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Abstract: This study demonstrates the successful synthesis of Ni/Y2O3 nanocomposite particles 

through the application of ultrasound-assisted precipitation using the Ultrasonic Spray Pyrolysis 

technique. The particle size was predicted accurately using a modified equation, and they were col-

lected in a water suspension with Polyvinylpyrrolidone (PVP) as the stabiliser. The presence of the 

Y2O3 core and Ni shell was confirmed with Transmission Electron Microscopy (TEM) and with elec-

tron diffraction. The TEM observations revealed the formation of round particles with an average 

diameter of 466 nm, while the lattice parameter on the Ni particle’s surface was measured to be 0.343 

nm. The Ni/Y2O3 nanocomposite particle suspensions were lyophilized, to obtain a dried material 

that was suitable for embedding into a Polylactic acid (PLA) matrix. The resulting PLA/Ni/Y2O3 

composite material was successfully extruded successfully, so that a 3D printed technology Fused 

Filament Fabrication could be used further for the production of tensile test tubes. The tensile tests 

showed that the addition of lyophilised Ni/Y2O3 into the PLA matrix decreased the tensile strength 

by 21.8 %, while the tensile modulus was not influenced. Dynamic Mechanical Analysis (DMA) 

showed that the addition of the Ni/Y2O3 particles increased the glass transition temperature by 5 °C, 

and increased the storage modulus in the glass transition range significantly. These findings demon-

strate the potential for utilising Ni/Y2O3 nanocomposite particles in 3D printing applications, and 

warrant further exploration of their mechanical properties and potential applications in various 

fields. 

Keywords: Ultrasound Spray Pyrolysis, Ni/Y2O3, nanocomposite, lyophilization, extrusion, PLA, 

FDM 3D printing 

 

1. Introduction 

 

Nickel (Ni) is a strategic metal with catalytic properties, used mainly in organic reac-

tions, since many transformations in organometallic chemistry are catalysed by nickel [1]–

[4]. Experiments show that the Ni matrix in composite coatings is more active than a pure 

Ni coating [5]–[7]. 

Islam et al. [8] and Sun et al. [9] found that oxygen mobility at the surface of nano-

crystalline Y2O3 supports an Ni electrode, which is the most commonly used electrode, 

plays a crucial role in the oxidative steam reforming of lignocellulosic biomass, or ethanol 

to hydrogen over a nickel yttrium oxide (Ni/Y2O3) catalyst. Li et al. discovered that Ni on 

a Y2O3 support provides remarkably efficient catalysis for CO2 methanation [10]. Simi-

larly, Taherian et al. [11] showed that nickel catalysts on yttria supports are as effective as 

more expensive commercial catalysts in reforming CO2 and methane to syngas. 

According to the research work of Guo et al. [12], they showed that catalytic activity 

is related closely to particle size, which means that smaller particles do not necessarily 

provide better catalytic activity. It can be concluded that the particle size and the volume-

specific surface area are important properties that have a crucial influence on the func-

tional properties of the materials, especially in the case of nanoparticles. 
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There are many known methods for the synthesis of nanoparticles, but they are gen-

erally divided into two groups. The so-called "bottom-up" and "top-down" approaches. 

One subgroup of the "bottom-up" approaches are known as Spray Pyrolysis (SP) methods. 

SP methods are widespread in the synthesis processes of various powders and particle 

suspensions on the microscale and nanoscale. Spray Pyrolysis methods consist of five 

stages: (I) Precursor preparation, (II) Precursor aerosol generation, (III) Aerosol transport, 

(IV) Particle synthesis, and (V) Particle collection [13], [14]. Precursor solutions that are 

appropriate for SP methods are metal salts (acetates, bromides, chlorides, hydroxides, ni-

trates, sulphides) dissolved in water or alcohol [15]–[17]. The precursor characteristics 

(concentration of the salt, viscosity, density and surface tension) affect the aerosol size 

distribution and quantity, which, in turn, has a direct impact on particle size and mor-

phology [18]. 

