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Preface 

 

The ESYMS 2024 -  European School for Young Materials Scientists will take 
place on November 4-5 and aims to bring together young scientists, mainly PhD 
students, working in the exciting fields of Materials Science, Nanotechnology, 
Nanoscale Materials, Nanoanalysis, Multi-scale materials characterization, as well as 
Microscopy.  

In 2024 the special focus will be put on all relevant techniques used for correlative 
materials characterization including Light Microscopy, Electron Microscopy, X-ray 

Microscopy, and Scanning Probe Microscopy. The contributions shall cover all topics 
from fundamental research up to technology and product development for the market. 

The School will be a two days event and will count with a inspiring keynote lecture 

from a prominent scientist in the above-mentioned fields, as well as and most 
importantly, the very active participation of the PhD students. The event will create a 
live forum that brings together presentations of the PhD works (oral and posters), 
intensive discussions, and many opportunities for interaction and networking. 

The School will be organized in close cooperation with the 4th Correlative 
Materials Characterization workshop at Novembrer 6-7 as a second part of the 
school. 

 

 

    Organizers  
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How does copper affect biodegradable zinc?  

M.Gieleciak1,*, A.Jarzębska1, Ł. Maj1, M. Kulczyk2, M. Bieda1 

1Institute of Metallurgy and Materials Science, Polish Academy of Sciences, 25 Reymonta Street, 
30-059, Kraków, Poland,  
2Institute of High Pressure Physics, Polish Academy of Sciences, 29/37 Sokołowska Street,  
01-142, Warszawa, Poland,  

*m.gieleciak@imim.pl 

Abstract 

Biodegradable zinc materials are a widely discussed topic in the literature. Its 
corrosion rate allows the use of zinc for example to produce cardiovascular stents. 
However, the problems of low mechanical properties and low recrystallization 
temperature limit their usefulness. Utilizing severe plastic deformation methods and 
alloying additives may solve those problems. In this work pure zinc as a reference 
material and zinc-copper alloy were used to define the effect of alloying additive on the 
microstructure and mechanical properties. Additionally, thermal stability was 
performed in order to determine changes between initial materials and subjected to 
elevated temperatures. Research revealed a positive effect of Cu addition on grain 
refinement and mechanical properties. Moreover, zinc-copper alloy presents better 
thermal stability up to 150℃.  

Keywords: biodegradable zinc, zinc alloys, thermal stability, recrystallization 

Introduction 

Biodegradable zinc-based materials are nowadays relatively often described in the 
literature as potential candidates to produce e.g. cardiovascular stents. Their 
advantages compared to non-degradable solutions include no long-term side effects 
like re-occlusion of blood vessels (called in-stent restenosis) or no need for repeated 
surgical intervention [1]. Other degradable metals, such as magnesium and iron, have 
corrosion rates that do not meet the requirements for such products, while zinc fits 
almost perfectly into these guidelines. This is due to its standard potential (-0.76V), 
which is located between the two aforementioned elements (-2.37V for Mg and -0.77V 

for Fe) [2]. However, pure zinc can be characterized by low mechanical properties 
limits its usefulness as a biomaterial. Nevertheless, it was proven that alloying 
additives and plastic deformation can significantly strengthen zinc by grain 
refinement and second-phase particles [3]. One of the additives that create with zinc 

second phase, according to equilibrium systems, is copper. Literature reports indicate, 
that copper is an essential element, that helps growth and development as an 
important catalytic cofactor for proteins [4]. Therefore, in small amounts is non-toxic 
for humans. One of the best techniques for plastic deformation of low alloyed zinc is 
hydrostatic extrusion. It is an unconventional method of severe plastic deformation in 
which material is deformed at high speed at room temperature and can change its 
diameter [5]. However, despite the positive effects of both alloying and deformation, 
researchers have mostly focused on characterizing these materials at room 
temperature. Considering the fact, that the human body temperature is about 37℃, 
the properties of materials may change. Therefore, it seems important to test materials 
also in the post-heating state. Especially taking into account the problem of low 

mailto:m.gieleciak@imim.pl
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recrystallization temperature of zinc. There is still a limited understanding of the 
specific impact of heating and as a consequence static recrystallization (SRX) on zinc 
and zinc-based materials. The main aim of this work is to firstly characterize zinc and 
zinc-copper alloy after plastic deformation and secondly define the effect of heating on 
the microstructural changes.  

Results and Discussion 

The research was performed on pure zinc and zinc-copper alloy with 3 weight percent 
of additive. The materials were gravity casted into the metal forms and subjected to 
two-step plastic deformation – hot extrusion at 250℃ and hydrostatic extrusion at 4 

consecutive passes. As a result rods with 5 mm of diameter were obtained. According 
to the Zn-Cu phase diagram, the microstructure of the alloy consists of α-Zn grains 
and CuZn4 second phase and α-Zn grains for pure metal . Copper addition influenced 
grain refinement significantly (fig. 1). The calculated average grain size was 16.2 µm 
and 2.2 µm for Zn and ZnCu3, respectively. Simultaneously, the density of high-angle 
(HAGB) and low-angle grain boundaries (LAGB) increased. A higher amount of LAGBs 
suggests, that during plastic deformation DRX occurred partially and left structural 
defects. It can be confirmed also by grain orientation spread calculations, where for 
Zn this parameter was close to 0, while for alloy some grains took higher values. 

 

 
 

 

 

Fig.1. SEM/EBSD microstructures of a) Zn and b) ZnCu3 after hydrostatic extrusion with 
calculated average grain sizes. Maps were collected according to the extrusion direction. 

Mechanical properties were investigated by static tensile test. Copper addition 
influenced ultimate tensile strength, yield strength, and elongation compared to pure 
zinc. Obtained results for UTS were 135/222 MPa, YS 70/117 MPa and E 61/86% for 
the material without and with alloying additive, respectively. According to the Hall-
Petch relation, those values are consistent with the obtained SEM/EBSD 
microstructures (Fig.1). 
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In order to evaluate the effect of copper addition on the thermal stability of the 
microstructure, quasi-in-situ heating was performed. Pure zinc after plastic 
deformation showed unchanged microstructure up to 50℃. Average grain size and the 
density of HAGB and LAGB stayed at the same level. Above this temperature grain 
growth was observed, finally at 150℃ reaching almost fully recrystallized 

microstructure with an average grain size 45 µm. Copper addition led to inhibition of 
SRX, and even after heating at 150℃, average grain size increased slightly from 2.3 
µm to 2.7 µm. At a temperature of 100℃, the density of grain boundaries increased 
as a result of the recovery process. Dislocation initially existed in the microstructure 
formed low-angle boundaries, and LAGBs formed HAGBs. Due to the lack of 

significant changes up to 150℃, heating at 250 degrees was also performed. This 
temperature revealed a static recrystallization and grain size increased to 5.7 µm.  
Fig. 2 presents SEM/EBSD microstructures of ZnCu alloy before and after heating.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  
  

  
 

  
 

 

Fig.2. Orientation maps of ZnCu3 alloy initially and after quasi-in-situ heating at different 
temperatures. 

Conclusions 

This research leads to the following conclusions:  

• The addition of copper leads to grain refinement and the generation of more 
structural defects reflected in the low-angle grain boundaries, compared to 
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pure zinc. Mechanical properties measured by static tensile test also 
increased as a result of alloying. 

• The initial microstructure, i.e. after the hydrostatic extrusion affects the 
behavior of the material during heating. In the case of pure metal significant 
SRX was observed at 100℃ while for the alloy at 250℃.  
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3 Institute of High Pressure Physics, Polish Academy of Sciences, Warsaw, Poland  
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Abstract 

The influence of process parameters during anodic oxidation in environmentally 
friendly solutions is presented in this paper. The thickness, porosity and corrosion 
resistance of the protective layer are affected by varying the current density and the 
process time. Increasing the current density increases the thickness and corrosion 
resistance of the biodegradable magnesium alloy. The phases presented in the 
coatings identified, such as Mg, KMgF3, MgF2 and MgO improve the corrosion 
resistance of the MgZn1Ca0.2Li1 alloy.  

Keywords: biodegradable implants, magnesium alloys, orthopaedic biomaterial, 
protective coating on biodegradable magnesium alloys. 

Introduction 

Magnesium and its alloys, with their good ratio of mechanical properties to material 
density, play an important role in biomedical engineering but there are limited by the 
corrosion rate, which can lead to deterioration of their performance characteristics. 
The application of a protective coating is one way of reducing the rate of corrosion. 
The findings of this research are pivotal for the advancement of orthopedic 
biomaterials, particularly in the development of more durable and biocompatible 
materials suitable for extensive applications in biomedical engineering. Among the 

methods evaluated, the anodic oxidation process utilizing a KOH + KF solution 
exhibited the most favorable properties. This selection is justified by several key 
advantages that affirm its optimality. The KOH + KF solution facilitates the 
obtainment of coatings with optimal thicknesses, which are challenging to achieve 
using other electrolytes. Precise control over coating thickness can be achieved 
through the adjustment of process parameters, which is essential for ensuring the 
optimal protective properties of the coatings [1].  

Results and Discussion 

The KOH + KF solution is non-toxic and alkaline, enhancing process safety relative to 
more aggressive chemical alternatives. Coatings produced using this solution exhibit 
not only increased thickness and roughness but also a favorable chemical 
composition, incorporating elements that are biocompatible. This characteristic 
renders the coatings particularly suitable for biomedical. From previous studies on 
chemical composition, as well as chemical and corrosion properties the 

mailto:michal.karas@imn.lukasiewicz.gov.pl
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MgZn1Ca0.2Li1 alloy was chosen as a substrate material.  The as cast material was 
subjected to anodic oxidation in a biocompatible electrolyte solution. Detailed process 
parameters are showed in Table 1. 

 

Table 1. Summary of sample name with protective coating fabrication parameters on 

MgZn1Ca0.2Li1 alloy. 

Sample No. 

Current 
density 

[A/dm2] 

Process 
time 

[min] 

Solution 
temperaturę 

[ °C] 

MgZn1Ca0.2Li1_5_5 5 5 25.9 

MgZn1Ca0.2Li1_5_10 5 10 24.2 

MgZn1Ca0.2Li1_10_5 10 5 24.1 

MgZn1Ca0.2Li1_10_10 10 10 24.2 

 

Optimization of the anodizing process toward increasing both current density and 
time leads to improved microstructural quality of protective coatings, which is crucial 
for applications in biological environments. Protective coatings produced in KOH + KF 
solution at different current densities and process times were compared. The effects 
of varying fabrication parameters on the microstructure and characteristics of 
protective fluoride coatings are illustrated in the figures 2.  Analysis of the 
microstructure of fluoride protective coatings, provides important information on the 
effect of process parameters on the quality and integrity of coatings on magnesium 
alloy. 

 

a) b) c) d) 

    

Fig. 2. Microstructure of the protective coating or two magnifications 6000x: a) sample produced 
at a current density of 5 A/dm2 and for 5 minutes (MgZn1Ca0.2Li1_5_5), b) sample produced at 
a current density of 5 A/dm2 and for 10 minutes (MgZn1Ca0.2Li1_5_10), c) sample produced at 
a current density of 10 A/dm2 and for 5 minutes (MgZn1Ca0.2Li1_10_5) d) sample produced at a 
current density of 10 A/dm2 and for 10 minutes (MgZn1Ca0.2Li1_10_10).   
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Each image (a-d) shows coatings obtained at different current densities and anodic 
oxidation times. The microstructures are crucial to the corrosion properties of the 
coatings, as the quality, continuity and number of defects directly affect their 
protective effectiveness. Analysis of the microstructure of fluoride coatings clearly 
shows the effect of anodizing process parameters on their quality. Too short anodizing 

time (sample a) results in a thin, porous coating with low protective effectiveness. 
Increasing the anodizing time at the same current density (sample b) improves the 
integrity of the coating, but some defects are still visible. Increasing the current 
density (sample c) leads to faster coating growth, but at the same time causes 
numerous defects. The best coating properties were obtained for sample (d), where 

both higher current density and longer anodizing time were used. This type of coating 
has the highest homogeneity and the lowest number of defects, which is likely to 
translate into better corrosion properties. High current density can lead to the 
formation of a more porous coating structure, as intense electrochemical reactions 
can generate bubbles and micro-cracks in the coating. Current density directly affects 
the growth rate of a protective coating. Higher current density leads to faster growth 
of the coating layer, which can increase its thickness. With such selected parameters, 
coating thicknesses ranging from 4.5 to as much as 50 micrometers were obtained 
(fig. 3). 

 

 

Fig. 3 Average thicknesses of the protective coating produced at different current parameters and 
at different times. 

 

The thickness of the coating produced by anodic oxidation on magnesium alloys is 
significantly influenced by current density and processing time. The most efficient way 

to increase coating thickness is to increase the current density, although increasing 
the time also contributes. However, the thickest coatings are produced by a 
combination of higher current density and longer duration. The next step of 
investigations was EDS analysis. The EDS maps  analysis of protective coatings made 
using current densities of 5 A/dm² with processing times of 10 minutes are shown in 
fig. 4. 
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a) b) c) d) 

    

Fig.4. EDS analysis of the protective coating produced at a current density of 5 A/dm2 and for 10 
minutes. Sample MgZn1Ca0.2Li1_5_10: a) photo of the analysis site, b) magnesium, c) fluorine, d) 
potassium. 

The chemical compounds in the coating are considered to be biocompatible and safe 
for use by the human body. The basic elements found in the coating include fluorine, 
potassium and magnesium. The anodic oxidation process on magnesium alloys 
typically involves the reaction of the alloy surface with oxygen and fluoride ions from 
the electrolyte, leading to the formation of protective oxide and fluoride phases. The 
X-ray diffraction analysis confirmed the following phases: KMgF₃, MgF₂, MgO, and Mg. 
Each phase contributes to the overall protective function of the coating, with varying 
levels of effectiveness in enhancing corrosion resistance and controlling the 
degradation rate of the underlying alloy. Electrochemical testing were performed for 
obtained coatings. OCP measurements were carried out for 60 minutes in Ringer's 
solution at an elevated temperature of 37 °C. Table 2 shows numerical values 
electrochemical corrosion test of MgZn1Ca0.2Li1 uncoated and with coatings alloys. 

Table 2. Numerical values electrochemical corrosion test of magnesium alloy with 
coatings produced at different process parameters. 

Sample name Ecorr [mV] Icorr [A/cm2] Rp [Ω] 

MgZn1Ca0.2Li1_ uncoated -1547 5,1E-05 340 

MgZn1Ca0.2Li1_5_5 -1434 2,4E-05 1443 

MgZn1Ca0.2Li1_5_10 -1412 6,2 E-06 4007 

MgZn1Ca0.2Li1_10_5 -1439 9,32E-06 3428 

MgZn1Ca0.2Li1_10_10 -1339 1,74E-06 4927 

At more negative values of corrosion potential, the material corrodes more easily. The 
table 2 shows, that the unprotected sample has the lowest corrosion potential of -

1547mV, indicating that it is most susceptible to corrosion compared to samples with 
protective coatings. Ecorr values for coated samples are less negative, indicating 
improved corrosion resistance. The highest corrosion potential, and thus the best 
corrosion resistance, is shown by the MgZn1Ca0.2Li1_10_10 sample with a value of -
1339 mV. The unprotected (uncoated) sample has the highest Icorr value of 5.1E-05 
A/cm², indicating the highest corrosion rate. In contrast, the coated samples have a 
significant reduction in Icorr values, especially for the MgZn1Ca0.2Li1_5_10 (6.2E-06 
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A/cm²) and MgZn1Ca0.2Li1_10_10 (1.74E-06 A/cm²) samples. Sample 
MgZn1Ca0.2Li1_10_10 shows the lowest corrosion current density, indicating the 
highest corrosion protection efficiency. Polarization resistance, measured in ohms (Ω), 
is a parameter inversely proportional to the corrosion rate - the higher the value of Rp, 
the higher the corrosion resistance. The uncoated sample has the lowest polarization 

resistance of 340 Ω, indicating very low corrosion resistance. In contrast, coated 
samples show much higher Rp values. The MgZn1Ca0.2Li1_10_10 sample reaches 
4927 Ω, indicating the most effective corrosion protection.  

 

Conclusions 

To increase the corrosion resistance of biodegradable magnesium alloys, it is best to 
use protective conversion coatings that have fluorides and metal oxides in their 
composition. The process parameters are the most important during the 
manufacturing of coatings on MgZn1Ca0.2Li1 alloy. Relationship between current 
density, time, and coating thickness is crucial for optimizing the protective 
performance of magnesium alloy coatings, particularly for applications where 
controlled degradation is important. The analysis of anodically oxidized magnesium 
alloys reveals the formation of key protective phases—MgF₂, KMgF₃, and MgO—along 
with residual metallic magnesium. The fluoride phases, particularly MgF₂, are highly 
effective in enhancing the corrosion resistance of magnesium alloys, making them 
suitable for biodegradable applications in biomedical devices. The combination of 
these phases ensures a controlled degradation of the alloy, allowing for temporary 
medical implants that gradually dissolve in the body. 
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Abstract 

Poster presents the results of structural, surface and biological studies of antibacterial 
layers containing different concentrations of titanium nitride (TiN) particles. Coatings 
were obtained using the Electrophoretic Deposition Process (EPD) and are being 
investigateg for potential applications in various biomedical fields. Comprehensive 
characterization of the coatings was performed, including Scanning Electron 

Microscopy (SEM) analysis with layer thickness measurement, X-ray Diffraction (XRD) 
analysis as well as tests for coatings adhesion, antibacterial activity, and cytotoxicity.  

