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A B S T R A C T   

The metal vat photopolymerization technique (MVP) has high potential for metal part production because of its 
high accuracy, speed, and flexibility. However, low density, poor mechanical properties, and effects of sintering 
parameters on the properties are some of the challenges in MVP. This paper is the first to investigate the pos-
sibility of producing a NiTiCu metal alloy using VP from Ni, Ti, and Cu elemental and mechanically alloyed 
powders. The effect of particle size distribution and solid content on the physical and mechanical properties is 
also studied and compared. The results indicate that all three elements are homogeneously distributed in the 
whole print without premixing the powders, which considerably reduces processing time. Finer particle size and 
higher solid content also improve densification degree, hardness, flexural strength, and surface quality of the 
final parts. The measured surface roughness (Ra) of NiTiCu was 6.42 µm and 10.31 µm for milled and elemental 
powders, respectively. However, the mechanical properties of NiTiCu produced by VP in this study remain 
insufficient and in need of further improvement.   

1. Introduction 

Additive manufacturing (AM) is a process to fabricate an object from 
a 3D model and has become a powerful tool for prototyping, 
manufacturing, and product development across a wide range of fields 
and applications [1–6]. Using AM, it is possible to create complex, 
customized 3D objects with more accuracy, less waste, and in less time 
compared to traditional manufacturing processes [7–10]. Vat photo-
polymerization is an AM technology that uses a photosensitive resin to 
create 3D objects with high accuracy and precision. The process involves 
projecting ultraviolet light onto a platform to cure liquid resin layer by 
layer [11]. The parts produced through vat photopolymerization can be 
used in a variety of applications, such as automotive, medical, aero-
space, and consumer products [12]. This technology is constantly 
evolving and being used in more and more applications. 

Although vat photopolymerization was originally intended for 
fabricating curable resins, printing other materials such as metals [13, 
14], ceramics [15], wax, and biomaterials has recently gained more 
attention as a way to produce highly accurate components with a fine 
finish [16]. In the case of metals and ceramics, the particles are mixed 
with resin to form printable materials. The resin is then removed by 
thermal debinding, and the remaining solid particles are sintered at high 

temperatures. 
The production and development of metal alloys for powder-based 

additive manufacturing have been of interest to many researchers. The 
ability to manufacture end-use parts with more desirable properties, 
lower costs, and complex geometries in which materials are selectively 
deposited onto predefined areas are only a few of the benefits of metal 
AM. Various AM technologies have been used to produce metal alloy 
parts based on different applications [17,18]. Powder bed fusion (PBF) is 
the most popular AM technology for producing metal alloys from both 
elemental and pre-alloyed powders; the products have excellent me-
chanical properties and high resolution. A wide range of alloys, such as 
Ti-6Al-4V [19–22], stainless steel (316 L) [23], and nickel-based su-
peralloys [24–26] have been produced using this technique. Despite the 
high quality of the fabricated parts, the main drawback of the PBF 
technique is its high processing cost. Directed energy deposition (DED) 
is another exclusive AM technology for producing metal alloys (e.g., 
titanium [27], tool steel, CoCrMo alloy [28], et cetera). For this tech-
nique, a fully dense part with a highly controllable microstructure can be 
made by managing the composition of the deposited materials. How-
ever, the main limitations of this technique are poor surface roughness 
and resolution, restricted part geometries, and very long processing 
times. On the other hand, material extrusion (MEX) has recently become 
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more prominent for the fabrication of metal alloys due to its simplicity, 
affordability, and reliability; however, this technique has been associ-
ated with poor surface quality and mechanical properties. The most 
common alloys produced using MEX are stainless steel (316 L, 17–4PH) 
[29–31] and titanium (Ti-6Al-4V) [32–34], which are printed from 
pre-alloyed powders. Mousapour et al. [35] investigated the possibility 
of alloying two different metal filaments using fused filament fabrication 
(FFF). In the case of the vat photopolymerization technique, only a few 

attempts have been made to produce metallic parts, including pure 
copper [36] and Inconel 718 [37]. However, limited information exists 
on the fabrication of metal alloys using this technique. 

