that stained red were dead 

cells. The average percentage of live/dead cells was recorded on day 1 (see Figure 9A) of cells 

exposed to DMEM + 10% FBS (control) and Ni-Ti leachates (experimental). The control group 

averaged 97.6 ± 2.8% live cells. This average percentage of live cells was consistent and expected 

for fibroblasts cultured with DMEM + 10% FBS. Cells exposed to Ni-Ti 1175 °C leachate 
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(experimental group 1) resulted in an average of 95.9 ± 3.1% live cells. Cells exposed to Ni-Ti 

1185 °C leachate (experimental group 2) resulted in an average of 96.8 ± 2.2% live cells. From 

visual observation of the cell morphology, the 3T3 fibroblasts had less cell aggregation in the Ni-

Ti leachates and the cells were better dispersed than the cells in the control medium. Despite this 

response, cells cultured with Ni-Ti leachates resulted in approximately 1% decreased cell viability 

compared to the control group.  

 

Figure 9. 3T3 fibroblast cell viability after exposure to Ni-Ti leachates for 1 and 5 days. (A) 3T3 fibroblast cells were 

cultured in DMEM + 10% FBS as the control group as well as the experimental group 1 including fibroblasts cultured 

in Ni-Ti 1175 °C leachate + DMEM + 10% FBS and the experimental group 2 including fibroblasts cultured in Ni-Ti 

1185 °C leachate + DMEM + 10% FBS. Cells stained green are live cells and cells stained red are dead cells. For all 

groups (B) cell viability observed on day 1 was 95.9-97.6% live cells and cell viability at day 5 was 86.2-91.5% (n = 

6).  
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The average percentage of live/dead cells was recorded on day 5 of cells exposed to growth 

media and Ni-Ti leachates (see Figure 9A). The control group averaged 91.5 ± 5.3% live cells. 

Cells exposed to Ni-Ti 1175 °C leachate (experimental group 1) resulted in an average of 87.6 ± 

6.9% live cells. Cells exposed to Ni-Ti 1185 °C leachate (experimental group 2) resulted in an 

average of 86.2 ± 18.8% live cells. There is a greater variability of cell viability within this group, 

however the majority of cells in this group were recorded as live. For all groups (Figure 9B) the 

average cell viability was observed at day 1 of 95.9-97.6% live cells and cell viability at day 5 of 

86.2-91.5%. After 5 days of exposure to Ni-Ti leachates, the percentage of live cells decreased in 

comparison to results from day 1. This decrease is statistically significant. Cell viability is expected 

to exhibit a minimal decrease in live cells compared to day 1 as there is more time for cell 

proliferation. Average cell viability on day 5 does not reduce by more than 30%, therefore this is 

not considered a cytotoxic effect, in accordance with ISO 10993-5:2009(E). These results support 

favorable survival and growth of 3T3 fibroblasts exposed to elemental Ni-Ti leachate.  

Cell viability was assessed by conducting statistical analysis using two-way ANOVA. Days 

of culture had a statistically significant (p < 0.05) effect on cell viability results (p = 0.0180). 

Culture medium had no significance on cell viability results (p = 0.5900). The interaction of days 

and culture medium had no significance on cell viability results (p = 0.8476). See Table 1 for a 

summary of these results. Therefore, the longer number of days cells were cultured influenced cell 

viability. This is expected as cells proliferate and can occupy the entire area of the well and can 

exceed the capacity of the medium, which can limit and ultimately decrease further growth of the 

cells. 

Table 1. Two-way ANOVA statistical analysis results of cell viability. P values were statistically significant when p 

< 0.05 and not significant when p > 0.05. Days of culture had a statistically significant effect on cell viability (p = 

0.0180). Culture medium had no significance on cell viability (p = 0.5900). The interaction of days and culture medium 

had no significance on cell viability (p = 0.8476). 

Source of Variation P value Significance 

Days of Culture p = 0.0180 Significant 

Culture Medium p = 0.5900 Not significant 

The Interaction of Days and Culture Medium p = 0.8476 Not significant 
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Cell attachment: After 24 h of contact with Ni-Ti samples, PKH26 stained 3T3 fibroblast 

cells successfully spread and adhered to both Ni-Ti surfaces, shown in Figure 10. Both Ni-Ti 

samples had designed channels and residual pores after sintering (interconnected ones in 1175 °C 

sample and isolated ones in 1185 °C sample) to which the cells were able to spread and adhere. 

As seen in Figure 10(A,C), cells attached on the top surface of the samples where the droplet was 

placed, attached inside the channel walls and to the bottom of the surface seen in Figure 10(B,D). 

From these images cells were counted and the percentage area occupied by the cells was 

determined. The average percentage area of cells attached to the top surface of Ni-Ti 1175°C 

sample (Figure 10A) was 11.6 ± 8.0% and for the bottom surface (Figure 10B) 2.0 ± 1.0%. The 

average percentage area of cells attached to the top surface of Ni-Ti 1185°C sample (Figure 10C) 

was 3.5 ± 3.0% and for the bottom surface (Figure 10D) 1.1 ± 1.0%. The cell droplet is placed on 

the top surface of the samples; therefore, it is reasonable that there was a larger percentage of cell 

attachment to the top surfaces of both Ni-Ti samples. The cells were allowed 24 h of contact with 

the samples, within this amount of time some cells spread to the bottom surface of both samples. 