Keywords: Antibacterial coatings, Electrophoretic Deposition Process, Orthodontic 
implants 

Introduction 

Titanium orthodontic implants are increasingly utilized in contemporary dental 
treatments due to their numerous advantages, including enhanced stability,  
long-term functionality, and minimally invasive application. However, despite these 

benefits, such implants are associated with a substantial risk of bacterial infections, 
which may result in implant failure and complications for patients [1,2]. To address 
these risks, there is a growing interest in developing surface coatings that provide 
sustained antibacterial protection, potentially reducing reliance on antibiotic 
therapies and minimizing the emergence of antibiotic resistance. A promising 
approach to fabricating such coatings is the Electrophoretic Deposition Process. This 
method is gaining recognition for its versatility and efficacy in producing thin, uniform 
coatings on complex geometries, such as implant materials. EPD offers precise control 
over the composition and thickness of coatings [3], making it highly suitable for 
biomedical applications where both mechanical and biological properties are critical. 
In our study, we employed a combination of chitosan and titanium nitride (TiN) 
particles for the coating system. Chitosan, a natural biopolymer, is well-known for its 
excellent biocompatibility and inherent antibacterial properties, making it a viable 
candidate for biomedical coatings. Titanium nitride, conversely, has been widely 
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researched for its mechanical robustness, corrosion resistance, and antibacterial 
effects. 

Results and Discussion 

Scanning electron microscopy (SEM) analysis (Fig. 1) verified the successful formation 
of EPD coatings with increasing concentrations of TiN particles on etched Ti-6Al-4V 

substrates. The surface morphology of the uncoated titanium alloy exhibited 
significant roughness due to the HF acid etching process, which is expected to 
enhance implant integration and improve osseointegration. The pure chitosan coating 
displayed a smooth and homogeneous morphology, with minor agglomerates and 

micropores. SEM micrographs of the chitosan/TiN composite coatings confirmed the 
incorporation of ceramic particles, revealing a continuous, crack-free surface. With 
higher TiN particle concentrations, the coatings demonstrated increased density and 
thickness, ranging from 12.25 to 20.56 µm. 

 

Fig.1. SEM images and EDS analysis of HF etched titanium alloy (Ti-Al-V) coated with EPD 
chitosan/TiN layers. 
The XRD Analysis revealed that the Ti6-Al4-V substrate is a two-phase alloy, 
consisting of a dominant α-phase with a hexagonal crystal lattice and a β-phase with 
a cubic crystal lattice. The diffractograms showed that titanium nitride (TiN) was 
crystalline, while chitosan existed in an amorphous form, evidenced by a broadened 
2θ maximum around 20°. Notably, increasing the TiN content in the deposited mixture 
led to a decrease in the intensity of diffraction lines from the α-phase, confirming that 
the volume fraction of the Ti6-Al4-V alloy's α-phase decreases as the TiN concentration 
increases, which correlates with an increase in layer thickness. 
The adhesion strength of the chitosan/TiN coatings was evaluated using the direct 
pull-off method, showing a decreasing trend as the titanium nitride content increased. 
Although this aligns with the theory that adhesion strength decreases with coating 
thickness, statistical analysis revealed no significant differences based on TiN 
concentration. Further optimization of deposition methods and post-treatment 
processes remains crucial to achieving better outcomes for EPD coatings in medical 
applications.  
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Fig.2. Adhesion strength of titanium alloy (Ti-Al-V) covered with chitosan/TiN EPD coatings. 

The antibacterial activity tests (Tab.1.) against Staphylococcus aureus and 
Escherichia coli revealed that the pure titanium alloy exhibited no antibacterial 
properties. In contrast, the chitosan coating demonstrated a one-log reduction in 
Gram-positive bacteria. For the coating containing both chitosan and titanium nitride, 
a three-log reduction was observed for Gram-positive bacteria and a two-log reduction 
for Gram-negative bacteria. These results indicate a significantly enhanced 
antibacterial effect when titanium nitride is incorporated into the chitosan-based 
coating. 

Tab.1. The antimicrobial efficacy of the investigated material 

 

Despite demonstrating antibacterial potential, the coatings were found to be cytotoxic, 
as evidenced by both quantitative analysis (Fig. 4) and fluorescence microscopy 
images. In comparison to the pure titanium alloy, the osteoblast cells did not 
proliferate or develop properly on the coated surfaces. Such result suggests that, 
although the coatings are effective against bacterial growth, they adversely affect 
cellular behavior, indicating a need for further optimization to improve their 
biocompatibility. 

Conclusions 

The findings of the studies suggest that depositing homogeneous EPD coatings of TiN 
particles and chitosan alters the properties of implant surfaces to various degrees. In 
terms of implant applications, such changes may prove desirable. Despite the 
antibacterial effectiveness of these coatings, initial biological tests have revealed 

Sample S. aureus E. coli 

Ti-Al-V/HF 7,65 ∙ 107 7,82 ∙ 106 
Ti-Al-V/ch 3,75 ∙ 104 4,90 ∙ 105 
Ti-Al-V/ch/0,5TiN 2,60 ∙ 102 5,00 ∙ 103 
Initial amount of CFU:  1,5∙ 105 1,5∙ 105 
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concerns regarding their cytotoxicity. This limits their direct application in biomedical 
devices such as orthodontic implants without further optimization. The observed 
toxicity suggests that additional modifications to the layer composition or processing 
parameters are necessary to enhance biocompatibility. Future studies will focus on 
both reducing the cytotoxic effects and enhancing adhesion while maintaining 

antibacterial properties, with the aim of developing a safer, functional coating suitable 
for long-term implant use. 

 

 

 

Fig.4 The proliferation of NHost cells on the modified Ti-Al-V surfaces evaluated by Presto Blue 
assay conducted at time points of 3 and 7 days. 
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Abstract 

The aim of this study was to develop hybrid coatings consisting of titanium nitride 
(TiN) and boron nitride nanoparticles (hBN) on the TiAlV medical alloy using the sol-
gel process. These coatings were engineered to enhance bactericidal properties and 

offer protection against surgical wear during the implantation of medical devices, 
improving both the performance and longevity of implants. The study focused on 
thoroughly analyzing the microstructure (using SEM), structure (through FTIR), and 
surface characteristics, such as wettability and surface free energy of the coatings.  

Keywords: sol – gel layers, ceramic nanoparticles  

Introduction 

Titanium (Ti) and its alloys are favored in biomedical applications due to their excellent 
mechanical properties and high biocompatibility, making them ideal candidates for 
osseointegrative implants [1]. However, despite their many advantages, Ti alloys also 
face certain limitations, particularly their poor wear resistance, which remains a 
significant concern [2]. Wear debris and corrosion products can accumulate, causing 
adverse reactions with surrounding bone tissue and potentially leading to implant 
failure. To address these issues, improving the bioactivity, wear resistance, and 

corrosion protection of titanium alloys through surface modification is crucial [1,2]. 
One of the most promising approaches for enhancing these properties involves the 
application of protective coatings [1]. Among the different coating techniques, the sol-
gel method stands out for its potential to offer superior corrosion resistance while also 
enabling the incorporation of antimicrobial agents within a pure silica matrix [2]. In 
this study, two hybrid bilayer sol-gel systems, SiO₂/hBNNP and SiO₂/TiNNP, were 
developed. The aim of the presented work is to investigate how deposition process 
parameters and the appropriate selection of sol components affect the microstructure 
and surface properties. Additionally, the antibacterial potential of the proposed 
coatings  was also examined.  

Results and Discussion 

SEM observations of the layers (Fig.1) confirmed the presence of ceramic particles on 
the modified titanium alloy, indicating successful deposition of the coating. However, 
the analysis also revealed that the layers were not entirely homogeneous, with 
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titanium nitride particles displaying uneven distribution across the surface. Despite 
this, no porosity or visible cracks were detected in the composite material, suggesting 
good overall structural integrity. 

 
Fig.1. SEM microphotographs of SiO2 coatings deposited on Ti6Al4V samples and 

obtained in sol–gel reaction 

Figure 2 illustrates the FTIR spectra of the layers measured immediately after 
deposition, covering the 400–4000 cm⁻¹ spectral range. In all the spectra, a weak band 
observed between 3100–3600 cm⁻¹ was associated with the presence of physically 
and/or chemically bound water, specifically representing the OH symmetric 
stretching of asymmetrically hydrogen-bonded water molecules. This indicates 
residual moisture in the layers, which is common in freshly applied sol-gel coatings. 
Furthermore, the CH alkyl stretching bands were clearly detected within the 2890–
2960 cm⁻¹ range, suggesting the presence of organic components, such as alkyl 
groups, derived from the sol-gel precursors. Notably, the peaks observed at 770, 1020, 
and 1160 cm⁻¹ corresponded to the stretching vibrations of Si–O–Si bonds. The 
appearance of these distinct Si–O–Si stretching bands is a clear marker of the 
polycondensation reaction between tetraethyl orthosilicate (TEOS) and GPTMS, 
signifying the formation of a robust silica network within the hybrid layer. The FTIR 
spectrum of the coatings containing h-BN particles revealed characteristic peaks at 
825 cm⁻¹ and 1370 cm⁻¹, which can be attributed to the vibrations of the B-N bond. 
The band observed at 1045 cm⁻¹ can be attributed to Ti-N stretching vibrations, while 
the vibrations at 547 cm⁻¹ are associated with Ti-N stretching modes. 

The modification of TiAlV alloys with organic-inorganic hybrid layers significantly 

altered their surface characteristics, as evidenced by the changes in contact angle and 
surface free energy (Fig.3). The increased contact angle and lowered surface energy 
suggest that the introduction of ceramic particles, such as h-BN and TiN, into the 
hybrid layers enhances the water-repellent properties of the alloy. This shift towards 
hydrophobicity could improve the alloy's performance in biomedical applications by 

reducing the likelihood of fluid accumulation on the surface, potentially decreasing 
biofilm formation and enhancing the long-term durability of implants. The strong 
correlation between ceramic particle content and surface property changes 
underscores the importance of controlling the composition of the hybrid coatings to 
tailor the surface characteristics for specific applications.  
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Fig.2. FTIR spectra of titanium alloy (TiAlV)-covered sol–gel hybrid layer containing  

A)hBNNPs and B)TiNNPs. 

 

 
Fig.2. FTIR spectra of titanium alloy (TiAlV)-covered sol–gel hybrid layer containing  

A)hBNNPs and B)TiNNPs. 

Antibacterial studies (Fig.3) showed that the addition of ceramic nanoparticles 
resulted in the inhibition of the growth of both gram-positive and gram-negative 
bacterial strains. For the SiO2/TiNNP ssample, the number of bacterial colonies 
decreased by one logarithm, while for the SiO2/hBNNP ssample, it decreased by two 
logarithms. This suggests that the proposed layers are bacteriostatic. 
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Fig.3. The antimicrobial efficacy of the investigated materials (colony-forming unit). 

Conclusions 

The modification of the Ti alloy layer altered surface properties such as wettability, 
surface energy, and roughness. SEM observations of the layers indicated that ceramic 

particles were not uniformly distributed. .Additionally, the incorporation of TiN or hBN 
nanoparticles into the layers resulted in an increased contact angle, which in turn 
lowered the surface energy. Biological studies further validated the bacteriostatic 
properties of the coatings, demonstrating their effectiveness in inhibiting bacterial 
growth. Further research should focus on improving the homogeneity of the obtained 
layers. 
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Abstract 

Magnetite nanoparticles (MNPs) are extensively researched for various biomedical 
applications, including magnetically induced hyperthermia. This study investigated 
the impact of cyclodextrin decomposition on the crystallization of MNPs, as well as 
their effectiveness in magnetic hyperthermia and dye adsorption processes. The 
findings confirmed that modifying the synthesis process, particularly the medium and 
the method of cyclodextrin introduction, results in the production of magnetite 
nanoparticles with distinct magnetic properties. The highest magnetic hyperthermia 
effect was observed in the sample synthesized by method M3 in benzyl ether with 
cyclodextrin. At a concentration of 0.25 mg/ml, the specific absorption rate (SAR) 
exceeded 200 W/g. However, SAR alone is insufficient to fully assess the 
nanoparticles' potential; the temperature increase must also be evaluated. At 0.25 

mg/ml, the temperature increased by 7.60 ± 0.72°C, while at 2 mg/ml, it increased 
by 21.2 ± 0.83°C. Lastly, the dye adsorption efficiency of the MNPs was assessed. The 
results showed that the MNPs synthesized using also method M3, similar to the 
magnetic hyperthermia results, exhibited the highest adsorption capacity, adsorbing 
over 70% of both rhodamine B and crystal violet dyes. 

Keywords: Fe3O4 nanoparticles, magnetic hyperthermia, polysaccharide coating, dye 
adsorption, cyclodextrin 

Introduction 

Magnetite's spinel structure, with Fe²⁺ and Fe³⁺ cations in octahedral and tetrahedral 
sites, respectively, gives it unique properties such as ferrimagnetism, biocompatibility, 
and chemical stability. These features make magnetite valuable in various fields, from 
catalysis to medicine. Magnetite nanoparticles (MNPs) are particularly useful due to 
their ability to be functionalized, enhancing their applications as biosensors, MRI 
contrast agents, hyperthermia therapy agents, and magnetic drug carriers [1]. Despite 
their advantages, MNPs face challenges such as aggregation in hydrophilic media due 
to strong electrostatic interactions [2]. To address this, they are often coated with 
polymers like cyclodextrin, which improves their stability and biocompatibility. 
Cyclodextrin is favored for its non-toxicity, water solubility, and anticoagulant 
properties, making it an ideal coating material for magnetite [3]. Research has 
demonstrated the effectiveness of polysaccharide-coated MNPs in various 
applications, including cancer treatment through magnetic hyperthermia, where heat 
is used to destroy tumor cells or enhance their sensitivity to other treatments [4]. 
Hyperthermia is particularly effective against tumors, which are less able to manage 
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heat compared to normal cells [5]. Magnetite nanoparticles are also highly effective at 
adsorbing dyes from aqueous solutions due to their large surface area, magnetic 
properties, and surface functionalization. These nanoparticles can be easily modified 
with polymer coatings, enhancing their adsorption efficiency for various dyes. The 
magnetic properties of MNPs allow for easy recovery and reuse, making them ideal for 

environmental applications, such as wastewater treatment [6]. 

Materials and method 

Magnetite nanoparticles were synthesized using a high-temperature degradation 
method with γ-cyclodextrin as a modifier. Four different synthesis approaches (M1-

M4) were employed to explore the influence of the medium and the cyclodextrin 
decomposition process on the structure and properties of Fe₃O₄ nanoparticles. In the 
M1 synthesis, triethylene glycol (TREG) was used as the boiling medium, with the 
modifier introduced alongside the precursor before the boiling stage. In the M2 process 
also used triethylene glycol, but the precursor was added after the crystallization of 
the MNPs. For the M3 synthesis, benzyl ether (BE) was used as the boiling medium, 
and, similar to M1, the modifier was introduced at the start of the synthesis. In 
contrast, the M4 synthesis used benzyl ether as the boiling medium, but the modifier 
was added only after the MNPs crystallization process. Wide-angle X-ray diffraction 
(XRD) measurements were performed using a Rigaku MiniFlex 600 diffractometer. The 
tests were carried out at room temperature, in a scattering angle range of 2θ = 10-90°, 
with a scanning speed of 1.5°/min and a measurement step of 0.02°. 
Thermogravimetric analysis (TGA) was conducted under an argon atmosphere. 
Heating was applied at a rate of 10°C/min, spanning from room temperature (25°C) 
to 800°C. The magnetic hyperthermia effect was measured using D5 Series Automatic 
Driver G2 with D5 Calorimetry CoilSet (nanoScale Biomagnetics SL) under optimal 
conditions, which, based on preliminary tests, were determined to be a frequency of 
347 kHz, a magnetic field intensity of 17 kA/m, and a concentration of 25 mg/ml. 
Adsorption measurements were conducted within the wavelength range of 190-750 
nm using a UV-Vis spectrophotometer (ThermoFisher Scientific Evolution™ 220).  

Results and Discussion 

XRD analysis confirmed that all materials are single-phase, exhibiting characteristic 

diffraction peaks for magnetite (JCPDS card no. 01-075-1372). The results are 

presented in Fig. 1A. The Halder-Wagner method was applied to determine the average 
crystallite size. The samples synthesized in TREG (ckldex M1 and ckldex M2) have 
smaller crystallites (5.5 ± 0.1 nm and 8.1 ± 0.1 nm, respectively) than the samples 
synthesized in BE (ckldex M3 and ckldex M4) for which average crystallite sizes was 
equal to. 22.2 ± 0.7 nm and 37.7 ± 0.4 nm, respectively.  