Ultrasonic Spray Pyrolysis (USP) is a subset of Spray Pyrolysis methods that uses a 

piezoelectric crystal as the nebuliser for the purpose of aerosol generation. This method 

was previously used in our research to synthesise different metallic and oxide nanoparti-

cles [15], [19], [28], [29], [20]–[27]. Ultrasonic nebulisers have the advantage of narrow aer-

osol size distribution, which results in well controlled particle size distributions [14]. Neb-

ulisers based on ultrasound are favoured because of their good energy-efficiency in aero-

sol generation compared to other available techniques [30]. As a result of cavitation and 

surface waves, standing waves are formed on the fluid`s surface. When the amplitude of 

the wave is high enough droplets break of the wave`s peak, resulting in aerosol generation 

[30]. The precursor aerosols are transported with the help of an inert or reaction carrier 

gas into the tube reactor, where synthesis occurs. During the particle synthesis, each pre-

cursor aerosol is subjected to several physical and chemical processes, such as the evapo-

ration of the solvent liquid, precipitation of the salt, pyrolysis, reduction reactions, and, 

finally, drying of the formatted nanoparticles [13], [31]. Due to the high homogeneity of 

the precursor solution, the created particles have mostly a controlled stoichiometric ratio 

and morphology [18], [32]. High temperatures in the tube reactor cause rapid evaporation 

of the solvent, which results in high surface-to-volume ratio particles. Collection of the 

nanoparticles is commonly carried out with gas filtration methods: electrostatic filters, or 

liquid washing in collection bottles with stabilising agents [31]. 

The implementation of ultrasound for droplet generation in Spray Pyrolysis presents 

an upscale ready process for nanomaterial synthesis, since it operates continuously, and 

has a good control of the particle size and composition [33], [34]. The USP method has a 

good potential to eliminate technological problems of nanoparticles` size variations and 

provides a more controlled nanoparticle synthesis [27], [35], [36]. In most cases, nanopar-

ticles synthesised by the USP method are collected in the form of a suspension, so it is 

necessary to dry the suspension to obtain nanoparticles in powder form. The process of 

lyophilisation is used widely for drying nanoparticles in pharmaceuticals [37], [38]. To 

ensure a successful drying process, the nanosuspensions are dried in multiple steps. This 

involves a freezing phase, during which the nanosuspension is frozen and the solvent is 

converted into a crystalline or amorphous solid. Subsequently, the drying phase occurs, 

with a rapid pressure drop in the system. USP coupled with lyophilisation offers a green 

chemistry approach, as there are no significant pollutants or hazardous chemicals present 

at the end of the process. 

The mechanism of Ni/Y2O3 nanocomposite particles` synthesis with USP was pro-

posed in our previous research [15]. In the reactor part of the USP device water evapora-

tion takes place first, and then the dried droplets enter the high-temperature area. Initially, 

thermal decomposition of the yttrium nitrate and nickel nitrate occurs, leading to the for-

mation of yttrium oxide and nickel oxide. As yttrium oxide is significantly more stable 

than nickel oxide, a hydrogen reaction can only take place for the formation of nickel. 

Thus, Ni/Y2O3 can only be produced following the dehydration and thermal decomposi-

tion of metal nitrates, with the hydrogen reduction of nickel oxide being achievable solely 

in an H2/N2 atmosphere. 
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Utilizing Ni/Y2O3 nanocomposites in a Polylactic acid (PLA) matrix, with the ability 

for 3D printing, presents new possibilities for using this composite material for catalyti-

cally induced reactions, such as carbon monoxide methanation [8], [9]. The 3D printing 

aspect shows new approaches for producing filters, mesh-like converters, or other com-

plex shapes, where the passing CO and CO2 gases, with the addition of H2, are converted 

into methane, as a measure for removing carbon oxides from process gases. The potential 

high efficiency of the small Ni/Y2O3 particle methanation in a 3D printed PLA/Ni/Y2O3 

composite could be used as an alternative for CO removal from hydrogen-rich gas streams 

used as fuel for polymer electrolyte fuel cells. Usually, the CO removal is done by diffus-

ing the hydrogen-rich gas through a Pd–Ag membrane at high temperatures, or by metal 

catalysts, such as Au, Pt, Ni, Ru and Rh, on metal oxide substrates of Al2O3, SiO2, TiO2, or 

ZrO2 [39]. 