NiTi (nitinol) shape memory alloys are becoming more attractive in 
aerospace and medical applications due to their specific features such as 
super-elasticity and good corrosion resistance. These properties can be 
easily improved by adding the third element to nitinol. The addition of 
copper, one of the most common additives, results in narrow trans-
formation hysteresis, improvement in fatigue properties during thermal 
cycling, and enhancement of thermoelasticity. However, high Cu con-
tent (> 10 at%) can reduce the fatigue life and formability of the alloy 
[38–40]. This work studies, for the first time, the possibility of pro-
ducing and printing a uniform NiTiCu alloy from elemental and alloyed 
powders and compares their outcomes. Additionally, the effect of par-
ticle size and solid content on the surface quality, densification level, 
and mechanical properties of the final parts is assessed. 

2. Experimental procedures 

Commercial pure nickel (>99.9%, APS 60–70 µm), titanium (99%, 
APS 40–50 µm), and copper (99%, APS 40–50 µm; Nanoshel, India) 
powders were used to obtain Ni50Ti5Cu (at%). In addition, to compare 
the effect of particle size, the mixed powder was also milled for 30 h 
using a planetary ball mill (Fritsch Pulverisette 5/4, Germany) in an 
argon atmosphere. The milling test was conducted using a stainless-steel 
bowl and balls with a milling speed of 200 rpm. The ball-to-powder 

Table 1 
The printing parameters used for NiTiCu samples.  

Sample Powder Solid content (wt% / vol%) Particle size d50 (µm) Layer Thickness (µm) Cure time (sec) Cure depth (mm) Energy dose (%) 

S1 Elemental 45/24 46 First 100 1000 0.151 70 
Rest 100 200 0.134 

S2 Milled 45/22 20.4 First 100 60 0.153 
Rest 100 20 0.138 

S3 Milled 65/42 20.4 First 100 1000 0.124 
Rest 100 200 0.109  

Fig. 1. A schematic of NiTiCu sample and testing setup for TRS.  

Fig. 2. The morphology and particle size distribution plot of the (a) mixed elemental and (b) milled powders.  
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weight ratio (BPR) was maintained at 10:1. The milling sequence was 
designed to include 10 min of milling and a 5-min idle period to prevent 
the powder from sticking to the bowl walls and the balls, and agglom-
erating during milling. 

To make the materials printable, each type of powder (mixed 
elemental and milled) was separately mixed into a curable resin (Tethon 
3D, USA) with a specific ratio. Sample 1 (S1) had a solid (mixed 
elemental powder) content of 45 wt% and was blended with the resin by 
a magnetic stirrer at 50 ◦C for 10 min. Similarly, 45 wt% (S2) and 65 wt 
% (S3) solid contents of milled powder were added to the resin to 
investigate the effect of the metal-resin ratio on the properties of the 
final part. 

The rectangular cubic specimens were designed to create a sample 
for the transverse rupture strength (TRS) test and then printed using the 

DLP technique (printer: Planmeca C5, Finland). The final size of the 
prints was 20 × 10 × 2 ± 0.05 mm. Since the printer used has no swiper 
for continuously mixing the feedstock (slurry), sedimentation happens 
over time, and the metal particles may settle to the bottom of the vat 
during a longer printing time. Based on the experiments in this study, 
the layers started being printed with fewer metal particles for prints over 
80 min long. Therefore, thin samples (with thickness of 2 mm) were 
printed to avoid a solid particle gradient from top to bottom. Moreover, 
curing the initial layer is the most critical step in the DLP technique 
because sufficient adhesion to the build plate is essential. Accordingly, 
the first layer was exposed to UV light for longer than the remaining 
layers. Cure depth (time) might also change with particle size distribu-
tion and solid content. The printing parameters are given in Table 1. 