In addition to the impact of the synthesis method on nanoparticle size, its influence 
on the formation of polymeric shells was also examined using TGA ( Fig. 1B). The TGA 
curves reveal two primary mass loss steps for all synthesized nanomaterials. The first 
significant mass loss in the prepared materials occurred within the temperature range 
of 200 to 420°C. The decomposition temperature of the organic phase varied 
depending on the synthesis method. These changes are attributed to the 
decomposition of γ-cyclodextrin and/or the carbonous shells formed in this high-
boiling medium (~298°C). A second significant mass loss, observed between 600 and 
700°C, corresponds to the degradation of the carbon-based structures [7].  
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Fig. 1 A- XRD patterns of Fe3O4 synthesized using cyclodextrin with marked Miller 
indices characterized for magnetite; B- TGA curves with onset temperatures of pure 
cyclodextrin and MNPs synthesized in the presence of γ-cyclodextrin using methods M1-
M4 

It was postulated that crystallite size and differences in shell composition influence 
the magnetic hyperthermia effect generated by the MNPs and the dye adsorption 
process. All synthesized materials were measured under established conditions, and 

the results are shown in Table 1. Following the SAR measurements at a dispersion 
concentration of 25 mg/ml, ckldex M3, was selected for testing at lower 
concentrations (0.25, 0.5, and 2 mg/ml). Reducing the concentration of magnetite is 
crucial for biomedical applications [8]. As shown in Table 3, the highest SAR values 
were observed at the lowest concentration of 0.25 mg/ml, which was equal to  
227.05 ± 11.42 W/g. Interestingly, despite the low concentration equal to 0.25mg/ml, 
the temperature change was still significant, measuring 7.60 ± 0.72℃. However, an 
even higher temperature increase was observed at higher concentrations, even though 
the SAR value was lower. For the dispersion with a concentration of 25 mg/ml, the ΔT 
reached 24.37 ± 0.88℃. 

 

Tab. 1 Results of magnetic hyperthermia effect measurements for Fe3O4 NPs 
(f=347kHz; H=17kA/m). 

Secondly, the dye adsorption efficiency was evaluated for rhodamine B, crystal violet, 
and lissamine green as the test dyes. These dyes are zwitterionic, cationic, and 

ckldex M1 25 1.56 0.11 5.23±0.08

ckldex M2 25 2.43 0.26 6.67±0.55

0.25 227.05 11.42 7.60±0.72

0.5 160.80 15.87 10.97±0.64

2 129.62 3.42 24.93±0.51

25 99.10 6.23 24.37±0.88

ckldex M4 25 8.53 0.37 24.43±0.67

ckldex M3

Material

 Fe3O4 

concentration  

[mg/ml]

SAR av.     

[W/g]

SAR error        

[+/-]

Temperature 

change          

[°C]
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anionic, respectively. Notably, for the materials synthesized using method M3 
observed the highest adsorption efficiency for all tested dyes. Additionally, samples 
for which the modifier was introduced before MNP crystallization showed better 
adsorption capacity compared to those where the modifier was added after 
crystallization which can be related to the formation of carbonous shell [9]. 

 

Conclusions 

Magnetite nanoparticles of varying sizes, coated with cyclodextrin, were successfully 
synthesized using the high-temperature decomposition method. XRD analysis 
confirmed that all samples were free of impurities, with average crystallite sizes 
ranging from 5.5 ± 0.1 nm for nanoparticles synthesized in triethylene glycol to 37.7 

± 0.4 nm for those produced in benzyl ether. The method of γ-cyclodextrin introduction 
also influenced the concentration of the organic phase. An exceptionally high SAR 
value of 227.051 ± 11.423 W/g was achieved for ckldex M3 at a low concentration of 
0.25 mg/ml. Notably, this concentration also resulted in a significant temperature 
change of 7.60 ± 0.72°C. Interestingly, although higher concentrations showed lower 
SAR values, they produced greater temperature increases. For a 25 mg/ml dispersion, 
a ΔT of 24.93 ± 0.51°C was observed, with heating times differing substantially. 
Similar to the magnetic hyperthermia effect, ckldex M3 exhibited the highest 
adsorption efficiency, adsorbing 75.87% of rhodamine B, 72.11% of crystal violet, and 
41.90% of lissamine green. 
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Abstract 

The work concerns on the development of surface engineering dedicated to the 
cardiovascular system through the surface modification of implants designed for 
closing atrial septal defects (ASD), utilizing the ALD (Atomic Layer Deposition) method. 
The base elements of these implants are made from shape memory materials such as 
NiTi (Nitinol). Surface modification is critical as it allows for the retention of the 
beneficial mechanical properties of nitinol while minimizing its potential negative 
biological effects. Improving the biocompatibility of implants not only reduces the risk 
of allergic reactions but also extends their lifespan, directly impacting patient health.  
The samples were analyzed using a combination of various research techniques, 
including digital microscopy, scanning electron microscopy (SEM), X-ray diffraction 
(XRD), and scanning acoustic microscopy (SAM). The integration of these methods 
allows for a comprehensive analysis of both surface topography and internal residual 
stresses, enabling a deeper understanding of coating behavior and its influence on the 
mechanical properties of the samples. XRD provides insights into the distribution of 
residual stresses in the material, which is essential for assessing the mechanical 
stability of nitinol-based samples, known for their shape-memory properties. 
The distribution of residual stresses, which can influence delamination, was 

measured using X-ray diffraction techniques and correlated with acoustic microscopy 
images. These images illustrate stress maps that indicate areas at risk of 
delamination, providing critical insights into the structural stability of the coatings. 

Keywords: NiTi alloy, biocompatibility, cardiovascular implant, scanning electron 
microscopy, X-ray Diffraction  

Introduction 

Cardiovascular diseases are the leading causes of death worldwide. ASD is a condition 
where the valve between the left atrium and the left ventricle of the heart does not 
close properly, causing blood to flow back into the atrium. In advanced cases, 
implants, such as specialized occluder systems, are necessary to improve valve 
function [1]. Nitinol is often used in the construction of these implants due to its 
exceptional mechanical properties. Nitinol is known for its unique characteristics, 
such as shape memory and superelasticity. The superelasticity of nitinol, or its ability 
to flexibly adapt to changing environments, is particularly important in the heart. The 
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heart is a dynamic organ, subjected to continuous fluctuations in pressure and 
mechanical load. Nitinol-based implants can easily adjust to these conditions, making 
them ideal for use in the circulatory system, such as in stents or valve repair rings 
[1,2]. 

However, despite its generally good biocompatibility, nitinol contains nickel, which 

can migrate from the surface of the material and cause allergic reactions in some 
patients. Nickel is a potent allergen, and its presence can lead to localized 
inflammation and irritation. For this reason, there is ongoing research to improve the 
biocompatibility of nitinol to reduce the risk of such reactions [2-4]. 
One of the most promising approaches in this area is surface modification of nitinol. 

Processes such as the deposition of thin protective layers, for example, metal oxides 
(such as silicon dioxide), using the ALD (Atomic Layer Deposition) method, aim to 
create a barrier that prevents nickel from migrating from the nitinol substrate to 
surrounding tissues. These coatings can also improve adhesion properties and 
corrosion resistance, further enhancing the durability of implants in the harsh 
intravascular environment [3-5]. 

Results and Discussion 

Digital microscopy provides a macroscopic image of the topography, allowing for the 
quick identification of surface irregularities, defects, and the overall shape of the 
sample. Scanning electron microscopy (SEM) (Fig. 1), with its high resolution, offers 
more detailed information about the surface morphology.  

  

(a) (b) 

Fig. 1. Surface topography comparison: (a) NiTi surface; (b) NiTi + ALD coating 

The correlation of XRD results with images obtained from acoustic microscopy (Fig. 2) 
enables the assessment of stress distribution and potential structural defects that 
could lead to coating delamination. 
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(a) (b) 

Fig. 2. NiTi + ALD coating, SAM – delamination mode: (a) grey view; (b) color view 

Conclusions 

SEM, due to its high resolution, provides more detailed information about the surface 
morphology, revealing fine structures and potential cracks in the silicon oxide layer 
deposited on nitinol.  
Changes in residual stress distribution, visible in XRD results, can directly affect the 
stability of the silicon oxide layer. In regions of high stress, the ALD coating may 
weaken, potentially leading to delamination, while acoustic microscopy allows for 
early detection of these defects. High internal stresses can negatively impact the 
material’s durability, and correlating these findings with acoustic microscopy provides 
crucial insights into areas prone to damage. The correlation between imaging 
techniques and structural analysis enables a comprehensive understanding of the 

interaction between topography, residual stresses, and coating adhesion. 
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Abstract 

Polyelectrolyte micelles and erythrocytes are gaining increasing attention as 
innovative growth factor delivery systems in regenerative therapy. Polyelectrolyte 
micelles, due to their ability to self-assemble and encapsulate bioactive compounds, 
provide precise mechanisms for drug delivery, protecting fragile growth factors from 
degradation in physiological environments. Erythrocytes, as natural biological 
carriers, offer biocompatibility, prolonged circulation time, and minimal 
immunogenicity, making them attractive vehicles for therapeutic molecules. These 
systems were analyzed using advanced microscopy techniques, providing detailed 
insights into their structure, stability and interactions, which are crucial for 
optimizing their performance in medical applications. 

Keywords: polyelectrolyte micelles, erythrocytes, drug delivery systems, graft 
copolymers, scanning electron microscopy (SEM) 

Introduction 

The development of effective delivery systems is a crucial aspect of modern medicine, 
particularly in the field of regenerative therapy. Delivery systems are designed to 
ensure the controlled, targeted and sustained release of therapeutic agents, such as 
drugs, proteins or growth factors, directly to the site of injury or disease. By improving 
the stability, bioavailability and protection of these agents, delivery systems enhance 

therapeutic outcomes and minimize side effects. 

Polyelectrolytes are polymers that carry multiple charged groups along their 
backbone, allowing them to interact with oppositely charged molecules or surfaces [1]. 
These interactions enable polyelectrolytes to form complexes and structures ideal for 
encapsulating bioactive substances, which can then be used in various therapeutic 
applications. Some of the commonly used polyelectrolytes in delivery systems include 
chitosan, which is a positively charged biopolymer derived from chitin; sodium 
alginate, a negatively charged polysaccharide extracted from brown seaweed; and 
chondroitin sulfate, another negatively charged biopolymer found in a cartilage tissue. 
These polyelectrolytes offer biocompatibility, biodegradability, and the ability to form 
gels or films, making them highly suitable for use in drug delivery and tissue 
engineering. 

To further enhance the functionality of these materials, grafting techniques are often 
employed. Grafting refers to the process of chemically attaching specific side chains 
or functional groups to the main polymer chain to improve properties such as 
solubility, thermal stability and responsiveness to environmental triggers [2]. One 
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such grafted polymer is poly(N-isopropylacrylamide) (PNIPAM) [3], which exhibits 
thermoresponsive behavior, meaning it can change its solubility or conformation in 
response to temperature changes. This property is highly advantageous in controlled 
drug release applications, where precise environmental triggers are required. 

In addition to synthetic systems, erythrocytes (red blood cells) offer unique potential 

as natural delivery vehicles [4]. The surface of erythrocytes carries a negative charge, 
primarily due to the presence of sialic acid residues. This negative charge makes them 
highly suitable for interaction with positively charged polyelectrolytes, allowing for the 
formation of stable complexes that can encapsulate growth factors or drugs. 
Erythrocytes also have a long circulation time in the bloodstream and are 

biocompatible, which enhances their utility in drug delivery applications. 

Results and Discussion 

The prepared growth factor delivery systems were visualized using advanced 
microscopy techniques. In Figure 1, the results obtained from confocal microscopy 
and SEM for the polyelectrolyte micelles are presented. Three variants of samples were 
prepared consisting of chitosan-g-PNIPAM and alginate-g-PNIPAM. All samples were 
cross-linked using NHS/EDC after application. In Figures 1a and 1d, the surfaces of 
the chitosan-g-PNIPAM/alginic acid-g-PNIPAM samples are presented. In Figures 1b 
and 1e, the surfaces of the chitosan-g-PNIPAM/alginic-g-PNIPAM samples, to which 
the growth factor VEGF was applied along with the cross-linking agent, are shown. In 
Figures 1c and 1f, the surfaces of the chitosan-g-PNIPAM/alginic acid-g-PNIPAM 
samples on which VEGF was grafted with the final layer of grafted chitosan are 
presented. A change in the structure of the sample to which VEGF was added along 
with the cross-linking reagent was observed (Fig. 1b), however, the arrangement of 
micelles remained uniform across the entire surface of the sample. Figure 2 shows 
the results for polyelectrolytes (Chi/CSu)12 modified with Red Blood Cells (RBCs). Fig. 
2 presents a chitosan/chondroitin sulphate coating, where the final layer consisted 
of: chitosan bound to erythrocytes (Fig. 2a, 2d), chitosan-g-pNIPAM bound to 
erythrocytes (Fig. 2b, 2e), and chitosan-g-PNIPAM bound to VEGF and erythrocytes 
(Fig. 2c, 2f). The arrangement of micelles and erythrocytes on samples 2a and 2b are 
significantly greater than on sample 2c.  

   
a) b) c) 
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Fig.1. Polyelectrolytes complex micelles; CLSM magnification 5x: a) (Chi-g/Alg-g)12, b) (Chi-g/Alg-
g)12 VEGF, c) (Chi-g-VEGF/Alg-g)12  , SEM magnification 5000x: d) (Chi-g/Alg-g)12, e) (Chi-g/Alg-g)12 

VEGF, f) (Chi-g-VEGF/Alg-g)12, 

 

   

   

Fig.2. Polyelectrolytes (Chi/CSu)12 modified with Red Blood Cells (RBCs), CLSM magnification 5x, 

finishing layer: a) RBC Chi, b) RBC Chi-g, c) RBC Chi-g-VEGF, SEM magnification 5000x, finishing 
layer: d) RBC Chi, e) RBC Chi-g, f) RBC Chi-g-VEGF 

Conclusions 

The formed micelles and erythrocytes created a uniform layer on the surface of the 
sample. No changes were observed in the structure of the micelles to which VEGF was 
added. The stability and uniformity of the micelles with VEGF suggest a potential 
application for controlled release systems, where VEGF could be steadily delivered 
without affecting the carrier's structural properties. 

Acknowledgements 

Presented studies were financially supported by the National Science Centre 
2022/47/O/ST5/02102 “Porous materials produced from ice templates dedicated to 
endothelial-muscle cell coculture” 

d) e) f) 

a) b) c) 

d) e) f) 



 

34 

References 

[1] Picart, C. (2008). Polyelectrolyte multilayer films: From physico-chemical properties to the 

control of cellular processes. Current Medicinal Chemistry, 15, 685-697 
[2] Li, G., Song, S., Zhang, T., Qi, M., & Liu, J. (2013). pH-sensitive polyelectrolyte complex 

micelles assembled from CS-g-PNIPAM and ALG-g-(P(NIPAM-co-NVP) for drug delivery. 
International Journal of Biological Macromolecules, 62, 203-210. G 

[3] Zhang, T., Li, G., Guo, L., & Chen, H. (2012). Synthesis of thermo-sensitive CS-g-
PNIPAM/CMC complex nanoparticles for controlled release of 5-FU. International Journal of 
Biological Macromolecules, 51(5), 1109-1115. 

[4] Zhang, X., Lin, Y., Xin, J., Zhang, Y., Yang, K., Luo, Y., & Wang, B. (2024). Red blood cells in 

biology and translational medicine: Natural vehicle inspires new biomedical applications. 
Theranostics, 14(1), 220–248. 

 

  



 

35 

Microstructure characterization of rhenium-modified 
refractory powder materials  

A.Czech1*, A.Wrona1, Ł. Major2 

1Łukasiewicz Research Network- Institute of Non-Ferrous Metals, 5 Sowińskiego Street, 44-100, 
Gliwice, Poland,  
2Institute of Metallurgy and Materials Science, Polish Academy of Sciences, 25 Reymonta Street, 
30-059, Kraków, Poland,  

*anna.czech@imn.lukasiewicz.gov.pl 

Abstract 

The aim of this study was to characterize the microstructure of refractory powder 
materials, specifically tungsten-rhenium (W-Re) and molybdenum-rhenium (Mo-Re) 
in their non-spherical form. The characterization was performed using scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), energy 
dispersive spectroscopy (EDS), and nanohardness testing. 