In our research, the Ni/Y2O3 nanocomposite gains potential according to its specific 

nickel and yttrium properties, to increase the mechanical properties of PLA as one of the 

currently most common materials produced from renewable resources. The synthesised 

Ni/Y2O3 nanocomposite can be used in many fields. One of the applications is the produc-

tion of ink suitable for application to various surfaces. Such deposits can be used as cata-

lysts in green chemistry applications, since nickel has good catalytic properties in organic 

reactions [2]. Nickel with the addition of yttrium oxide has been shown to be a good cat-

alyst for the production of hydrogen from ethanol and the methanation of carbon dioxide 

[40]. Compared to other commonly used catalysts like platinum, nickel delivers a similar 

performance at a significantly lower cost [41]. 

2. Materials and Methods 

2.1. Materials 

The chemicals used to prepare the precursor solution for the USP synthesis were 

nickel(II) nitrate (Sigma-Aldrich, Germany) and yttrium(III) nitrate (Sigma-Aldrich, 

USA). During the synthesis process, Polyvinylpyrrolidone (PVP) (Sigma-Aldrich, China) 

with the average molar mass of 40,000 g/mol was used to stabilise the nanocomposite par-

ticles, and PLA (NatureWorks LLC, USA) was used as the matrix. 

 

2.2 Nanocomposite particle synthesis 

2.2.1. Ultrasound spray pyrolysis 

The concentration of nickel(II) nitrate in the precursor solution was 0.025 mol/L, and 

the concentration of yttrium(III) nitrate was 0.100 mol/L. The solvent was de-ionised wa-

ter. The impact of the precursor concentrations was studied previously [15].   

The precursor aerosol formation occurred in the ultrasound generator, which uses a 

piezoelectric crystal to form ultrasonic waves at 1.65 MHz. Nitrogen was used as the car-

rier gas (1 L/min) and hydrogen as the reaction gas (1 L/min). The reactor tube inner di-

ameter was 40 mm, the length of the evaporation zone and the reaction zone was 1 m. The 

temperature in the evaporation zone was 200 °C and 900 °C in the reaction zone. 

The final size of the nanocomposite particle is strongly dependent on the initial drop-

let size and precursor solution concentration. The correlation between ultrasonic fre-

quency and the mean droplet diameter was presented by Lang [42], equation 1. An equa-

tion for particle size prediction was developed previously for USP synthesis [43], equation 

2. 

d = 0.34√
8𝜋𝛾

𝜌𝑠𝑜𝑙𝑓
2

3
, (1) 

D = 𝑑√
𝐶𝑠𝑜𝑙𝑀𝑝𝑎𝑟

𝜌𝑝𝑎𝑟𝑀𝑝𝑟𝑒

3
, (2) 
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Given that the precursor solution is a low-concentration salt solution, we selected a 

density and surface tension for the solution equivalent to that of water. To determine the 

concentration of the precursor solution, hypothetical particle density, molar mass of the 

precursor, and hypothetical molar mass of the particles, we calculated their mass-aver-

aged values and molar-averaged values. The average particle size was calculated using 

both mass-averaged and molar-averaged values, which yielded values of 491 nm and 483 

nm, respectively. As there was no significant deviation between the two, their average 

value, 487 nm, will be used for further comparison. 

Three collection bottles with 500 mL de-ionised water and PVP were used to collect 

the synthesised nanocomposite particles. The concentration of PVP was 5.00 g/L. Two 

batches of USP synthesis were carried out, with each batch taking 3 hours to complete. 

 

2.2.1 Lyophilisation 

Lyophilisation was performed using an LIO-2000 FLT lyophiliser, produced by 

Kambič, Slovenia. The lyophilisation protocol used in this study consisted of a freezing 

period of 5 hours and 30 minutes at –35 °C, followed by a drying period when the pressure 

was reduced to 0.175 mbar and the temperature was raised to 20 °C. The vacuum at 20 °C 

was maintained for 20 hours to complete the drying process. This protocol was designed 

carefully to ensure the effective removal of water and preservation of the sample's struc-

ture and properties. 

PVP was used as a cryoprotectant and stabiliser during the freeze-drying process, to 

help preserve the integrity of the Ni/Y2O3 and prevent agglomeration and sedimentation. 

It forms a protective layer around the material, shielding it from damage caused by freez-

ing, dehydration and drying. Additionally, PVP can help maintain the physical and chem-

ical properties of more delicate materials, such as their shape, size, and activity, through-

out the drying process [44]–[46]. 

To ensure consistent drying conditions across all samples, the samples with varying 

PVP concentrations were freeze-dried in R6 vials equipped with thermocouple attach-

ments, to enable temperature measurement at the bottom of the vial. These measures were 

taken to minimise variations and ensure accurate and reliable results. In addition, a larger 

batch of material was dried in a metal tray, to increase the amount of material that could 

be processed at once. 