The printed samples placed in an alumina boat and inserted into a 

Fig. 3. (a) An image and the cross-section of (b) S1, (c) S2, and (d) S3 printed parts. (e) EDS mapping and elemental distribution from cross-section of S1 print.  
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horizontal tube furnace (Nanoe, Zsinter 2–5–17TPD2, France) for 
debinding and sintering processes. The temperature was measured with 
an external B-type thermocouple, which was connected to a logger to 
record the heating program. According to the manufacturer’s recom-
mendation, the debinding process was conducted in two steps: a) a ramp 
of 3 K/min from room temperature to 300 ◦C (no hold), and then b) a 1 
K/min to 460 ◦C (held for two hours). The sample was then heated up to 
the target sintering temperature of 1230 ◦C at a rate of 3 K/min and held 
at this temperature for 5 h. All the samples were cooled down to room 
temperature in the furnace with a 3 K/min ramp. Both debinding and 
sintering processes were completed in an argon atmosphere with a 0.5 l/ 
min flowing rate. 

After sintering was complete, the density of each sample was 
measured using the Archimedes method (DIN ISO 3369) to study the 
densification parameter (ψ) and porosity, which are expressed as follows 
[41]:  

ψ = ((ρsinter – ρbrown) / (ρth – ρbrown))                                                  (1)  

Porosity (%) = [1 – (ρsinter / ρth)] × 100                                              (2) 

where ρsinter is the sintered density (g/cm3); ρbrown, the density of 
debound parts (g/cm3); and ρth, the theoretical density (g/cm3). Higher 
sintered density clearly results in a higher densification parameter and a 
lower level of porosity. The theoretical density of Ni50Ti5Cu was 
calculated to be 6.2 g/cm3. The microstructure of the samples was 
characterized using an optical microscope (Zeiss Axio Vert.A1, Ger-
many) and a scanning electron microscope (SEM; Zeiss, Sigma VP, 
Germany) equipped with an energy dispersive spectrometer (EDS; Ox-
ford Ultim max, UK) to analyze the shape of the pores and elemental 
distribution. Furthermore, X-ray diffraction (XRD; Panalytical X′Pert Pro 
MPD alpha1, UK) analysis was used to characterize the types of phases 

Fig. 4. The measured average densities, densification parameter, and porosity for NiTiCu.  

Fig. 5. Microstructure of brown (debound) samples (a) S1, (b) S2, and (c) S3.  
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and compounds that might have been formed during sintering. The 
particle size distribution of the raw materials was studied (using Mal-
vern Mastersizer 3000, UK) based on ISO 31320. The intensity of light 
scattered can be measured as a laser beam passes through the particles in 
dry conditions, and then the equivalent spherical diameter is calculated 
by the software. To compare the surface quality of the parts, the surface 
roughness was measured by a profilometer (Bruker Contour GT K-M, 
USA) for each sintered sample. To analyze the mechanical properties of 
the sintered samples, Vickers microhardness analysis was conducted on 
the cross-section of the samples using a hardness tester (Struers Duramin 
40, USA) with a load of 0.490 N and a 10 s dwell time. For each spec-
imen, the hardness was measured at five different points, and the 
average values were reported in the results section. Moreover, a TRS test 
was performed (repeated three times for each case) using a universal 
testing machine (MTS insight, USA) according to the ASTM standard (B 

528–99) to determine the breaking strength of the samples in a trans-
verse direction. The dimensions of the TRS samples were 15.5 × 7.8 × 1 
± 0.05 mm. The schematic of the TRS test setup is presented in Fig. 1. 

3. Results and discussion 

The morphology and particle size distribution plots of both mixed 
elemental and milled powders are depicted in Fig. 2. After 30 h of 
milling, the irregular-shaped particles transform into semi-spherical 
shapes. According to the results of particle size distribution, the mixed 
elemental powder has a range of 1.28 − 400 µm and a median (d50) of 
46 µm, while the range for the milled powder is 0.67 − 127 µm, with a 
d50 of 20.4 µm. Based on the results and SEM images, it is obvious that 
the particles become smaller after milling. 