Keywords: refractory metals, microstructure, SEM/TEM analysis, EDS analysis 

Introduction 

In recent years, there has been a growing interest in refractory metals due to their 
unique properties. Among them, tungsten and molybdenum are becoming promising 
precursors for Laser Powder Bed Fusion (LPBF) techniques. However, their properties, 
such as high melting points, high thermal conductivity, and susceptibility to cracking, 
make them challenging materials for additive manufacturing processes. Refractory 
elements from groups 5 and 6 of the periodic table possess a body-centered cubic 
(BCC) structure, which indicates strong atomic bonds—an unfortunate characteristic 
when it comes to printability. One potential solution to this issue is modifying  
the microstructure by altering the chemical composition of the powders. Among  
the various elements that can form solid solutions with tungsten and molybdenum, 
rhenium (Re) is a significant alloying addition. The so-called "rhenium effect" has been 

shown to improve low-temperature ductility in Group VIA metals, which possess BCC 

crystal structures. Unlike other refractory metals, rhenium has a hexagonal close-
packed (HCP) structure, offering a distinct set of properties. The objective of this study 
was to characterize the microstructure of irregular tungsten and molybdenum 
powders modified with rhenium. These powders were produced through a 
thermoreduction process of ammonium perrhenate, developed at the Łukasiewicz 
Research Network - Institute of Non-Ferrous Metals. Microstructural analysis  
of the powder surface morphology was performed using scanning electron microscopy 
(SEM) with a secondary electron (SE) detector. Additionally, thin foils were prepared 
from individual powder particles for analysis on the cross-section by transmission 
electron microscopy (TEM). This allowed for detailed microstructural characterization 
in bright field (BF) mode, phase analysis using the selected area electron diffraction 
pattern (SAEDP) technique, and qualitative elemental distribution mapping via energy 
dispersive spectroscopy (EDS). Nano-indentation tests were conducted to determine 
the mechanical properties of the powders, including nanohardness. For this purpose, 
metallographic samples were prepared by embedding the powders in resin. Eight 
different types of powders were analyzed: irregular W, Mo, W-Re, and Mo-Re, as well 
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as spherical W, Mo, W-Re, and Mo-Re, all manufactured by the Łukasiewicz-IMN 
through a plasma spheroidization process.  

Results and Discussion 

W+Re- irregular powder 

The non-spherical W-Re powder consisted of irregular particles with visible small 

particles on the surface—tungsten grains covered with metallic rhenium (Fig. 1). 
Rhenium was distributed on the tungsten in the form of a thin (approximately 0.1 µm) 
layer, as shown in the cross-section using the TEM BF technique. Its structure was 
nanocrystalline, as evidenced by the ring-shaped SAEDP pattern (Fig. 2). Additionally, 

a layer of oxygen was identified between the rhenium layer and the tungsten particle, 
which may indicate the presence of surface tungsten oxide (Fig. 3). 

 

Fig. 1. Surface topography image of W-Re non-spherical powder obtained by SEM SE technique 

 

Fig. 2. Microstructure characterization of the W-Re non-spherical powder done by TEM 

BF & SAEDP pattern on the cross-section 
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Fig. 3. Qualitative chemical analysis of W-Re non-spherical powder done by EDS technique  

Mo+Re- irregular powder 

The non-spherical Mo-Re powder consisted of irregular, flake-like particles, with 
visible small particles on the surface—molybdenum grains covered with metallic 
rhenium (Fig. 4). Rhenium was distributed on the molybdenum in the form of a thin 
(approximately 0.1 µm) layer, as shown in the cross-section using the TEM BF 
technique. Its structure, similar to that of the W-Re powder, was nanocrystalline, as 
evidenced by the ring-shaped SAEDP pattern (Fig. 5). Additionally, a layer of oxygen 
was identified between the rhenium layer and the molybdenum particle, which may 
indicate the presence of surface molybdenum oxide (Fig. 6). It was also shown that 
rhenium was distributed throughout the pores present in the molybdenum powder. 

 

Fig. 4. Surface topography image of Mo-Re non-spherical powder obtained by SEM SE 

technique [5] 
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Fig. 5. Microstructure characterization of the Mo-Re non-spherical powder done on the 
cross- section by TEM BF & SAEDP [5] 

 

Fig. 6. Qualitative chemical analysis of Mo-Re non-spherical powder done by EDS technique [5] 

Grain nanohardness and Young's modulus  

The detailed results of the nanohardness are presented in Fig. 7, providing insights 
into the mechanical properties of the tested materials. Additionally, based on the 
nanohardness measurements, the Young's modulus was calculated for each material, 
as shown in Fig. 8. Among the tested materials, spherical powders exhibited higher 
nanohardness compared to their irregular counterparts of the same composition. 
However, spherical powders with the addition of rhenium demonstrated lower 
nanohardness than pure spherical W and Mo powders, confirming that the addition 
of rhenium enhances the material's plasticity. 
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Fig. 7. Nanohardness test results with standard deviation 

 

Fig. 8. Young’s modulus with standard deviation 

Conclusions 

On the surface of irregular molybdenum powder, after the thermal reduction of 
ammonium perrhenate in a hydrogen atmosphere, a deposited layer of rhenium and 
a thin layer of oxygen are visible. In the case of irregular tungsten powder, rhenium 
is separated from the surface by a thicker oxygen layer. This could be attributed to 
slight surface oxidation occurring during powder storage. Micromechanical tests 
indicate that the plasma spheroidization process, along with the associated 
phenomenon of rhenium volume diffusion, reduces both the average hardness and 
Young's modulus values. For Mo and Mo-Re spherical powders, the Young's modulus 
decreased by over 30 GPa, while for W and W-Re spherical powders, the decrease was 
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approximately 16 GPa. This reduction may be beneficial in mitigating the brittle 
fracture phenomena typically associated with Mo and W.  
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Abstract 

The growing consumption of aluminium and its alloys in various industries in recent 
years has resulted in a growing interest and demand for hard anodic oxide coatings 
with with even better tribological and mechanical properties. Due to the characteristic 
structure of the oxide film, the surface of the hard anodic oxide coating has absorptive 
capacity. Therefore, it can be modified by incorporating hard particles (Al2O3, Si3N4) 
[1-2]. Silicon nitride (Si3N4) is characterized by high hardness, wear resistance and 
chemical inertness, it increases microhardness, reduces the friction coefficient and 
improves the corrosive properties of anodic oxide coatings produced on aluminum [1]. 
The greatest advantage of aluminum oxide nanoparticles (Al2O3) is their high hardness 
and beneficial effect on improving the corrosive properties of coatings [3]. There are 
two main methods for introducing modifying particles into anodic oxide coatings: one 
involves forming a separate particle layer on the coating's surface through techniques 
like spraying or ultrasonic impregnation [4], while the other incorporates particles 
directly into the porous structure during the anodizing process by adding them to the 
anodizing solution [5]. Due to the very small diameter of the pores, nanometric 
particles are used as modifying particles. In the case of particles of this size, a very 
big problem is the phenomenon of particle agglomeration. In order to eliminate this 
phenomenon, appropriate surfactants are selected.  

The analysis of the obtained zeta potential values showed that the surfactant DSS had 
a beneficial effect on the increase of the absolute value of zeta potential, and thus on 
the improvement of stability and limitation of agglomeration of nanoparticles in the 
solution containing Al2O3 and Si3N4 nanoparticles. 

Hard anodic oxide coatings modified with hard nanoparticles such as Si3N4 and Al2O3 
were produced on aluminum alloy 5754. In the first stage, a hard anodic oxide coating 
was produced from a 0.3M oxalic acid solution, which was then subjected to an 

ultrasonic impregnation process in a nanoparticles suspension. The modification of 
the coating with Si3N4 nanoparticles has led to an improvement in wear resistance 
and microhardness compared to the commercially produced coating. 

Keywords: anodizing, wear resistance, nanocomposite coatings, tribolayer 
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Abstract 

This study presents an attempt to use mechanical alloying in a planetary ball mill to 
prepare two intermetallic phases, namely AgTi and CuTi. Two approaches were 
chosen. The first one involved the preparation of samples from pure elements. For the 
second one, titanium hydride was used instead of titanium. The morphology of the 
prepared samples and the phase composition were evaluated using scanning electron 
microscopy (SEM) and X-ray diffraction (XRD) techniques. It was found that using 
titanium hydride powder instead of pure titanium improves milling efficiency and 
allows for greater material recovery from the vial (lower losses due to the permanent 
sticking of cold-welded material to the vial). The prepared samples were also 
characterized using differential scanning calorimetry (DSC) to verify the phase 
transition temperatures. The obtained DSC curves show transition temperatures that 
are in good agreement with those that can be read from the available phase diagrams. 
The obtained results suggest that the mechanical alloying method can be successfully 
used to prepare alloys with dominating amounts of desired intermetallic phases 
however, single-phase materials were not obtained.  

Keywords: mechanical alloying, binary alloys, SEM, XRD, DSC. 

a)

 

b)

 
Fig.1. Binary phase diagrams [1]: a) Ag-Ti system, b) Cu-Ti system.  
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Abstract 

Spark plasma sintering (SPS) and high pressure high temperature (HPHT) were used 
to investigate different consolidation conditions on the titanium nitrides 
microstructure. TiN input powder was previously obtained in a mechanical alloying 
(MA) experiment. Microstructure investigation of sample consolidated in spark plasma 
sintering method resulted in grain grown up to 4,8 ± 1,6 μm while, high pressure used 
in both HPHT processes preserved nanograins of TiN. However, phase and 
microstructure examinations proved existence of another phase. The Vickers 
hardness and compression test were used to investigate the mechanical properties of 
bulk materials.  Mechanical properties of bulk materials were investigated in Vickers 
hardness test and compression test. Highest values of mechanical properties were 
achieved for TiN sintered in SPS method. Vickers hardness reached 1796 [Hv5] while, 
compressive stress 2416 [MPa]. 

Keywords: sintering, powder metallurgy, Titanium nitride, HPHT, SPS 

Introduction 

Titanium nitride still arouses great interest mainly due to its high hardness, and 
friction coefficient values, which makes it a suitable candidate for cutting tools and 
as a reinforcement phase in composite materials [1,2]. Nitride powders can be 
synthesized in various powder metallurgy methods, such as chemical reactions, 
reaction with ammonia gas flow and mechanical alloying (MA). Mechanical alloying 

attracts attention due to combination of high temperature, pressure and deformation 
rate. Moreover, MA allows reaction between powders and gas within the reactor. 

Expansion of nanomaterials and nanocomposites has emerged important step in 
modern material science. These nanocomposites stand out in higher yield strength, 
hardness [3], and creep resistance [4]. The development of bulk nanocomposites by 
consolidation of nanosized powders is an important processing technique. However, 
main problem is grain coarsening which causes loss of unique microstructure. 
Commonly to perform densification the SPS and HPHT methods are used in a range 
of 500-2250 °C [5,6]. However, temperatures above 1000-1100 °C results in 
recrystallization and grain growth of nanosized TiN [7]. Some studies focusing on 
HPHT densification proved that high pressure allows for a decrease in the temperature 
of the process. Densification under 4 GPa and 1100-1200 °C preserves the initial 
microstructure [8]. The aim of this reaction is to obtain bulk nanograin TiN 
characterized by high mechanical properties. 
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Methodology 

TiN powder has been produced using in MA of pure Ti(α) within 3 bar of nitrogen 
pressure, the milling procedure lasted for 40 h. Synthesized powder consist of clusters 
of average size 2,1 ± 0,6 µm and submicron particles. Further investigation using 
electron microscopy proved existence of nanoparticles of average size ~21 nm. 

Characterized powder was used in this experiment as the input powder to 
consolidation procedure. Details of consolidation processes were shown in Tab. 1. 
Microstructure of both input powder and sintered materials were investigated in usage 
on optical microscopy (OM), scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). Phase composition was evaluated using X-ray diffraction 

(XRD) CoKα (λ = 1,789) radiation source in range 20-120 (2θ°). Mechanical properties 
were measured in Vickers hardness (Hv5) and compression test. 

Tab. 1. Sintering conditions. 

Lp. Sintering method Temperature [°C] Pressure [MPa] Time [min] 

1 SPS 1600 50 10 

2 HPHT 1300 8000 1 

3 HPHT 1600 8000 1 

Results and Discussion 

XRD patterns of starting powder and bulk samples were shown in Fig. 1. Input 

powder obtained from MA consists mainly of TiN Fm �̅�m however, residual Ti(α) 
P63/mmc can also be identified. In case of sample obtained after SPS sintering single 

TiN Fm�̅�m phase can be detected. In HPHT samples additional peaks of Ti(α) P63/mmc 
phase was identified. In comparison with the initial powder changes in lattice constant 
is observed what is connected with nitrogen diffusion and dislocation density. 

 

Fig. 1. XRD diffraction patterns of initial powder, after both HPHT and SPS sintering procedures. 
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SEM micrographs presented in Fig. 2. a-c depicts the microstructure after both 
densification techniques. It is clearly visible that titanium nitride grains grown up to 
4,8 ± 1,6 µm. Different contrast of individual grains seem to be attributed to different 
orientations. Between grains other white phase can be noted, further investigation 
confirms that contains mainly iron previously worn of during MA and diffused into 

grain boundaries during sintering. Microstructure sintered in both variants of HPHT 
is much different (Fig. 2 b, c). Two different areas can be recognized, circular shape 
and the matrix area. Mentioned regions differs from each other nitrogen 
concentration. Circular areas visible in the microstructure of sample sintered at  
1600 °C are slightly different in comparison to sample sintered at 1300 °C, there are 

visible bands at the edge of those areas suggesting early stage of diffusion occurring. 

 

 

Fig. 2. SEM micrographs of consolidated samples a) SPS, b) HPHT 1300 °C, c) HPHT 1600 °C. 

Based on TEM bright field studies (Fig 3 a-c) the average size of TiN crystals was 23,1 
and 27,1 nm for sintering temperatures of 1300 and 1600 °C respectively. However, 
the region originating from circular areas visible in SEM micrographs has been 
identified as hexagonal structure of Ti(α) P63/mmc enriched with nitrogen. 

 

 

Fig. 3. TEM-BF images of microstructures of a) SPS, b) HPHT 1300 °C, c) HPHT 1600 °C. 

The Highest mechanical properties were obtained for the sample consolidated via SPS 
method. At the same time, both samples reached similar values in term of hardness 
and compression test (Tab. 2). 
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Tab. 2. Mechanical properties of bulk samples. 

Sintering 
method 

Temperature 
[°C] 

Pressure 
[MPa] 

Time 
[min] 

Hardness 
[Hv5] 

Compression 
stress [MPa] 

SPS 1600 50 10 1796 2416 

HPHT 1300 8000 1 1441 1779 

HPHT 1600 8000 1 1538 1624 

Conclusions 

This experiment used different consolidation methods to investigate their influence on 
the microstructure and mechanical properties. The SPS method resulted in grain-
grown and homogeneous microstructure. HPHT resulted in initial microstructure 
preservation. It is caused by shorter consolidation time and high pressure which can 
limit diffusion rate during sintering. Highest compression stress was reached for SPS 
sample probably due to the more equalized microstructure. 
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Abstract 

The study reports on the effect of Co and Cu doping and wheel velocity on the 
mechanical behavior of Heusler Ni-Mn-Ga melt-spun ribbons during cyclic bending 
tests. X-ray diffraction measurements revealed a presence of solely L21 austenite 
parent phase in the melt-spun ribbons with 1 at. % of Co and Cu, regardless of the 
wheel's linear velocity. However, increasing the alloying concentration to 6 at. % of Co 
and Cu led to changes in phase composition to a non-modulated martensite phase 
(NM). Such alterations of crystal structure resulted in different mechanical response 
of Ni-Mn-Ga-based ribbons during bending. For the ribbons containing 1 at. % of Co 
and Cu, deformation was purely pseudo-elastic, while those with the NM phase 
exhibited both plastic and elastic contribution. Additionally, the study found that the 
highest plastic strain occurred in the ribbons produced at 5 m/s, while the lowest was 
seen in the ribbons fabricated at 20 m/s. These findings are significant for the design 
and optimization of functional Heusler materials exhibited magnetic field-induced 
bending effect.  

Keywords: ferromagnetic shape memory alloys, mechanical bending experiments, 
melt-spinning  

Introduction 

Heusler alloys based on Ni-Mn-Ga are a group of smart materials, which have 
gathered significant attention due to their potential in various applications such as 

sensors, actuators, magnetic refrigeration, and energy harvesting systems [1]. This 
multifunctionality is largely due to the unique interaction between the magnetic and 
mechanical properties of these materials, known as the magnetic field-induced strain 
effect (MFIS), first documented by Ullakko et al. [2]. This effect involves the 
reorientation of martensite variants through twin boundary motion [3]. In ternary Ni-
Mn-Ga alloys, MFIS has been observed predominantly in 10-layered (10M) and 14-
layered (14M) modulated martensite phases, yielding strain values of about 7% and 
11%, respectively [4,5]. However, Sozinov et al. demonstrated that by adding Cu and 
Co to these alloys, the MFIS effect could also be achieved in non-modulated (NM) 
martensite phases, resulting in a strain of up to 12% [6]. Cobalt reduces the 
tetragonality of the martensite unit cell, thus lowering the twinning stress, while 
copper raises the martensitic transformation temperature, making these alloys 
suitable for high-temperature applications [7,8]. Among the various fabrication 
methods, melt-spinning has been used to produce Heusler alloys in the form of thin 
ribbons with high length-to-width ratios, which hold considerable promise for diverse 
uses. Recent studies have shown that Ni-Mn-Ga-Co-Cu ribbons exhibit not only MFIS, 
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but also a magnetic field-induced bending (MFIB) effect [9]. Mechanical properties of 
these alloys are highly influenced by the parameters of the melt-spinning process, 
particularly the linear velocity of the copper wheel [10]. In addition, various 
concentration of Co and Cu additives can lead to changes in phase composition and 
affect mechanical response of Ni-Mn-Ga melt-spun ribbons. Therefore, the main goal 

of this work was to investigate wheel velocity as well as chemical composition 
dependence of mechanical properties studied during bending experiments.  