 

2.3. Composite preparation 

2.3.1. Extrusion process 

The lyophilised Ni/Y2O3 nanocomposite with 5.00 g/L PVP was mixed directly with 

the PLA granulate, that was dried at 80 °C for 4 h, see Figure 1. The mass ratio of PLA and 

Ni/Y2O3 was 100:2. The extrusion process was carried out in two steps using a parallel 

twin-screw extruder (Thermo Fisher Scientific). In the first step compounding of the PLA 

granulate and Ni/Y2O3 nanocomposite took place, followed by one more extrusion of the 

previously prepared PLA/Ni/Y2O3 composite granules into a 3D printing filament for 

Fused filament fabrication (FFF). The two step extrusion ensured a homogenised material. 

The same extrusion process was repeated for the pure PLA granulate, with the goal to 

obtain a reference material. 
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Figure 1. PLA granulate with Ni/Y2O3 nanocomposite particles. 

2.3.2. FFF 3D printing 

The FFF 3D printer, Raise3D N2, was used to print tensile test specimens type 1BA 

in accordance with ISO 527-2 [47]. The parameters of the 3D printing were as follows: 

Nozzle temperature was 215 °C, bed temperature was 60 °C, 100 % infill and 110 % first 

layer, 50 % overlapping with a “lines” pattern. The diameter of the filament was 1.700 

mm. Neat PLA test specimens were 3D printed to serve as reference material.  

 

2.4. Nanocomposite characterization methods 

2.4.1. Transmission electron microscopy 

Transmission Electron Microscopy (TEM) with Energy Dispersive X-ray (EDS) was 

used to evaluate the state of the nanocomposite particles in the lyophilised state. A Jeol 

JEM 2100 was used with a 200 kV LaB6 electron source.  

The size distribution was obtained by measuring the particle size on the TEM images. 

A total of 200 particles were measured. The data were evaluated with ImageJ software 

[48]. 

 

2.4.2. Viscosity and drying times 

The viscosity of the nanocomposite suspensions with different PVP concentrations 

was measured using MCR (Anton Paar). The Ni/Y2O3 nanocomposite suspension, ob-

tained via USP synthesis, had PVP added to achieve the following PVP concentrations: 

2.50 g/L, 5.00 g/L, 10.00 g/L and 20.00 g/L. In addition, a water-based solution containing 

PVP at the same concentrations was used as a baseline for comparison with the nanocom-

posite suspension, to assess the influence of the nanocomposite particles on the suspen-

sion. The same Ni/Y2O3 nanocomposite suspension were used to determine the length of 

the drying process. 

 

2.5. PLA Ni/Y2O3 composite characterization methods 

2.5.1. Mechanical properties 

A tensile test and Dynamic Mechanical Analysis (DMA) were utilised to attain the 

mechanical properties of the PLA/Ni/Y2O3 composite. The tensile test was conducted on a 

Shimadzu AG-X Plus 10 kN in accordance with ISO 527-1 [49], and the samples were 3D 

printed type 1BA test specimens. The Tensile modulus was evaluated in the interval be-

tween 0.05 % and 0.25 % strain. The DMA was performed on a Perkin Elmer DMA 8000 

in accordance with ASTM D5418 [50], with a 1 Hz frequency and a 0.02 mm amplitude. 

For each material five repetitions for tensile tests were conducted, and two for DMA. 
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2.5.2. Scanning electron microscopy 

A Scanning Electron Microscope (SEM), Sirion 400 NC (FEI Sirion 400 NC, FEI Tech-

nologies Inc., Hillsboro, USA), with an EDS INCA 350 (Oxford Instruments, UK), was 

used for the SEM investigations of the fracture of the prepared PLA Ni/Y2O3 composite 

that was tested on the tensile test. 

3. Results and discussion 

3.1. Transmission electron microscopy 

The TEM images obtained in this study offer important insights into the Ni/Y2O3 

nanocomposite particles. As shown in Figure 2, the images revealed a high level of round-

ness at lower magnifications. However, an undulated surface can be observed at higher 

magnifications, as seen in Figure 4, which is the result of small particles in the size range 

of 10 nm that were sintered and formed the round Ni/Y2O3 nanocomposite particles. These 

particles were enfolded, and their size can only be determined by observing their grain 

orientation. This detailed information on the size, shape and distribution of the nanopar-

ticles can provide valuable guidance for further research and development of nanocom-

posite materials. 