After mixing the powders into the resin with the prespecified ratios, 

Fig. 6. Microstructure of (a, b) S1, (c, d) S2 and (e, f) S3 sintered at 1230 ◦C for 5 h. (Left column: the polished cross-section. Right column: the fracture surface of 
sintered samples.). 
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the specimens are printed (green parts) and then debound (brown part) 
to separate the metal particles from the binding material for the sin-
tering process. Photographs of all three printed samples and the polished 
cross-section of the green parts are included in Fig. 3. The dark and 
bright areas in OM images represent resin and solid particles, respec-
tively. These microstructures indicate that there is no solid content 
gradient from top to bottom, and metal particles are uniformly printed 
throughout the samples. Fig. 3c presents the S2 cross-section with the 
same solid content as S1 (Fig. 3b), but with a finer particle size, while a 
higher solid content is visible in S3 (Fig. 3d). Fig. 3e depicts the 
elemental analysis (EDS) from the cross-section of the S1 printed sample. 
This analysis proves that blending the elemental powders for a long time 
in a mixer is not necessary; this is a common step in conventional 
methods to achieve an acceptable distribution of particles. Instead, a 
reasonably distributed structure can be obtained via the vat photo-
polymerization technique by mixing the powders in a resin in much less 
time (10 min). 

The average specimen densities, along with the standard deviation 
(SD), are measured for green, brown, and sintered parts, which are 
plotted in Fig. 4. The green densities of S1 and S2 are about the same due 
to similar solid content, while S3 has the highest value with 65 wt% 
solid particles. Furthermore, the measured brown densities indicate that 
the debound S2 with a finer particle size is denser than S1, where a 
larger particle size results in bigger gaps among particles. Fig. 5 presents 
the microstructure of the brown samples after the debinding process. 
The comparison of the sintered densities of three samples proves that a) 
particle size and b) solid content are two effective parameters that play 
a key role in the level of porosity. In fact, finer particle size and higher 
solid content enhance the average contact area among the particles, thus 
accelerating the diffusion mechanism. According to the measured 
values, a higher densification degree (parameter) is observed in finer 
particle sizes, while solid content has no sensible effect. However, in 
similar particle size, S3 with higher brown density has slightly lower 
porosity level than S2. Although the solid content could not exceed 
65 wt% in this study due to technical limitations of the printer, the 
porosity in all three cases is still relatively high. However, considering 
all factors, particle size impacts the final porosity level more than solid 
content. 

The microstructures of each specimen are depicted in Fig. 6. As 
evidenced by the polished cross-section SEM images, S3 has the highest 
level of density among all samples (Fig. 6e), a finding that corroborates 
the measured sintered density values. In contrast, the free spaces (gaps) 
between the elemental particles in S1, which occur due to larger particle 
size and lower solid content, critically restrict its contact area. Conse-
quently, the bonds formed between the particles are narrow and weak. 

Fig. 6a presents the polished cross-section of S1, where the joints are 
broken and particles are separated from the sample after grinding. 
Furthermore, pure copper particles in S1 melt at temperatures above 
1085 ◦C, and since the copper liquid is fully soluble in solid nickel and 
titanium structures (transient liquid phase sintering), the formed liquid 
disappears during sintering. Therefore, empty spaces (gaps) remain at 
the sites of copper particles, increasing the number of micro-pores in the 
structure. In this condition, these micro-gaps hinder solid-state diffusion 
among the particles. The porosity is consequently not efficiently 
diminished, and swelling occurs [42–46]. The fracture surface of each 
sample is also illustrated with higher magnification for better observa-
tion of the pores’ structure and the formed bonding among particles 
(Fig. 6b, d, f). 