Materials and methods 

A cylindrical ingot with the nominal composition Ni50-xMn25Ga25-xCoxCux (at. %, x = 1 

and 6) was first produced through induction melting in an argon atmosphere, using 
high-purity elements: Ni (99.9%), Mn (99.9%), Ga (99.99%), Co (99.9%), and Cu 
(99.99%). Afterward, the ingot was homogenized at 1173 K for 72 hours under vacuum 
to achieve a consistent chemical composition. Utilizing the melt-spinning technique, 
ribbons of two nominal compositions of Ni49Mn25Ga24Co1Cu1 (denoted as Co1Cu1) and 
Ni44Mn25Ga19Co6Cu6 (denoted as Co6Cu6), were fabricated at varying copper wheel 
linear velocities of 5, 10, 15 and 20 m/s. Phase composition of the ribbons produced 
at these different velocities and with various Co and Cu concentrations were analyzed 
at room temperature using a Bruker D8 X-ray diffractometer (XRD) with CoKα 
radiation. To verify the chemical composition, energy dispersive spectroscopy 
(SEM/EDS) was used. Mechanical bending tests were then conducted on the melt-
spun ribbons, with each sample subjected to up to 10 bending cycles at a strain rate 
of 0.1 mm/s. These tests were performed using an Instron machine equipped with 
precise instrumentation. The ribbons were securely fixed between two aluminum 
blocks using carbon tape, ensuring that the ribbon surface remained perpendicular 
to the blocks. Ribbon samples were prepared to have a length of 10±2 mm from the 
clamping point for each bending test. The bending procedure involved displacing the 
cantilever by 5 mm, with a constant distance of 7 mm between the fixed side of the 
ribbon and the cantilever. 

Results and Discussion 

The chemical composition of the ribbons with 1 and 6 at. % of Co and Cu was 
measured as Ni49.0Mn26.7Ga22.8Co0.8Cu0.7 and Ni44.6Mn25.7Ga17.9Co5.9Cu5.9, with 

corresponding valence electron concentration per atom (e/a) of 7.602 and 7.976, 

respectively. The as-spun ribbons had a mean thickness of approximately 140 μm, 76 
μm, 55 μm and 38 μm for wheel velocity of 5 m/s, 10 m/s, 15 m/s and 20 m/s, 
respectively. X-ray diffraction measurements revealed that the crystal structure of the 
Co1Cu1 ribbons was found to be solely L21 cubic structure (parent austenite phase), 
Fig.1a. X-ray diffraction pattern obtained for the ribbons produced at highest wheel 
velocity of 20 m/s displayed a peak intensity resembling randomly oriented grains as 
in powder material. This phenomenon is likely due to the rapid crystallization, which 
did not allow enough time for a distinct crystallographic texture to form. Further 
alloying up to 6 at. % of Co and Cu led to significant changes in phase composition of 
melt-spun ribbons (Fig.1b). X-ray diffraction data revealed that ribbons produced at 
5 and 10 m/s were consisted solely of tetragonal, non-modulated (NM) martensite 
phase. At higher linear velocities of 15 and 20 m/s, coexistence of NM and L21 phase 
was observed. This can be attributed to the fact that producing ribbons at lower linear 
velocities led to the stabilization of the NM martensite phase, due to the presence of 
larger grain size resulting from the slower cooling rate during melt-spinning process. 
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Fig.1. X-ray diffraction data of Co1Cu1 (a) and Co6Cu6 (b) melt-spun ribbons, produced at different 
linear velocities of the copper wheel.  

 

Mechanical experiments revealed that there was a strong dependence between 
chemical composition of melt-spun ribbons and their deformation behavior upon 

cycling bending. Fig.2a depicted load vs. displacement curves recorded for the first 
and tenth cycle for the ribbons with 1 at. % of Co and Cu. In each cycle of mechanical 
test, the cantilever shifted along the ribbon's surface as the load was applied, leading 
to an increase in the load. When the displacement reached 5 mm, the ribbon achieved 
its maximum bend position. It is important to note that, regardless of the linear 
velocity or bending cycle, the melt-spun ribbons returned to their original position 
during unloading. This behavior is attributed to the presence of only the L21 austenitic 
phase in the ribbon's microstructure, which appears to deform exclusively through 
pseudo-elastic deformation. During mechanical bending, austenite grains either 
undergo compression or tension based on the side of the ribbon, leading to the 
accumulation of elastic energy in the material. This energy causes the ribbon to return 
to its original position upon unloading, allowing for reversible bending. In contrary, 
the deformation of the melt-spun ribbons in the martensitic state was found to involve 
both plastic and elastic components (Fig.2b). The majority of plastic deformation 

occurred during the first bending cycle. This suggests that in the initial loading cycle, 
the microstructure experiences martensite variant reorientation via twinning 
mechanism. In subsequent cycles, the load was applied to a ribbon that has already 
been deformed, so the bending is mainly governed by elastic strain. The possible 
explanation of the elastic contribution may be presence of elastic twins, which were 
analyzed and discussed by Straka et al. [11]. Elastic strain may occur when partial 
dislocations are able to move freely back and forth as the applied load increases and 
decreases, respectively. 
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Fig.2. Load vs. displacement curves recorded during mechanical bending experiments of Co1Cu1 
(a) and Co6Cu6 (b) melt-spun ribbons produced at 20 m/s.  

It was noted that the load required to initiate deflection decreased with each 
subsequent cycle. The difference in bending load between the first and tenth cycles 
was around 1.5 mN for Co1Cu1 and approximately 1.9 mN for Co6Cu6 ribbons. 
Additionally, the hysteresis loop became progressively narrower as the number of 
cycles increased. Taking advantage of load-displacement curves, the changes in the 
plastic (Dplastic) and elastic (Delastic) contributions to the total deflection (Dtotal) were 
calculated. Plastic strain for each cycle was determined by subtracting the Dplastic of 
the previous cycle from that of the current cycle, while Delastic was obtained by 
subtracting Dplastic from the total measured deflection. 

Figure 3 illustrates the variations in the ratio of Dplastic and Delastic strain to the total 
deformation (Dtotal) during cyclic bending, as a function of wheel velocity. It was found 
that the plastic contribution is inversely proportional to the linear velocity. The highest 
plastic strain occurred in the ribbons produced at 5 m/s, while the lowest was 
observed in the ribbons fabricated at 20 m/s. It was due to the fact, that 
microstructure of the ribbons produced at lower velocities exhibited larger grains and 
fewer grain boundaries, which act as obstacles during the reorientation of martensite 

variants under deformation. 

 

Fig.3. Plastic (Dplastic) and elastic (Delastic) contributions to the total value of deflection (Dtotal) as a 
function of linear velocity for the ribbons with 6 at. % of Co and Cu.  
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Conclusions 

Based on the research, the following conclusions can be drawn: 

(i) Mechanical bending response of melt-spun ribbons with 1 at. % of Co 
and Cu exhibited pseudo-elastic character, due to the presence of solely 
L21 austenite parent phase; 

(ii) Upon further alloying up to 6 at. % of Co and Cu, the changes in phase 
composition to NM martensite phase occurred and the overall 
deformation was composed of plastic and elastic contributions; 

(iii) The plastic contribution was dominant during the initial bending cycle, 

but significantly decreased with continued cycles, where the bending 
was mainly governed by elastic strain; 

(iv) The relationship between plastic contribution and linear velocity of the 
copper wheel was found to be inversely proportional.  

 

Acknowledgements 

This research was funded in whole by National Science Centre, Poland, under grant 
number 2020/39/O/ST8/01343. 

References 

[1] M. Acet, Ll. Manosa, A. Planes, Magnetic-field induced effects in martensitic Heusler-based 
magnetic shape memory alloys, Handbook of Magnetic Materials (2011), 19, 231-289.  

[2] K. Ullakko, J.K Huang, C. Kantner, et al. Large magnetic‐field‐induced strains in Ni2MnGa 
single crystals, Appl Phys Lett, 69, 1966-1968, 1996. 

[3] P. Müllner, A.H. King, Deformation of hierarchically twinned martensite, Acta Materialia 58 
(2010) 5242 – 526. 

[4] E. Pagounis, R. Chulist, M.J. Szczerba, M. Laufenberg, Over 7% magnetic field-induced strain 
in a Ni-Mn-Ga five-layered martensite, Applied Physics Letters 105 (2014) 052405. 

[5] E. Pagounis, R. Chulist, M.J. Szczerba, M. Laufenberg, Large magnetic field-induced work 
output in a NiMnGa seven-layered modulated martensite, Applied Physics Letters 107 (2015) 

152407. 
[6] A. Sozinov, N. Lanska, A. Soroka, W. Zou, 12% magnetic field-induced strain in Ni-Mn-Ga-

based non-modulated martensite, Applied Physics Letters 102, 0211902 (2013). 
[7] A. Soroka, A. Sozinov, N. Lanska, M. Rameš, L. Straka, K. Ullakko, Composition and 

temperature dependence of twinning stress in non-modulated martensite of Ni-Mn-Ga-Co-
Cu magnetic shape memory alloys, Scripta Materialia 144 (2018) 52-55. 

[8] Y. Ma, S. Yang, W. Jin, X. Liu, Ni56Mn25-xCuxGa19 (x=0,1,2,4,8) high temperature shape 
memory alloys, Journal of Compounds and Alloys 471 (2009) 570-574. 

[9] M.J. Szczerba, Giant magnetic-field-induced bending effect in Ni-Mn-Ga-Co-Cu melt-spun 
ribbons, Scripta Materialia 205 (2021) 114203. 

[10] M. Kowalska, P. Czaja, Ł. Rogal, M.J. Szczerba, Effect of Linear Velocity on Magneto-
mechanical Properties of Ni-Mn-Ga-Based Melt-Spun Ribbons, Metallurgical and Materials 

Transactions A (2024), 1-10.  
[11] L. Straka, H. Hanninen, N. Lanska, A. Sozinov, Twin interaction and large magnetoelasticity 

in Ni-Mn-Ga single crystals, Journal of Applied Physics 109 (2011), 063504. 
  



 

54 

Effect of annealing Ni-Mn-Ga based ribbons obtained 
by rapid crystallization on martensitic transformation 
behavior and microstructure 

M. Dudziński1*, M. Kowalska1, Ł. Rogal1, P. Czaja2, M.J. Szczerba1 

1Institute of Metallurgy and Materials Science, Polish Academy of Sciences, 25 Reymonta Street, 
30-059, Kraków, Poland,  
2Department of Materials Science and Engineering, Stanford University, Stanford, CA 94305, USA 

*m.dudzinski@imim.pl 

Abstract 

In recent years, Ni-Mn-Ga and Ni-Mn-Ga-based alloys have gained attention due to 
their exceptional combination of magnetic and mechanical properties. Particularly in 
their single-crystal form, these materials exhibit significant magnetic field-induced 
strain (MFIS), a phenomenon driven by the reorientation of martensitic variants 
through deformation twinning and detwinning mechanisms. However, challenges 
related to the scalability of single crystals have spurred the exploration of alternative 
material architectures such as ribbons, microwires, and porous foams. This study 
focuses on polycrystalline Ni-Mn-Ga ribbons synthesized through melt spinning and 
subjected to various annealing conditions (100°C to 900°C) to investigate their 
microstructure and phase transformation behavior. Detailed X-ray diffraction (XRD) 
and differential scanning calorimetry (DSC) analyses reveal that annealing up to 
500°C does not significantly affect the phase composition or grain size, while higher 
annealing temperatures (700°C and 900°C) result in marked grain growth and 
changes in phase stability. Moreover, the martensitic transformation temperatures 
shift to higher values as grain size increases, influencing the material's transformation 
kinetics. These findings offer critical insights into the processing-structure-property 
relationships of Ni-Mn-Ga ribbons, paving the way for their application in magnetically 
activated devices such as actuators and sensors. 

Keywords: ferromagnetic shape memory effect, magnetic properties, magnetic field 
induced bending, fatigue properties 

Introduction 

In recent years, Ni-Mn-Ga and Ni-Mn-Ga-based alloys have garnered significant 
attention due to their unique integration of magnetic and mechanical properties [1-4]. 
These materials, particularly in their single-crystal form, can undergo considerable 
macroscopic shape transformations when exposed to an external magnetic field of less 
than 1T [5, 6]. This phenomenon, termed magnetic field-induced strain (MFIS), 

operates on a microscopic level through the reorientation of martensitic variants via 
the deformation twinning/detwinning mechanism [7-11]. Substantial efforts have 
been invested in understanding the fundamental aspects of this effect, leading to 
targeted modifications in various material characteristics that directly impact and 
potentially optimize MFIS.       
Single crystals, unencumbered by the limitations imposed by grain boundaries, 
represent the optimal alloy state for realizing substantial magnetically induced strain 
(MFIS) effects. However, the fabrication and scalability of single crystals remain 
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challenging. As a result, significant efforts have been directed toward exploring 
alternative synthesis methods and material architectures, including porous foams, 
3D-printed alloys, polymer-powder composites, micropillars, microfibers, 
oligocrystalline microwires, and melt-spun ribbons [12-19]. Microwires and ribbons, 
or more generally geometries with a large length-to-width ratio, are becoming 

extremely interesting; such geometries, in addition to exhibiting MFIS, also show the 
phenomenon of the magnetic bending effect (MFIB). In general, MFIB resembles in 
behavior a ferromagnetic wire fixed on one side and placed in an external magnetic 
field. The ferromagnetic wire will experience a certain amount of bending depending 
on the value of the magnetic field, but this will only occur in the elastic range. Ni Mn 

Ga-based ribbons under the above conditions were shown to be able to accommodate 
a relevant fraction of the plastic deformation. A detailed experiment described by 
Kucza et al. conducted on monocrystalline Ni-Mn-Ga beams showed 2 components of 
plastic strain: axial and bending strain, which are attributed to MFIS and magnetic 
torque induced bending (MTIB) phenomena respectively [20].  

Material and methods 

Materials of high purity: Ni - 99.9%, Mn - 99.95% and Ga - 99.99% were used to 
prepare master ingots of nominal composition - Ni50Mn30Ga20 for melt spinning 
process. The resulting ingots were homogenized at 1173K for 72 hours, in order to 
protect the material from oxidation during the annealing process, the material was 
embedded in a sealed quartz ampoule under vacuum conditions. Then, using a 
circular saw, the ingot was divided into equal parts with a volume of approximately 
1.2 cm3, which were then used as input for melt spinning process. 
 The specified volume of the material was placed in a quartz crucible and 
melted using induction heating under a protective helium atmosphere. Subsequently, 
the molten alloy was injected onto a copper wheel, which was additionally cooled and 
rotating at a speed of 15 m/s.      
 The ribbons were annealed at temperatures of: 100°C, 300°C, 500°C, 700°C, 
900°C to study the effect of phase composition on fatigue and mechanical properties. 
The choice of specific temperature values is motivated  by a recent detailed study [21] 
on the effect of annealing on the microstructure of Ni-Mn-Ga - based ribbons, where 
two distinct temperature ranges were identified, each having significantly different 

effects on microstructure. The first range, from 0°C to 500°C, is where the recovery 

process takes place. The second range, from 500°C to 900°C, is where recrystallization 
occurs. The crystal structure and phase composition of the produced ribbons at 
various temperatures were analyzed using a Bruker D8 X-ray diffractometer (XRD) at 
room temperature.          

Results and Discussion 

Analysis of the diffractograms measured on the wheel side reveals that the phase 
composition remains stable up to and including 500°C (Fig. 2.). In contrast, the 
diffractogram of the sample annealed at 700°C shows a marked weakening of the 
signal from the parent phase (L21) between 49° and 54° 2θ, accompanied by a slight 
enhancement of the 5M phase signal. Notably, reflections from these planes 
significantly weaken or nearly disappear in the sample annealed at 900°C, which may 
suggest a reorientation of the crystallographic texture or a sequential martensitic 
transformation. Annealing at 900°C results in a substantial reorganization of the 
material's phase composition. 
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Fig. 1. X-ray diffractogram of the ribbons obtained on free side. 

Detailed diffractograms of the ribbons, measured on the free side, are presented in 
Fig. 1. In the as-cast state, as well as after all heat treatment variants, multiple peaks 
corresponding to four distinct phases can be identified: the parent phase (L21), non-
modulated martensite (NM), and 5M and 7M modulated martensitic phases. A detailed 
analysis of the phase composition, depending on the annealing temperature, reveals 
that annealing up to 500°C does not induce significant changes in the phase 
structure. For samples annealed at 700°C, an increase in the intensity of peaks 
associated with the non-modulated and 5M martensitic phases is observed. Annealing 
at 900°C results in a sharp increase in the intensity of reflections corresponding to 
the non-modulated and modulated 7M phases. Figure 2. a) illustrates the martensitic 
transformation and reverse martensitic transformation for sample in AC state during 

the first and second heating and cooling cycles. It can be observed that, for all 
samples, the initial transformation and baseline exhibit an irregular behavior, 
differing slightly from the reverse transformation during the second cycle, following 
heating to 150°C and subsequent cooling to the martensitic phase.  
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Fig. 2. Martensitic transformation (exothermic) and reverse transformation (endothermic) 

observed over two heating-cooling cycles for samples: (a) As-Cast (AC), (b) Annealed at 300°C, (c) 
Annealed at 500°C, and (d) Annealed at 900°C. 