 

 

Figure 2. TEM microstructure of the Ni/Y2O3 nanocomposite particles. 

The real particle number weighted particle size was measured to be 466 nm. The 

smallest observed non-agglomerated particle had a diameter of 55 nm, while the largest 

had a diameter of 1603 nm. The relative frequency of particles by size is presented in 
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Figure 3. Slightly over half of the particles are in the size range of 100 nm to 500 nm, while 

34 % fall between 500 nm and 1000 nm. The smallest particles, below 100 nm, comprise 

only 5.2 % of the total. The remaining particles are larger than 1000 nm. 

The calculated particle diameter obtained using equations 1 and 2, which was 487 

nm, and the measured average particle diameter of 466 nm, show good agreement. This 

shows that the equations presented previously in [42] can be used to predict the particle 

size of Ni/Y2O3 nanocomposite particles. Further study is needed to determine the applica-

bility to the general area of metallic and ceramic composite particles produced by USP. 

 

 

Figure 3. Ni/Y2O3 nanocomposite particles size distribution weighted by number of particles. 

Figure 4 provides a detailed view of the crystal lattice on the surface of the Ni/Y2O3 

nanocomposite particles. By comparing the measured distance between the crystal planes, 

which was 0.344 nm and 0.343 nm, with the theoretical distance between crystal planes in 

cubic face-centered nickel, which was 0.348 nm, we can confirm the presence of cubic 

nickel on the particle surface. This information confirms the mechanism established pre-

viously [15], which proposed the formation of elemental nickel on the surface of the 

Ni/Y2O3 nanocomposite particles. 

 

Figure 4. Crystal lattice structure on the Ni/Y2O3 nanocomposite particle surface. 

Electron diffraction is a powerful tool used for investigation of the material structure 

at the atomic level. With it we can analyse the patterns of electron diffracted by a crystal, 
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and determine the crystals` arrangement of atoms and their spacing withing the crystal 

lattice. Figure 5 shows the electron diffraction of the Ni/Y2O3 nanocomposite particles. 

Great agreement can be observed between the experimental and the theoretical diffraction 

image of yttrium oxide. Therefore, we can confirm the presence of yttrium oxide in the 

nanocomposite core. 

 

 

Figure 5. Electron diffraction of the Ni/Y2O3 nanocomposite particles; experimental and theoretical 

image. 

EDS provides valuable information on the chemical makeup of materials, which is 

crucial for understanding their properties and potential applications. EDS analysis was 

performed to investigate the elemental composition of the Ni/Y2O3 nanocomposite parti-

cles. Figure 2 and Table 1 present the results of the analysis, showing the presence and 

relative abundance of various elements in the sample. By comparing the ratio between Ni- 

and Y-nitrate in the precursor solution and the ratio between Ni and Y in the nanocompo-

site particles obtained from the EDS analysis, it is pointed out that there is some material 

loss during USP synthesis, observed especially on the Ni side. This loss may potentially 

occur due to deposition on the reactor walls and variations in the reaction rates between 

Ni and Y ions. 

No significant difference in the composition of smaller and larger particles can be 

observed, as shown in Figure 2 and Table 1. Although the nanocomposite particles have 

a low At% of Nickel, there is a sufficient amount of Ni present to produce a noticeable 

colour shift into grey in the 3D printed material when compared to pure PLA (Figure 9). 

The observed colour shift can be attributed to the presence of Ni in the nanocomposite 

particles, as Yttrium Oxide is white, and, thus, unlikely to contribute to such a colour 

change. 
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Table 1. EDS analysis of the Ni/Y2O3 nanocomposite particles. 

Element EDS 1 [at. %] EDS 2 [at. %] EDS 3 [at. %] 

O 54.09 51.35 57.95 

Ni 5.16 7.19 3.04 

Y 40.75 41.46 39.01 

Total 100.00 100.00 100.00 

 

3.2. Viscosity and drying time 

Viscosity has a direct effect on the rate of particle settling. Higher viscosity results in 

slower particle settling rates, and lower viscosity results in faster settling rates. The vis-

cosity of the fluid medium has a major influence on the drag force experienced by parti-

cles, which affects the settling velocity of the particles directly. As viscosity increases, the 

drag force experienced by the particles also increases, causing them to settle at a slower 

rate [51]. When PVP is added to water, it increases the viscosity of the solution. This is due 

to the formation of a three-dimensional network of polymeric chains, which leads to in-

creased interactions between water molecules and reduced mobility of the molecules. The 

viscosity is increased as a result  [52], [53].  