With longer growth time, more cells could have been attached to the bottom surface. Normal cell 

attachment is important for successful integration of metal implants in the biological environment 

of the human body. Cells were formalin fixed to both Ni-Ti samples to observe cell morphology 

and cell attachment with SEM (Figure 11). After 24 h of adhesion, the morphology of fibroblasts 

is observed and is consistent with good adhesion and spreading. Cell adhesion and spreading 

indicate favorable biocompatibility of Ni-Ti, as previous studies have demonstrated [73,74].  

These results support previous studies of in vitro biocompatibility of Ni-Ti [38,75–78]. 

Although Ni-Ti samples were sintered at different temperatures, results indicate that sintering 

temperature did not significantly affect cell viability. However, the average percentage area of 

cells attached to the Ni-Ti sample sintered at 1185 °C decreased in comparison to the sample 

sintered at 1175 °C. To determine if there were cells that did not attach to both Ni-Ti samples, the 

wells that the experiment was conducted in were evaluated. It was observed that there were no 

cells attached to the well plate, suggesting that the majority of cells attached to the sample. It is 

possible that more cells spread within the interconnected pore channels of the Ni-Ti sample 

sintered at 1185 °C than the sample sintered at 1175 °C, as previous studies have demonstrated 

[79,80]. Further investigation would need to be done to confirm that cells spread within the 



  23 

 

interconnected pore channels of the Ni-Ti samples. The results of cell viability and cell attachment 

indicate favorable biocompatibility of Ni-Ti. 

 

Figure 10. 3T3 fibroblasts attached to Ni-Ti 1175°C and Ni-Ti 1185°C. Fibroblasts were stained with PKH26 Red 

Fluorescent Cell membrane marker to observe cell attachment for 24 h on the Ni-Ti sample surfaces. Images were 

modified for stained cells to appear yellow. Cells spread through the interconnected pore channels and adhered to the 

top and bottom of both Ni-Ti surfaces (n = 2). (A) Cells attached to the top surface of Ni-Ti 1175°C with 11.6 ± 8.0% 

average percent area of cells attached. (B) Cells attached to the bottom surface of Ni-Ti 1175°C with 2.0 ± 1.0%. (C) 

Cells attached to the top surface of Ni-Ti 1185°C with 3.5 ± 3.0% average percent area of cells attached. (D) Cells 

attached to the bottom surface of Ni-Ti 1185°C with 1.1 ± 1.0%.  

 

Figure 11. Exemplary SEM micrographs of 3T3 fibroblasts attached to Ni-Ti samples.   
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4. Conclusion 

Ni-Ti powder was additively manufactured through binder jetting and solid-state sintering. 

The following remarks were made: 

• The consolidated 3D-printed Ni-Ti parts demonstrate a clear relationship between pore 

morphology, pore fraction, and phase formation at varying sintering temperatures. Also, 

possible oxidation of Ni-Ti powder and formation of TiO2 and Ti4Ni2(O,C) was avoided 

by sintering in ultra-high purity Ar gas. At 1175 °C, the microstructure shows NiTi grains 

with TiC precipitates along grain boundaries and irregular, interconnected pores making 

up ~15% of the volume. 

• Increase of the sintering temperature to 1185 °C results in the emergence of a minor Ni3Ti 

and Ni4Ti3 and Ni3Ti phases within NiTi grains, along with grain boundary TiC precipitates 

and isolated pores with a reduced volume fraction of around 5%. This higher sintering 

temperature correlates with an increased hardness (8.1±2.1 GPa compared to 6.9±1.2 GPa), 

reflecting a greater abundance of hard secondary phases and better densification. 

• The DSC results do not detect transformation peaks for bulk-printed samples regardless of 

sintered condition; however, the structure with designed channels and thin struts provides 

transformation temperatures of As = -1 °C, Af = 70 °C, Ms = 34 °C, and Mf = -36.5 °C. 

This observation suggests a geometry dependence of NiTi that calls for more studies. A 

shift to higher transformation temperatures is observed for the structure with designed 

channels and thin strut compared to the powder used in this study. This is well supported 

by the presence of Ni-rich secondary phases detected in the SEM study. 

• The biocompatibility of Ni-Ti parts was assessed through tests of cell viability and 

attachment with 3T3 fibroblasts. Cell viability was evaluated by an indirect assessment of 

fibroblasts exposed to Ni-Ti leachates for 1 and 5 days. Results from day 1 and day 5 had 

high cell viability indicating favorable conditions for cell growth and survival. Cell 

attachment was a direct assessment of cell adherence to the surface of Ni-Ti. Results 

showed cell spreading and attachment on both Ni-Ti samples. These results suggest that 

binder jet sintered Ni-Ti has favorable biocompatibility as it does not significantly affect 

cell viability or adherence. Results from this experiment can be used to provide insight into 
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the use of binder jetted Ni-Ti for medical implants and tissue engineering applications. 

These results provide insight for future research to investigate different geometries and 

sintering conditions for NiTi structures that promote cell adherence and cell growth.  
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