The martensitic transformation is highly stable for each sample, as indicated by the 
overlapping curves in both cycles. Therefore, only cycle 2, representing the austenite 
→ martensite → austenite transformation, provides a reliable characterization of the 
transformation behavior. The characteristic temperatures for this cycle are listed in 

Table 1. As shown, the transformation temperatures are consistent for the martensitic 
phase transition, falling within a range of ±3°C. A similar trend was observed for the 
reverse transformation. Figure 2. b), c), d) summarizes the curves for two 
heating/cooling cycles of ribbons annealed at 300°C, 500°C, and 900°C. A noticeable 
shift in the temperatures of both martensitic and reverse transformations towards 
higher values is observed. To facilitate a detailed analysis of the transformation 
kinetics and hysteresis loops, the results are presented as dot plots in  Figure 3. 
Samples annealed at 500°C and 900°C exhibit completely different transformation 
kinetics compared to the ribbons in the as-cast (AC) state. In contrast, annealing at 
300°C, apart from a slight shift in the transformation temperature, does not 
significantly alter the transformation kinetics. An additional observation is that 
annealing at 300°C causes a slight increase in the transformation hysteresis loop, 

which then decreases significantly upon further annealing at 500°C and 900°C. The 
heat treatment significantly influences the martensitic transformation temperature 
(Fig. 2). It was observed that annealing shifts the characteristic temperatures of the 
martensitic transformation towards higher values. For sample AC, the presence of a 
"pinning effect" was detected, likely caused by stress fields generated by foreign atoms 
or excess vacancies. The method of ribbon production strongly suggests the presence 
of excess vacancies, which are retained in the structure due to rapid cooling from the 
liquid phase. By subjecting annealed samples to analysis (Fig 2. b), c), d), Fig. 3 a), 
b)), it is possible to observe a change in transformation kinetics depending on 
temperature. The martensitic transformation for these samples is stable, the reverse 
transformation to it shows temperature instability and a change in kinetics depending 
on the cycle. 
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Table 1.  Summary of characteristic temperatures of transformations. 

 

 

Fig. 3.  Characteristic temperatures of 
martensitic (a) and reverse (b) 
transformation, along with a summary of the 
width of the hysteresis loop (c). 

 

 

 

Figure 4. presents microstructure images of ribbons obtained via melt 
spinning for each heat treatment variant. In all cases, equiaxed grains with distinct 
boundaries are observed. The average grain size for the as-cast (AC) samples was 
approximately 6 µm. It was determined that annealing up to and including 500°C does 
not cause significant changes in grain size. However, heat treatment at 700°C and 
900°C leads to considerable grain growth, with detailed values provided in Fig. 5. 

 

Sample Ms Tp Mf As Tp Af

AC 38,9 33,4 26,9 33,1 39,7 44,9

300°C 41,3 36,8 30,9 36,5 43,9 46,9

500°C 49,3 47,5 32,0 47,8 52,1 54,1

900°C 48,9 47,9 46,3 50,6 52,4 59,3

Martensitic transformation Reverse transformation
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Fig.4. Microstructure of ribbon longitudinal section. 

 

Fig. 5. Mean grain size as a function of annealing temperature 

AC 100°C 

300°C 500°C 

700°C 900°C 
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Conclusions 

Ribbons cast and annealed in the temperature range of 100°C to 500°C were 
characterized by a small grain size (5.8 µm – 6.3 µm), with no observable grain growth. 
In contrast, annealing at 700°C and 900°C for 30 minutes resulted in a 
recrystallization process accompanied by abnormal grain growth. Therefore, it is 

reasonable to conclude that the martensitic start temperature (Ms) is influenced by 
grain size. DSC data further indicate that the temperature range of the martensitic 
transformation is broader for the as-cast ribbons compared to the ribbons annealed 
at 900°C The presence of larger grains in the microstructure significantly facilitates 
the martensitic transformation and shifts Ms to higher temperatures. 
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Abstract 

In the field of electronics, achieving uniformity in plasma etching processes on  
2-inch wafers is of critical importance, both economically and in terms of process 
repeatability. Uniform etching ensures consistent device performance, particularly for 
complex semiconductor structures where precise control over layer thickness is 
required. This study investigates the influence of matrix surroundings on the 
uniformity of Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) of mesas on 
2-inch wafers. The precise stopping of etching within specific layers of the superlattice, 
often referred to as the "sandwich" structure, is crucial for the optimal performance 
of the resulting electronic devices. 

Two mask designs were employed in this study to assess the impact of matrix 
surroundings on etching uniformity. The first mask includes 32 matrices, 12 full 
matrices, each measuring 1 cm by 1.5 cm, uniformly distributed across the wafer, 
ensuring that each matrix is equidistant from its neighbors and 20 incomplete 
matrices that are just an add-on. This design promotes more homogeneous etching 
across the wafer. In contrast, the second mask features only 6 full matrices of the 
same size, with discrete detectors positioned along one edge of matrix. This 
asymmetric design leads to significant non-uniformities in etching, particularly at the 
four corners of each matrix, as well as across the entire 2-inch wafer. 

The results highlight the importance of mask design and matrix arrangement in 
achieving uniform ICP-RIE mesa etching. The findings demonstrate that when 

matrices are uniformly surrounded, etching uniformity is significantly improved, 
whereas non-uniform surroundings lead to substantial variations in etching depth 
and quality. This study underscores the necessity of careful mask and layout design 
to enhance the reliability and performance of semiconductor devices produced on  
2-inch wafers. 

Keywords: ICP-RIE, dry etching, matrix, 2-Inch Wafer Uniformity,  

Introduction 

In the semiconductor industry, the uniformity of etching processes on 2-inch wafers 
is critical for the successful fabrication of electronic devices. Uniform etching ensures 
consistent parameters of devices, what is of particular importance for device 
performed on advanced semiconductor structures. The accuracy of this process has 
a direct impact on the economic efficiency and repeatability of device production, 
making it a vital aspect of modern electronics manufacturing. [1,2] 
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In the field of microelectronics technology, the uniformity of etching in lithographic 
processes, such as ICP-RIE (Inductively Coupled Plasma Reactive Ion Etching), plays 
a critical role in achieving high-quality semiconductor structures. In particular, mesa 
etching on 2-inch wafers requires precise control over process parameters, and one of 
the main challenges is the influence of matrix surroundings on etching uniformity. As 

highlighted in literature reviews, numerous studies focus on optimizing this process, 
with attention given to the impact of neighboring structures and plasma parameters 
on etching efficiency. Recent research emphasizes that non-uniformities in the 
surrounding areas can lead to varied results, directly affecting the final parameters of 
microelectronic devices. [2] Researchers are increasingly addressing this issue, 

seeking to understand and control this aspect of the process to achieve more 
consistent and repeatable outcomes. [3] 

Experiment 

Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) was utilized to etch mesas 
on 2-inch GaAs wafers. The etching process was carried out using a BCl3 plasma, 
chosen for its effectiveness in etching III-V semiconductor materials. The ICP 
generator was set to a power of 300 W, while the RF power was maintained at 270 W. 
To enhance the etching precision and minimize thermal effects, the temperature of 
the chiller was lowered to -20°C. This low temperature was crucial in reducing 
potential etching non-uniformities caused by excessive heat, ensuring a more 
controlled and consistent process across the wafer [2,3]. 

The wafers were prepared using standard negative photolithography techniques, 
which allowed for the precise definition of patterns. Negative photolithography is  
a widely used method in semiconductor fabrication due to its ability to produce highly 
accurate and detailed patterns, which are essential for achieving the desired device 
characteristics [4].  

At the start of the photolithography process, samples were heated at 120ºC for  
a few minutes to eliminate residual water. Then, a hexamethyldisilazane (HMDS) 
primer was used to create a hydrophobic surface. A 1.5 µm thick AZ nLof 2070 
photoresist film was applied via static spin-coating, followed by a 60-second soft bake 
at 110ºC to remove remaining solvent. The vacuum contact method aligned the 

lithographic mask, and the sample was exposed to UV radiation (70 mJ/cm²) from  

a 500 W mercury vapor lamp. A post-exposure bake at 110ºC for 60 seconds 
completed the photoreaction. Finally, unexposed photoresist was removed by 
immersing the sample in developer solution (Az 726 MIF) for 60 seconds.  

After the etching process, the samples were measured using a 3D profilometer. 
This measurement technique provided detailed topographical data on the etched 
surfaces, allowing for an in-depth analysis of the etching uniformity across the entire 
wafer [5]. 

Results and discussion 

The first photolithographic mask (Figure 1) analyzed in this article, designed for 
etching structures on 2-inch wafers, contains six full matrices with dimensions of  
1 cm by 1.5 cm, a resolution of at least 320x240 pixels, and a pixel pitch of 30 µm. 
Each of these matrices has been precisely designed to achieve high-quality patterns 
during the etching process, which is crucial for ensuring the consistency of optical 
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and electrical parameters in the final structures. In addition to the photodetector 
matrices, the mask also includes a set of discrete detectors. These detectors enable 
rapid measurement of electrical parameters, such as current-voltage characteristics 
and sensitivity, allowing for quick feedback on the performance of the entire system. 

 

 

Figure 3 Etched 6 full arrays and discrete detectors on an appropriately cut piece of 2-inch GaAs 
wafer, using a photolithographic mask prepared for etching 2-inch GaAs structures, where the 
surroundings of each array are not the same. 

When analyzing the design of this mask, it is also important to note the specific 
arrangement of the matrices. Out of the six matrices, in four cases, one of their edges 
is not surrounded by other matrices, which may affect the uniformity of the etching. 

The difference between lowest and largest values of d1 is  0.39 m (Table 1). The 
lack of adjacent structures on this edge may cause local differences in gas flow during 
the ICP-RIE etching process, leading to variations in etching depth on these matrices. 
This type of asymmetry in the mask layout presents a challenge in achieving perfect 

etching uniformity across the entire wafer, which is critical in the context of producing 
high-precision devices. 

 
Table 2 Parameters describing the etch depths of a sample made with a photolithographic mask, 
where discrete detectors are additionally etched at each matrix, measured on a Filmetrics 
Profilm3D optical profilometer where a - left upper corner, b - right upper corner, c - left lower corner,  
d - right lower corner of each matrix, marked  in Fig. 1.  

Lp. 
Etching depth, µm The difference between max and min 

depths (d1), µm a b c d 

1 6.13 6.53 6.14 6.22 0.40 

2 6.46 6.50 6.24 6.15 0.35 

3 6.39 6.45 6.57 6.93 0.54 

4 5.88 5.96 6.13 6.04 0.26 

5 6.08 6.23 6.11 6.19 0.15 

6 5.91 6.17 6.03 6.09 0.26 

a)                          b)    a)                           b) 

a)                          b)   a)                            b) 

a)                           b)   a)                            b) 

c)                          d)    c)                            d) 

c)                           d)   c)                            d) 

c)                           d)    c)                           d) 
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The difference in etching depth across the entire wafer was 1.05 μm, while the 

variations within one of the matrices ranged from 0.15 μm to 0.54 μm, that is, the 
average difference in mesa etch height on a 2-inch structure was 0.33 μm. 

Another photolithographic mask (Figure 2) used in the project, also designed for 

etching structures on 2-inch wafers, contains 12 full matrices with the same 
dimensions as the first mask, i.e., 1 cm by 1.5 cm. A key feature of this mask is its 
specific layout, where each full matrix is surrounded by an incomplete matrix. This 
arrangement results in the placement of an additional 20 incomplete matrices across 
the entire wafer, which is a significant improvement over the previous design. 

 

 

Figure 4 Etched 12 full and 20 incomplete dies on a 2 inch GaAs wafer, using a photolithographic 

mask, where the environment of each matrix is the same. 

One of the greatest advantages of this configuration is that each edge of the 
full matrices is surrounded in the same way, eliminating issues related to the varying 
surroundings during the etching process. The homogeneous environment around 
each matrix ensures more stable etching conditions in the ICP-RIE technology, leading 
to a more uniform process across the entire wafer. As a result, differences in etching 
depth between individual matrices are minimized, which positively impacts the quality 

of the devices produced. The difference between lowest and largest values of d2  

is  0.23 m (Table 2). That's 50% less than in the case of the first mask. Moreover, 
the standardized surroundings of each matrix allow for more predictable and 
repeatable outcomes in the production process, which is crucial for precision 
structures such as photodetectors (Table 2). 

 

             a)             b)   a)              b)   a)             b)   a)              b) 

             a)             b)   a)              b)   a)              b)    a)              b) 

           a)               b)   a)               b) 

            a)             b)   a)              b) 

             c)             d)    c)              d)   c)             d)    c)              d) 

             c)               d)  c)               d)   c)              d)   c)               d) 

           c)                d)  c)               d) 

            c)             d)   c)              d) 
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Table 3 Parameters describing the depths of etching of a sample made with a photolithographic 
mask, where the environment of each die is the same, measured on a Filmetrics Profilm3D optical 
profilometer where a - left upper corner, b - right upper corner, c - left lower corner, d - right lower 
corner, marked  in Fig. 2.  

 

 
The difference in etching depth across the entire wafer was 0.46 μm, indicating a more 
stable process. Within a single matrix, the etching depth was more stable, ranging 
from 0.08 μm to 0.32 μm, which positively impacts the quality of the final product, 
that is, the average difference in mesa etch height on a 2-inch structure was 0.175 
μm. 

Conclusions 

The experiment analyzed the influence of two different masks on etching uniformity 
in the ICP-RIE process for 2-inch GaAs wafers. The first mask, enabling simultaneous 
etching of six dies and discrete detectors, exhibited twice the variation in etching 
depth, both across the entire wafer and within individual matrices. Despite the 
advantage of obtaining rapid electrical information, the significant non-uniformity in 

etching could negatively affect the quality of the matrices produced. 

In contrast, the second mask, where the surroundings of each matrix were the same, 
provided significantly better etching uniformity. Additionally, the use of this mask 
allowed for a greater number of finished matrices, totaling 12, which is a crucial factor 
in improving production efficiency.  

Comparing both approaches, the mask with uniform matrix surroundings ensures 
better etching uniformity at both the wafer and matrix levels, while also increasing 
production efficiency. 
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Lp. 
Etching depth, µm The difference between max and min 

depths (d2),  µm a b c d 

1 5.07 5.11 4.97 5.01 0.14 

2 5.10 5.28 5.01 5.21 0.27 

3 4.95 4.94 4.97 5.04 0.1 

4 4.93 4.97 5.05 5.09 0.16 

5 5.01 5.21 5.08 5.07 0.2 

6 5.23 5.38 5.11 5.17 0.27 

7 4.92 5.06 4.96 4.97 0.14 

8 5.06 5.06 4.98 5.02 0.08 

9 5.04 5.04 5.03 5.06 0.03 

10 5.06 5.16 5.04 5.15 0.12 

11 4.97 5.01 5.18 5.24 0.27 

12 5.02 5.06 5.24 5.34 0.32 
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Abstract 

Semiconductor industry is continuing the downsizing of device dimensions and also 
of on-chip interconnect structures, both from performance motives but also from 
economic motives. This evolution has impacts for the design of guard ring structures, 
i.e. metallic non-functional systems in the back end of line (BEoL) stack at the 
periphery of these microchips. On the one hand, these protective elements have to be 
designed to be effective to stop microcrack propagation and, on the other hand, the 
footprint of these structures has to be as little as possible. To test the function of these 
protective structures, micromechanical experiments are required linked with 
appropriate characterization techniques to induce cracking and facilitate its 
visualization. Thus, a micromechanical in-situ test was integrated into an X-ray 
microscope (ZEISS Xradia 800 Ultra), ensuring high resolution imaging of the 3D-
patterned sample structures and its flaws in 2D and 3D with a resolution of up to 50 
nm during in-situ testing. Running tomographies allows non-destructive 3D 
visualization of the nanopatterned interior throughout the whole experiment and thus 
seamless 3D tracking of microcrack origination and propagation. A tailored sample 
design was developed which allows the application of tensile load to a BEoL sample 
by a lever mechanism. A microindenter is actuating the lever whose indentation load 
is quantified throughout the experiment. In this work, mechanical degradation and 

failure mechanisms in a BEoL stack due to fatigue loading are investigated, to foster 
understanding of the mechanical robustness and fatigue degradation of on-chip 
interconnect stack structures.  
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Introduction 

In recent years, the demand for pure hydrogen has increased owing to its important 
role as an energy source. The implementation of hydrogen economy could become the 
key to outbreaking the full potential of renewable energies to decarbonize the 
industrial sectors and meet the net zero emission target. Among the hydrogen 
separation processes, Pd-based membranes involve multiple advantages such as high 
hydrogen flux and exclusive hydrogen perm-selectivity. In the present work, a review 
on H2SITE’s membrane reactor technology for the generation of pure hydrogen is 
presented. 