The addition of Ni/Y2O3 particles did not impact the viscosity of the suspensions sig-

nificantly, while the viscosity was affected significantly by the concentration of PVP. The 

viscosity values of the suspensions at different PVP concentrations are presented in Table 

3. 

Table 2. Impact of PVP and Ni/Y2O3 nanocomposite particle on the suspension viscosity. 

PVP concentration [g/L] Viscosity of water [mPa·s] 
Viscosity of Ni/Y2O3 parti-

cles suspension [mPa·s] 

0.0 0.8±0.05 0.82±0.04 

2.5 0.90±0.01 0.92±0.04 

5.0 0.98±0.05 0.98±0.04 

10.0 1.10±0.07 1.05±0.06 

20.0 1.36±0.05 1.42±0.13 

 

Higher viscosity solutions tend to require longer drying times, resulting in reduced 

product yields. Therefore, it is important to control the viscosity of the solution, in order 

to optimise the lyophilisation process. The figures show the effect of PVP concentration in 

water on the viscosity of it, as well as the impact of the presence of Ni/Y2O3 particles on 

the viscosity. 

The freezing time was not affected significantly by varying the concentrations of 

PVP. However, the drying time was impacted notably, as illustrated in Figure 6. The dry-

ing time was defined as the duration between the temperature increase and the point 

when the sublimation front reached the bottom of the vial. The drying times for each sus-

pension are shown in Table 3. The impact of additional PVP in the solution was more 

pronounced at lower PVP concentrations, 2.50 g/L and 5.00 g/L, while additional increases 

do not affect the drying times significantly. 

The results show that the drying time increased as the concentration of PVP increased 

from 2.50 g/L to 5.00 g/L, indicating that lower PVP concentrations have a shorter drying 

time. However, as the PVP concentration increased to 10.00 g/L and 20.00 g/L, the drying 

time did not exhibit significant changes, indicating that there might be an optimal concen-

tration range for PVP that balances the cryostabilisation effect, stabilisation effect and dry-

ing time. From our range of data it is indicated that this concentration is close to 5.00 g/L, 

therefore, this concentration of PVP was used in the Ni/Y2O3 suspensions in all subsequent 

freeze-drying processes and the PLA/Ni/Y2O3 composite preparation. 
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Figure 6. Impact of PVP concentration on the drying time of the Ni/Y2O3 nanocomposite particle 

suspension. 

Table 3. Impact of PVP concentration on the drying time of the Ni/Y2O3 nanocomposite particle 

suspension. 

PVP concentration [g/L] Drying time 

2.50 7 h 36 min 

5.00 9 h 06 min 

10.00 9 h 30 min 

20.00  9 h 48 min 

 

3.3. Mechanical properties 

The incorporation of lyophilised Ni/Y2O3 into the PLA matrix resulted in decreased 

tensile strength from 60.0 MPa to 50.8 MPa (15.3 %) as can be seen in Figure 7. The influ-

ence of the Ni/Y2O3 particles on the tensile modulus and strain at tensile strength was not 

significant, while the strain at break decreased from 4.6 % for neat PLA to 3.6 % for the 

PLA/Ni/Y2O3 composite (Table 4). Decreased tensile strength and strain at break may re-

sult from agglomerated Ni/Y2O3 particles (see Figure 9), which act as stress concentration 

points, leading to premature failure.  

 

Figure 7. Representative strain-stress curves of PLA and PLA/Ni/Y2O3 composite.  
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Table 4. Results of mechanical testing for the PLA and PLA/Ni/Y2O3 composite. 

Sample Tensile modulus 

[MPa] 

Tensile strength 

[MPa] 

Strain at tensile 

strength [%] 

Strain at break 

[%] 

PLA 2.62 ± 0.28 60.0 ± 1.1 3.3 ± 0.2 4.6 ± 0.5 

PLA/Ni/Y2O3 2.77 ± 0.32 50.8 ± 1.28 3.3 ± 0.1 3.6 ± 0.2 

 

Although the DMA results did not reveal a significant difference in the storage mod-

ulus (E’) between pure PLA and the PLA/Ni/Y2O3 composite at 30 °C (Figure 8), the addi-

tion of Ni/Y2O3 particles resulted in an increase of 5 °C in the glass transition temperature. 