Fig. 7 illustrates the XRD patterns of both elemental and milled 
powders measured before and after sintering. Analysis of the results 
reveals that most of the peaks belonging to the pure elements disappear 
after milling, proving that mechanical alloying occurs to some extent 
after 30 h of milling. In fact, the position of the most intense Ni peak 
(44.4◦) shifts to lower angles and forms the B2 phase, which represents 
austenite NiTiCu. This result illustrates the diffusion of Cu and Ti atoms 
into the nickel structure, resulting in an increase in Ni lattice parame-
ters. Moreover, no Cu peak is observed in the milled powder pattern, 
indicating complete dissolution of copper in the Ni lattice (due to low 
copper content in the raw mixed powder). After sintering, both patterns 
(sintered elemental and milled) exhibit relatively similar peaks, 
including the B2 phase, and some precipitates such as Ti2(Ni,Cu) and 
NiCu are due to the addition of copper. However, there are still some 
elemental peaks (Ti) in the S1 pattern, which suggests that the sample is 
not fully alloyed after sintering. This outcome might be caused by the 
larger particle size in S1, which reduces the contact areas among the 
particles, thus obstructing material transport. Since alloying in solid- 
state sintering is based on the diffusion mechanism (material trans-
port), a higher sintering temperature or a longer time is required to 
obtain a fully alloyed sample. 

The surface roughness is determined by averaging four measure-
ments from different areas (scanning size = 0.9 × 1.3 mm); findings are 
reported in Fig. 8. According to the data, S3 has the best surface quality 
with the lowest Ra (average roughness). 3D scans of the samples’ sur-
faces as well as the linear models clearly reflect the difference in surface 
roughness among the three specimens. It seems that particle size has a 
major effect on the surface quality of sintered samples, such that finer 
particle size decreases the Ra value. Additionally, a higher solid content 
can improve the surface quality to some extent. In this case, the metal 
particles in the sample with higher solid content (S3) are more regularly 
arranged alongside each other than those in S2 after the debinding 
process. In fact, higher resin content reduces the chance of particles 
arranging in a more orderly manner after resin removal, due to more 
spaces between the particles. Consequently, S3 has a slightly better 
surface finish than S2. According to the literature, similar surface 
roughness values (average Ra = 6.22 µm) were reported by Kesavan and 
Velmurugan [47,48] for machined NiTi parts produced by powder 
metallurgy (a conventional method). This level of surface quality was 
obtained with the DLP technique (in this study) without post-processing. 

The measured data, including SD, for TRS and hardness tests are 
plotted in Fig. 9. S1 has the lowest flexural strength (12.4 MPa) 
compared to the milled samples, while S3 has slightly higher strength 
than S2 (23.5 MPa and 20.5 MPa, respectively). Similar results are 
observed in the hardness measurements: S3 has the highest average 
hardness value of 461.1 HV0.05. Due to the high level of porosity in each 
specimen, the mechanical properties are not as desired, which is ex-
pected from VP. This technique is still extremely new in metal alloying, 
and further research is needed to enhance its properties. 

4. Conclusions 

In this work, a metal alloy (NiTiCu) was successfully produced from 

Fig. 7. XRD patterns of elemental and 30-hours-milled NiTiCu powders before 
and after sintering. 
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elemental and milled powders for the first time using the DLP technique, 
and the physical and mechanical properties of the final parts were 
analyzed and compared. It was hypothesized that better properties could 
be obtained in parts with finer particles and higher solid content (metal 
particles). However, according to the measured data, particle size was 

more effective than solid content, especially in terms of mechanical 
properties. The results further indicated that it is possible to produce the 
metal alloy from elemental powders using the vat photopolymerization 
technique. However, the properties can be further improved by reducing 
the particle size, increasing the solid content, and using some additives 

Fig. 8. 3D surface topographic, linear regression, and average surface roughness values (Ra) of sintered NiTiCu samples.  
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to decrease the sintering temperature, which will be further investigated 
in future studies. The results indicate that a wide range of chemical 
compositions of metal alloys, as well as accepted resolutions, can be 
obtained using the DLP technique; it would be difficult, if not impos-
sible, to produce parts with similar properties using conventional 
technologies. 
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