Pd-based Membrane Reactors 

H2SITE’s membranes consist of thin-film composed of Pd-Ag, which are supported in 
a porous tubular support. Additionally, an external layer of a porous protecting 
ceramic is deposited on the membrane surface, filling in the defects of the Pd-Ag layer 
in order to maintain a high H2 selectivity and reducing erosion produced by catalyst. 
Since the permeation is inversely proportional to the membrane thickness, thin Pd-
Ag membranes give benefits of high hydrogen permeance while reducing the material 
cost. 

These membranes are integrated in a reactor, which benefits from the capacity of high 
selectivity of Pd-Ag alloy membrane to be assembled within a catalyst to generate 
hydrogen from its precursor and separate hydrogen in a one-step process. 

Additionally, by employing membranes into the reactor, the hydrogen separation 
occurs in-situ as the hydrogen reaction takes place, shifting the equilibrium of the 

reaction, and consequently, due to Le Chatelier’s principle, increasing the reaction 
rate [1]. 

Applications 

Hydrogen Separation 
In the new developing economy based on alternative fuels, hydrogen will be 
transported efficiently and cost-effectively. But the local production of hydrogen is not 
always possible as it highly depends on the local resources. However, transporting H2 
through the existing natural gas pipes for long distances is a potential solution. At the 
project H2SAREA is focused in developing a technological and economical method for 
hydrogen transport via natural gas pipelines. Furthermore, H2SITE’s goal is to 
implement the separation of the blended hydrogen by using palladium-based 
membrane separators, obtaining high-purity hydrogen from any inlet stream, and 
unlocking the use of hydrogen in pipelines [2]. 
Hydrogen Generation 

mailto:lydia.alonso@h2site.eu
mailto:vladimir.suazo@h2site.eu
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The ability to effectively store and transport large amounts of energy is a key element 
to enable reliable and flexible energy systems. Despite hydrogen potential, its low 
volumetric density prevents its use as an energy vector due to the cost of compression 
or liquefaction. In this context, ammonia outstands as a hydrogen carrier that benefits 
from a well-known supply chain and well-stablished standards for long distance 

transport. Being considered as a promising solution for the hydrogen economy and 
transport problem. 
Currently the world’s largest ammonia cracker based on the H2SITE’s integrated 
membrane reactor concept is built within the AMMOGEN Project framework. This unit 
was commissioned at Tyseley Energy Park (Birmingham, UK) and is currently 

producing 200 kg/day of high purity hydrogen from green ammonia. Where hydrogen 
recovery factors over 97.5% have been demonstrated [3].  

Conclusion 

At H2SITE, the production of large scale Pd-based membranes has been 
industrialized, and membrane reactors are currently being fabricated, while efforts to 
continue improving the membrane reactors technology is a constant that is considered 
as a big step in the development and implementation of reliable renewable hydrogen 
technology. 
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Abstract 

During application, high-power semiconductor devices undergo cyclic thermal loading 
caused by short circuit events. While the copper metallization provides rapid cooling 
to the underlying semiconductor material, it is prone to thermo-mechanical fatigue 
caused by high thermal stresses due to the different thermal expansion coefficients. 
Determining the conditions for the onset of copper metallization degradation, 
especially of void formation and crack growth, is therefore essential to further improve 
the reliability of high-power semiconductor devices. 

Lab-based X-ray microscopy with a resolution of about 50nm is used to image the 
cracks and voids forming in the copper metallization during thermomechanical stress 
cycling. Synchrotron-based dark field X-ray microscopy (DFXM) is used to image 
single grains in the copper and determine their 3D shape and stress distribution.  
The use of these complementary techniques achieves a comprehensive understanding 
of failure and deformation mechanism in the Cu metallization structures. Strain 
distributions in local grains can be correlated with small voids and cracks identified 
using nanoXCT, painting a comprehensive picture of intragranular microstructure 

refinement and condensation of structural defects near grain boundaries that 
perpetuate void formation and degradation in copper metallizations under fast-cycling 

thermal loads.  

Keywords: microelectronics, X-ray, microscopy, dark-field, tomography 

Introduction 

Novel high power microelectronic devices are in high demand. Consisting of stacks of 
different materials like Si, Cu and Al, they undergo extreme cycles of thermal stress 
induced by high overload pulses during short circuit events, resulting in very high 
junction temperatures caused by extreme currents and power densities in the 
materials [1]. Copper used as metallization layer provides rapid cooling to the 
underlying semiconductor material, however due to the extreme difference in thermal 
expansion coefficient between silicon and copper, stress is introduced into the copper 
at the interface. Subsequently, voids and cracks are generated, causing degradation 
of the copper metallization [2]. Determining the conditions for the onset of this 
degradation is therefore essential to further improve the reliability of high-power 
semiconductor devices. 
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Lab-based TXM with spatial resolutions of 65 nm and a field of view of about 67µm 
by 67µm allows precise examinations of microelectronic or battery materials with 
significantly lower access barriers than synchrotron-based X-ray studies. The 
microscope can provide detailed nano X-ray tomographies (nanoXCT) and 2D 
radiographies of sufficiently thinned samples. 

In DFXM, a coherent monochromatic X-ray beam is focused on a sample, projecting 
the shape of a single grain onto a distant diffraction detector, and magnifying the grain 
by placing an objective compound refractive lens in a proper position. It is used to 
reveal the shape and structure of single grains, enabling 3D mapping of the 
intragranular microstructure showing the lattice orientation and strain distribution.  

Results and Discussion 

To understand the fatigue behavior, polyheater test chips 
(Cu on Si) were thermo-mechanically pre-cycled by 
repetitive heating with a heating rate of 106 
K/sec, each sample to a different amount of 
cycles. They were imaged with lab-based 
nanoXCT and reconstructed orthogonal slices of 
a copper metallization after 2500 heating cycles 
are shown in Fig. 1. The reconstruction shows, 
that after 2500 heating cycles cracks and voids 
have formed in the copper layer, visualized as 
white structures in the figure. Furthermore, on 
these samples the intragranular microstructure 
and strain evolution of singular Cu grains was 
observed, especially at high angle grain 
boundaries (HAGBs). To achieve this, dark field 
X-ray microscopy (DFXM) measurements 
performed at the ID03 beamline at ESRF are 
used to study the crystal orientation across 
grains and their evolution during 
degradation, providing experimental   

 

Fig.1. Reconstructed orthogonal views 

(orange axis) of Cu after 2500 cycles 

 

Fig.2. First order of moments (center of mass) of three middle slices of a grain after 2500 cycles, 

shape evolves in z over a distance of 1 μm. One pixel corresponds to approximately 40 nm. 
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evidence that mosaicity of Cu grains and residual elastic strain concentrations 
increase simultaneously in the vicinity of HAGBs [3].To determine the general shape 
of a single grain, far field intensity is summed up over a rocking curve, and different 
slices of the grain are examined by moving the beam (respectively the sample) in out 
of plane direction through the grain. The resulting data can then be processed using 

the ESRF darfix module. Several polyheater samples were cycled ex-situ and then 
examined with DFXM, the results of which are shown in figure 2, for the sample cycled 
2500 times. 

The general area, in which this respective grain can be found, is marked in green in 
figure 1.  

The slices show inhomogeneous distribution of strain moments over the grain in 
multiple directions, indicating the presence of stress, for three different consecutive 
z-slices of the same grain. All DFXM slices are going to be stacked and stitched to 
cohesively provide the grains 3D shape, subsequently aligning the complete dataset 
with the 3D render of the reconstructed TXM tomography. The combination of both 
can then be adapted for comprehensive multi-dimensional damage modelling 
approaches.  

Conclusions 

While the DFXM technique provides great access to the crystallographic information 
of the Cu structure, it is limited to a few grains and grain boundaries, lacking the big-
picture approach to correlate the onset of crack and void formation with stress-strain 
distributions. This is achieved by the lab-based nanoXCT, providing a 3D volume of 
the copper metallization and crack distribution throughout the sample. An exact 
association of 3D grain volume and 3D sample volume will give insight into the 
distribution of cracks and voids around grain boundaries after thermos-mechanical 
stress cycles.  
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Abstract 

Hafnia-based ferroelectric thin films demonstrate strong ferroelectricity, scalability, 
and compatibility with complementary metal-oxide semiconductor (CMOS) processes. 
However, their reliability remains a critical concern in ferroelectric random-access 

memory (FeRAM) devices, especially when operated at low voltages, typically below 2.0 
V. This study first develops a Hf1−xZrxO2-based ferroelectric capacitor with a 
nanolaminate design of a precisely controlled HfO2/ZrO2 layering, Hf/Zr ratio and a 
proper annealing process, achieving low-voltage operation at ~ 1 V with excellent data 
retention (>10 years at 85 °C) and endurance (~1011 cycles at 10 MHz). The 
transmission electron microscope reveals that presence of thin tetragonal-like regions 
reduces the switching barrier in the optimized nanolaminate film. This is attributed 
to the stored strain inside the ferroelectric layer and the presence of tetragonal-like 
domain walls, making this a significant step toward the practical application of low-
voltage FeRAMs. After addressing the reliability challenges for the planar device at 
low-operation voltages, the learning is transferred to the 3-dimensional devices. This 
work successfully develops a fabrication process for conformally coating the high 
aspect ratio trench with a HfO2-based ferroelectric capacitor stack. 

Keywords: Hf1−xZrxO2, nanolaminate, FeRAM, low-voltage operation, high aspect ratio 

Introduction 

Hafnia-based ferroelectric random-access memory (FeRAM) is gaining attention due 

to its non-volatility, high speed, scalability and compatibility with CMOS technology. 
However, the commercialization of HfO2-based FeRAM faces reliability challenges 
during low-voltage operation. 
Previous studies have primarily focused on enhancing switchable polarization and 
addressing reliability issues, such as the wake-up effect, imprint, and fatigue [1-3]. 
However, these efforts have largely concentrated on performance improvements 
without tackling the root cause of reliability challenges, which is the high coercive 
voltage (Vc) in Hf1−xZrxO2 (HZO) thin films. The persistently high Vc limits both 
endurance and retention, which are crucial for FeRAM applications. This study 
addresses these challenges directly by engineering a nanolaminate structure of HZO 
to reduce Vc, enabling reliable operation at 1 V while maintaining robust endurance 

and retention properties. Afterwards, this work further pushes the commercialization 
of HfO2-based FeRAM by successfully fabricating a high aspect ratio trench device. 
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Results and Discussion 

The large Vc of solid solution ferroelectric HZO stems from its intrinsic polar structure 
[4]. A fundamental solution to reduce the operation voltage is the Vc reduction. 
Recently, we showed that the design of an HZO-based nanolaminate structure 
consisting of orthorhombic/tetragonal (o/t) layers can facilitate the polarization 

switching [5]. Fig. 1 illustrates how the thin t-phase layers reduce the switching 
barrier.  

The analysis of scanning transmission electron microscope (STEM) and high-
resolution transmission electron microscope (HRTEM) images (cf.  Fig. 2) confirmed 
the presence of t-phase interlayers, which can lower the switching barrier [6]. 
Additionally, a distorted crystal structure was observed in the inverse fast Fourier 
transformation (FFT) pattern, which can also facilitate polarization reversal [7]. 

 

After further optimizing the fabrication process, thickness and chemical composition 
of the HZO layer, the performance of our nanolaminate HZO reached the target for 
FeRAM applications. The performance of planar devices from previous studies and 
this work is compared in Fig. 3.  

Fig. 1. Schematics of two HZO lattices with the (a) continuous o-phase and (b) o-phase with a thin 
t-phase. Gray spheres for Hf/Zr. Red, yellow, and blue for O. Schematic of the free energy for the 
polarization state of the (c) continuous o-phase and the (d) o-phase with a thin t-phase. [5] 

Fig. 2. (a) W/HZO/W cross sectional HRTEM image with a schematic image of HZO nanolaminate 
(middle left) and a STEM cross sectional image (top right). (b) atomic arrangements of t- and o-
phase (c) STEM images that shows the t and o atomic arrangements (d) FFT pattern (e) inverse FFT 
pattern from HZO layer and (e2) the line profile [5, 7]. 
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Due to the constant growth of artificial intelligent, large storage capacity memory is 
desperately required to meet the demand of processing big data. The planar devices 
cannot satisfy the need when the technology node advances. Therefore, 3-dimensional 
(3D) FeRAM with a high aspect ratio trench is the solution to realize high-density 
memories. Since FeRAM was developed based on dynamic random-access memory 

(DRAM) technology, FeRAM could conveniently utilize the well-developed DRAM 
vehicle. However, the fabrication of 3D devices faces more challenges than planar 
devices, including conformality and harsh growth condition. After extensive iterations 
of process optimization, we successfully developed a conformal deposition of HfO2-
based ferroelectric capacitor stack. Fig. 4 demonstrates the conformality of atomic 
layer deposition of electrodes and ferroelectric material in a 3D 30:1 aspect ratio 
trench studied via TEM and energy-dispersive X-ray spectroscopy (EDX). 

 

Conclusions 

This study introduced a newly designed nanolaminate structure of HZO films that 
significantly enhances the performance of FeRAM devices, enabling reliable operation 
at 1.0 V through reduced Vc. The incorporation of thin t-phase layers effectively lowers 

    
      

Fig. 3. A performance comparison between this work and previous studies [5,8-11]. Retention 
(RET) includes the same state (Qss) and the opposite state (Qos). Endurance (ENDU) is extrapolated 
at measuring frequency of 10 MHz. Psw is the switchable polarization and VPP stands for operation 
voltage. 

top electrode 

bottom electrode 

HfO2-based  

ferroelectric 

top electrode 

bottom electrode 

HfO2-based  

ferroelectric 

Fig. 4. a) cross-section TEM of a capacitor array with a schematic cross-section of a 3D capacitor 
trench. Plan-view cuts of individual capacitors via b) STEM as well as c) EDX. 

a) b) 

c) 
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the switching barrier, resulting in improved endurance (~ 1011 cycles) and retention 
(greater than 10 years at 85 °C). By precisely controlling the fabrication process, along 
with structural engineering, this study addressed the Vc-related reliability issues 
inherent in HZO-based ferroelectric devices. The results on planar devices pave a 
pathway to overcome challenges related to endurance, retention, and voltage scaling. 

Furthermore, a conformal deposition HfO2-based ferroelectric capacitor was 
demonstrated on a 3D 30:1 aspect ratio trench. This work represents an important 
advancement toward the commercialization of low-voltage FeRAM technologies 
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Cubic boron nitride (cBN), second only to diamond in hardness, is highly valued for 
industrial applications such as cutting tools and abrasives due to its low thermal 
expansion, chemical stability, high elastic modulus, thermal conductivity and 
hardness [1]. Aluminum oxide, widely known for its role f.e. as a wear resistant 
material and cutting tool in mechanical and plant engineering, can benefit from the 

incorporation of cBN. However, cBN undergos transformation into the stable 
hexagonal modification hexagonal boron nitride (hBN), respectively, at temperatures 
around 1300 - 1550 °C. Therefore, employing the Spark Plasma Sintering (SPS) 
technique for kinetic suppression of the thermally and/or chemically induced phase 
transformation in ceramic composites, weakening the interface between matrix 
material and cBN, is crucial for maintaining optimal mechanical and tribological 
properties. Although several studies have investigated aluminum oxide-based 
ceramics incorporating cBN, these investigations frequently reveal limited 
improvements in mechanical and tribological properties, alongside inaccuracies in 
determining the transformation of cBN [2,3,4]. These properties are significantly 
influenced by the formation of the particle interface during sintering, which is a key 
aspect that needs to be understood comprehensively. Another aspect that will be 
discussed is the crack formation that arises due to residual stresses [5]. In this 
context, advanced characterization techniques are essential for elucidating 

microstructural development. Investigations of Al₂O₃ composites with cBN are 
conducted at temperatures above 1300 °C, including the use of various coatings on 
the cBN. In order to analyze interface properties, sophisticated experimental 
characterization methods are employed. Phase transformations are examined using 
advanced techniques such as micro-Raman spectroscopy. This analysis will be 
accompanied by detailed and advanced experimental interface characterization. This 
includes high-resolution imaging techniques to precisely observe phase boundaries 
and grain structures of superhard ceramic composites, as well as spectroscopy 
methods to identify and quantify the chemical composition at interfaces, some of 
which are shown in figure 1.  
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Fig. 1. Representation of the microstructure of an aluminium oxide based ceramic composite with 
cBN and detailed characterization methods. 
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Abstract: 

Cr3AlB4 is a promising candidate for high-temperature structural ceramics due to its 
unique combination of properties characteristic of both ceramics and metals. This 
study validates the formation mechanism of Cr3AlB4 as outlined in the literature 
through XRD, DSC, and SEM analyses. The results indicate that the synthesis of 
Cr3AlB4 is a multi-step process, initiating with the formation of CrB2, followed by the 

generation of Cr3B4, which is subsequently intercalated with aluminum to yield 
Cr3AlB4. Notably, most existing scientific literature does not address the synthesis of 
MAB phases from powders that contain an amorphous component. The present work 
explores the feasibility of synthesizing Cr3AlB4 from such amorphous-containing 
powders and examines their impact on the synthesis process. 