This was evident from the peak of the loss modulus (E’’), which represents the glass tran-

sition temperature. The increased glass transition temperature was ascribed to the steric 

hindrance of molecular motion by the rigid Ni/Y2O3 particles. The increase in the glass 

transition temperature is reflected in the significant increase of E’ in the glass transition 

range at 60 °C, which was 315 % higher compared to the neat PLA sample. Therefore, the 

addition of Ni/Y2O3 particles improved the thermal properties of the PLA matrix as it in-

creased the usable temperature range for structural applications. 

 

Figure 8. Storage Modulus and Loss Modulus as a function of temperature for PLA and PLA/ 

Ni/Y2O3 composite. 

3.4. Scanning electron microscopy 

SEM examination of the fracture surfaces revealed that the Ni/Y2O3 particles were 

uniformly distributed throughout the volume of the PLA matrix. Figure 9 shows the frac-

ture of the tensile tests tubes at three different magnifications, identifying individual ag-

glomerated groups of particles in the PLA-Ni/Y2O3 sample. The comparison of the fracture 

surfaces of PLA and PLA/Ni/Y2O3 does not show similar characteristics, as the fracture 

facets in the case of pure PLA were significantly longer, which means that the fracture in 

the PLA tensile test tube was tougher compared to the PLA/Ni/Y2O3 composite. Namely, 

in the case of PLA/Ni/Y2O3, the SEM examination revealed significantly shorter fracture 

facets and smaller fracture surfaces, indicating that the fracture was more brittle, which 

agrees with the results of the tensile test. 
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Figure 9. SEM microstructure of fracture for: a) PLA and b) PLA/Ni/Y2O3 composite. 

These findings demonstrate the potential for utilising Ni/Y2O3 nanocomposite parti-

cles, prepared with a green chemistry technique, in 3D printing applications, and warrants 

further exploration of their mechanical properties and potential applications in various 

fields. 

The successful synthesis and characterisation of Ni/Y2O3 nanocomposite particles us-

ing the USP method provides a new avenue to produce high-quality materials with po-

tential applications in various industries. Additionally, the Ni/Y2O3 nanocomposite parti-

cle suspensions were lyophilized, to obtain a dried material that is suitable for incorporat-

ing into a suitable polymer matrix, such as PLA, that can be extruded into a 3D print ready 

filament. 

In further research we will focus on determining the catalytic properties of Ni/Y2O3 

nanocomposites and PLA Ni/Y2O3 composites, as previous research with X- ray photoe-

lectron spectroscopy has shown non-stoichiometry [15]. 

4. Conclusions 

Overall, this study contributes to the field of nanocomposite particle synthesis, PLA 

based filament extrusion and 3D printing technology. The following conclusions can be 

drawn from our research: 

• The USP method proved to be a highly effective green chemistry approach in the 

successful synthesis of Ni/Y2O3 nanocomposite particles. 

• The use of a modified, previously presented equation, allowed for accurate predic-

tion of the particle size, which was confirmed by TEM analysis. 

• The presence of the Y2O3 core and Ni shell was also confirmed with TEM and electron 

diffraction. 

a b 
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• The proper concentration of PVP in the nanoparticle suspension before lyophilisation 

leads to different cryostabilisation effects, stabilisation effects and optimal drying 

times. 

• The lyophilisation process proved successful in obtaining a dried Ni/Y2O3 nanocom-

posite particle powder, and the PLA/Ni/Y2O3 composite material was extruded suc-

cessfully and 3D printed using FDM technology. 

• Tensile strength decreased with the addition of Ni/Y2O3 nanoparticles, which is the 

result of their agglomeration in the PLA matrix. 

• The fracture surfaces are different, as the fracture facets were significantly longer in 

the case of pure PLA, which indicates a higher toughness of PLA compared to the 

PLA/Ni/Y2O3 composite. 

• The addition of Ni/Y2O3 particles in PLA resulted in an increase of 5 °C in the glass 

transition temperature, also evident from the position of the peak of the loss modu-

lus. 
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