Keywords: MAB phases, borides, phase evolution, formation mechanism  

Introduction: 

The growing interest in high-temperature ceramics is driven by the need for high-
performance materials in the aerospace sector. Key attributes such as elevated 
melting points, thermal stability, chemical resistance, and excellent mechanical 
properties are essential for addressing the challenges posed by such demanding 
engineering applications. While established ultra-high-temperature ceramics (UHTCs) 
like ZrB2, HfB2, and TiB2 possess these advantageous properties, they also exhibit 
significant drawbacks, including extreme brittleness, high sintering temperatures, 
and low machinability, which complicate their processing. 

MAB phases present a promising alternative to traditional ceramics, combining 

properties characteristic of both metals and boride ceramics. These phases are 
analogous to the well-known MAX phases and feature nanolaminate orthorhombic 
crystal structures composed of M-B layers (where M represents a transition metal and 
B represents boron) interspersed with aluminum or zinc layers, or double aluminum 
atom layers. The defined MAB phases include MAlB, M2AlB2, M3Al2B2, M3AlB4, and 
M4AlB6. This paper specifically investigates the MAB phase within the Cr-Al-B system, 
focusing on Cr3AlB4 [9–12]. 
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Fig 5. M3AB4 crystal structure 

Results and Discussion 

 

Fig 2. DSC curves for prepared mixtures  

All mixtures of powders containing CrB, Al, B were subjected to the thermal analysis 
by differential scanning calorimetry DSC. Figure 2 illustrates the obtained DSC curve. 
In the graph several thermal transitions within the system can be distinguished. 
Firstly, a high endothermic peak at about 658oC can be assigned to melting of 
aluminium. Slightly after that there is an exothermic peak at 695oC which indicate, 
the first transmission of a boride-synthesis of CrB2. Other exothermic peaks can be 
seen at 816-817oC and 951-958oC. Both of them may be related to a further chemical 
reaction of CrB2 in the system resulting in a formation of Cr3B4 and Cr3AlB4, 
respectively. Additionally according to XRD analysis (Fig. 3) a peak at 817oC can be 
assigned not only to the formation of Cr3B4 but also to the beginning of Cr3AlB4  
synthesis. None of peaks during DSC measurement is assigned to any kind of 
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transition in the amorphous phase. For S1 sample with the lowest aluminium content, 
the effects on the DSC curve are the weakest and most blurred. In addition, for the 
first 3 peaks, it can be seen that a higher amount of aluminium affects the 
temperature of each transition making it slightly higher; on the contrary, for the last 
peak a higher amount of aluminium, the lower temperature of the transformation into 

Cr3AlB4. 

 

 

Fig 3. XRD patterns and phase evolution in function of synthesis temperature  

Figure 4 illustrates the particle morphology of the powders, which varies with the 
phase composition of the synthesis products (Fig. 4). Samples with a significant MAB 
phase exhibit characteristic layered structures while those with less MAB show less 
defined morphologies, including visible slopes and terraces likely caused by elongated 
Cr3AlB4 grains in the residual amorphous phase. The S1 sample, annealed for 9 
hours, displays numerous well-developed layered structures indicative of Cr3AlB4 (Fig. 
4). 
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Fig. 4. SEM images of morphology of synthesis product 

Conclusions: 

With the reference to DSC thermal analysis  all of the presented effects are consistent 
with the paper by Hanner et al. [1], but exact formation temperatures of each Cr-B 
phase (Eq.1-3), involved in the synthesis are slightly different. The difference may be 
related to the different amount of aluminium used in the present work and the one 
used in the Hanner’s et al work [1] in the starting mixtures. Exothermic peaks at 
around 815-817oC may be related not only to the formation of Cr3B4 but also to the 
beginning of synthesis of Cr3AlB4 [2], despite the fact that the main peak related to 

the formation of Cr3AlB4 occurs close to 950C. Initial forming of MAB phase at slightly 
lower temperature is caused by submicronic, freshly formed fine particles of 
metastable Cr3B4. These fine particles are in an aggressive, liquid aluminium 
environment that forces to react with aluminium, resulting in the formation of 
Cr3AlB4. Further rising of the temperature allows the system to produce larger grains 

and higher quantities of Cr3B4. At about 950C aluminium intercalates large particles 
of Cr3B4 to form Cr3AlB4. The proposed mechanism is consistent with the literature 
data [1]. It has been shown to remain invariant even in the presence of an amorphous 
phase. Figure 8 is illustrates the crystal structure evolution during the synthesis 
process. 

𝐶𝑟𝐵 + 𝐵 → 𝐶𝑟𝐵2    (Eq. 1) 

𝐶𝑟𝐵2 + 2𝐶𝑟𝐵 → 𝐶𝑟3𝐵4   (Eq. 2) 

𝐶𝑟3𝐵4 + 𝐴𝑙 → 𝐶𝑟3𝐴𝑙𝐵4   (Eq. 3) 
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Fig. 5. Evolution of crystal structure during Cr3AlB4 synthesis  

The formation mechanism of Cr3AlB4 is also confirmed by XRD analysis. Fig. 5 
presents the evolution of the phase composition as a function of the starting 
composition of the samples and the synthesis temperature. The changes in phase 
composition and the number of identified phases coincide with the proposed 
mechanism for the synthesis of Cr3AlB4. The XRD data show that in the temperature 

range 750-850C CrB2 is formed, which transforms to Cr3B4 in the vicinity of 850. 
This is also the temperature of the onset of Cr3AlB4 synthesis. XRD analyses also show 
that the amount of the amorphous phase decreases as the temperature increases (Fig. 
5). It is mentioned in the literature that final product of synthesis in the CrB-Al-B 
system depends on the initial stoichiometry before heating [1]. This thesis is confirmed 
in this work; in XRD analysis there are no peaks assigned to Cr2AlB2. It worth 
mentioning that in the presented diffractograms there is no boron detected, due to the 
fact that it is amorphous. Additionally, Alamdari et al. [3] showed that boron can 
dissolve into liquid aluminium and form AlB2. Although in this work that phase has 
not been detected. This might be explained by the fact that diffusion of boron within 
liquid aluminium and the further reaction with CrB prevents boron to cross the 
solvability limit, even locally, which results in the lack of conditions for AlB2 to 

crystalize. 
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Introduction 

Sheep wool has been known for years as a fibre for textile applications. However, a 
significant amount of it (approximately 3 million tonnes per year), e.g., wool from dairy 
sheep, is not suitable for use in clothing. On the other hand, this fibre has many 
interesting properties that could prove useful in the design of innovative and 
environmentally friendly biocomposite materials. Wool has the ability to absorb large 
amounts of water, is resistant and can provide thermal and acoustic insulation [1]. 
The research presented here focused on the first property, as wool waste was used as 
the main ingredient in a biopolymer material for use as a CRF fertiliser. Controlled-
release fertilisers (CRF) may be one solution to the growing effects of climate change 
(long droughts, overfertilisation of crops) [2]. Sheep wool added to the polymer 
accelerates its degradation in the soil and is also able to release gradually 
accumulated water and nitrogen and sulphur (from the proteins that make up the 
fibre) during decomposition, which are needed nutrients for plants [3]. 

In this study, polysaccharide compounds such as alginates were used as matrixes for 
CRF fertilisers, as they easily form a polymer network and are among the 
biodegradable compounds considered for agricultural applications. Their 
characteristics were compared with those of a polylactide (PLA)-based fibre polymer 
composite. Polysaccharide-based hydrogels were chosen because they can store large 
amounts of water and can further reduce the drying effect of the soil [4]. The aim of 

the study was to determine the properties of hydrogel-based composites, compare 
their characteristics with a PLA-based biodegradable composite, and to assess the 
effect of the wool fibre on the material composition. To do so, the absorption capacity 
of the materials and the study of soil water retention over time were conducted. In 
addition, characterisation of the composites was performed using thermal analysis 
(DSC) and SEM microscopy. 

Results and Discussion 

To create the hydrogel fertiliser, sodium alginate SA (4%, 6% and 8% concentration) 
was mixed with sheep wool fibres (2%) and cross-linked with calcium chloride 
solutions of two different concentrations (0.1M and 0.5M).   

When testing the degree of swelling, samples cross-linked with 0.5M calcium chloride 
were observed to a significantly lower degree than those cross-linked with 0.1M. The 
addition of wool to the former improved the degree of swelling, while it reduced it in 
the case of hydrogels cross-linked with 0.1M. It can be inferred that the wool itself 
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absorbs large amounts of water but the addition of fibres blocks the structure of the 
hydrogel and that it is not able to swell on its own. The ability of wool to store water 
was confirmed by a soil water retention study, where both PLA-based and hydrogel 
samples with added wool retained moisture longer than soil alone. The hydrogel 
samples without the addition of wool did not show such properties. Hydrogels before 

and after the drying process were subjected to differential scanning calorimetry (DSC). 
In this way, differences that occur in the characteristics of the sample due to the 
presence of water. The samples were subjected to microscopic observation to analyse 
the influence of the wool fibre on the sample structure. It is a very high volume, low 
density fibre and its presence significantly affects the structure of the whole material. 

Conclusions 

The addition of wool has a very good ability to improve water retention in the soil. 
However, attention should be paid to the concentration and degree of cross-linking of 
the hydrogel matrix, as the introduction of fibre significantly disturbs the structure of 
the hydrogel network. The addition to thermoplastic polymers does not present such 
difficulties, but further research is needed to ensure complete polymer degradation 
and environmental protection. 

Acknowledgements 

This work was funded by a grant from the Ministry of Education and Science to the 
AGH University of Krakow (Project No. 16.16.160.557) and by the Program „Excellence 
Initiative – Research University” for the AGH University of Krakow. 

References 

[1] Szatkowski P., et al. Production of biodegradable packaging with sheep wool fibres for medical 
applications and assessment of the biodegradation process, Animal Sci Genet, 18/3, 57-57, 

2022. 
[2] Priya E., et al. A urea-loaded hydrogel comprising of cellulose nanofibers and carboxymethyl 

cellulose: An effective slow-release fertilizer, J Clean Prod,  434, 140215, 2024. 
[3] Molik E., et al. Tradition and innovative in the protection of the natural environment of 

mountain regions, Acta Sci Pol Formatio Circumiectus, 22(3), 33, 2023. 
[4] Lang Z., et al. Water retention and sustained release of magnesium-based biochar modified 

hydrogel composite materials, J Environ Chem Eng, 11, 111380, 2023. 
  



 

86 

Silicon Nanoparticle Sintering into a Porous 
Polycrystalline Material 

J. A. Mendes1,*, D. Gaspar1, R. Martins1, L. Pereira1, H. Águas1 

1i3N/CENIMAT, Department of Materials Science, NOVA School of Science and Technology and 
CEMOP/UNINOVA, Campus de Caparica, 2829-516 Caparica, Portugal2 

*jad.mendes@campus.fct.unl.pt 

Abstract 

Silicon nanoparticles were synthesized through the gas-phase decomposition of silane 
and subjected to a sintering process to yield a porous polycrystalline material with 
17× increase in grain size from the original nanoparticles. The morphologies of the 
initial and final material were assessed by employing several material characterization 
tools. 

Keywords: Silicon Nanoparticles, Sintered Nanoparticles, Raman Spectroscopy, 
Electron Microscopy, X-Ray Diffraction. 

Introduction 

Sintering and annealing of Si-based materials has been explored to change the 
structural, electronic, and mechanical properties of materials [1-5]. Sintered silicon 
nanoparticles (Si-NPs) present high surface area, tunable porosity, and good thermal, 
mechanical and electrical characteristics [1,6]. These can be applied in biomedical 
systems [7-8], electronics [9], and even lithium-ion batteries [10]. A number of bottom-
up sintering processes for Si-NPs have been described in literature over the years [11-

14]. In this work, we analyze Si-NPs before and after they undergo a sintering process. 

Results and Discussion 

As-synthesized Si-NPs were characterized using XRD, Raman spectroscopy and 
STEM. Si-NPs were found to be crystalline and spherical, with an average size of 3 
nm, confirmed by XRD, Raman spectroscopy, and STEM. These were subjected to an 
undisclosed sintering process developed by our group, with the resulting sintered 

material characterized through XRD, Raman spectroscopy, STEM and SEM. The 
sintered material was found to have a porous network of interconnected crystalline 
grains with an average size of 53 nm, according to SEM (see Figure 1). XRD shows the 
minimum crystallite size to be 23.9 nm, suggesting the grains observed in SEM are 
polycrystalline in nature. This polycrystalline nature was confirmed by STEM imaging 
of the individual grains. Raman spectroscopy also indicates an increase in grain size 
and in crystallinity of the final material when compared with the original Si-NPs. 

Conclusions 

Sintering of 3 nm Si-NPs yielded a porous polycrystalline material, exhibiting a 17× 
increase in grain size from that of the initial Si-NPs according to SEM imaging (from 
3 nm up to an average of 53 nm). The average crystallite size increased around 8×. 
The materials’ crystallinity was also enhanced by sintering. The material appears to 
be promising for sensor and battery applications due to its porous polycrystalline 
nature. 
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Fig.1. SEM image of the sintered Si-NPs at a scale of 1 µm. 
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Abstract 

This work focuses on developing efficient models based on the Finite Element Method 
for data synthesis that is useful for solder joint reliability predictions under vibration 
tests. Starting from an existing detailed 3D Finite Element model of a vibration test 
vehicle assembled with Flip Chip components, efficiency optimized models were 
generated. Models were simplified to make use of periodically present structures. The 
equivalent inelastic strain occurring in the corner solder joints of the Flip Chip 

components was extracted from the simulation results and was further evaluated to 
assess the simulation accuracy. While cutting the calculation time down to 9 minutes, 
the modifications introduced strain result deviations that however did not exceed 
15%. Replacing volume elements in thin structures with shell elements helped to 
significantly reduce the number of elements and nodes, thus shortening the 
calculation time. Additionally, implementing a submodeling approach did significantly 
reduce the calculation time, too. 

Keywords: Finite Element Method (FEM); vibration test; inelastic behavior; computing 
time reduction; submodeling techniques. 

Introduction 

The reliability of electrical devices has always been the focus of attention. Common 
scenario for industrial and automotive device failures involves occurrence of cracks at 
solder joints due to mechanical vibration and temperature change. To address this 
issue, test specimens were developed to examine the fatigue behavior of lead-free 

solder joints [1], [2]. Furthermore, modifications were made to the specimen to enable 
analyses of Flip Chip (FC) package spherical solder joints, as shown in Fig. 1 [3]. Each 
specimen involves 1 FC at each narrow section of the cantilever, 8 FCs in total. These 
specimens are clamped onto a fixture on top of a shaker inside a temperature 
chamber, as shown in Fig. 2. Each of the FCs is mounted with 25 solder joints 
consisting of 96.5Sn-3.0Ag-0.5Cu (SAC305) alloys. 

In addition to experimental testing, Finite Element Analysis (FEA) was used to obtain 
results regarding stress and strain. Corresponding Finite Element (FE) models were 
created and simulated in previous work, as illustrated in Fig. 3 [4]. Pin connections 
on the printed circuit board (PCB), accelerometer pads as well as circuit traces in PCB 
and FCs were omitted from the FE model because of requirements of simplification 
due to the focus on solder joint analyses. Furthermore, a quarter model was 
developed, which makes optimal use of the symmetry of the complete test vehicle and 

its model. The remaining boundary conditions include a 4 mm clamping region at 
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which a sinusoidal oscillation with a frequency of 125 Hz and a peak-to-peak 

amplitude of 250 μm is applied. Simulations are conducted considering room 

temperature (22 °C) condition. Additionally, finer mesh sizes of 0.1 mm were used in 
critical areas like solder joints and close-by copper pads and solder masks, while 
larger mesh sizes were applied to other regions. The quarter model represents the full 
and detailed model and serves as the starting point for this work. 

 

 

Fig.1. Test vehicle for vibration tests: 
Printed Circuit Board assembled with 8 
custom FC components. 

Fig.2. Schematic setup of the experiment from 
Błąd! Nie można odnaleźć źródła odwołania.. 

 

  
Fig.3. Complete and quarter FE model. Fig.4. Model with shell elements. The tickness 

display in the vertical direction represents the 
thickness of the shell elements. 

Results and Discussion 

The equivalent plastic strain (EPS) range of a corner solder joint’s point in the last 
oscillation cycle was selected as the comparative data. Neglecting unused copper pads 
on the PCB has almost no impact on the results. Simplified models without solder 
masks have a significant reduction in element counts, resulting in a halving of 
computation time (from 77 min to 32 min) and a large deviation (38.8%). On this basis, 
a cantilever model and a half-cantilever model were devised taking advantage of the 
repeated topology. Their lower eigen frequencies lead to larger vibration amplitudes 

and EPS ranges. With a reduction of calculation time to 9 min, the half-cantilever 
model with a smaller relative deviation of 9% is considerable once the problem of 
unequal deflection is solved in the future, which further improves the accuracy. Based 
on the half-cantilever model, an examination about multicore computing was carried 
out subsequently, revealing that increasing the number of computational cores does 
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not necessarily result in a proportional decrease in calculation time, indicating the 
presence of computational constraints and communication costs. 

A quarter model using shell and beam elements was used as global model with 
calculation time of 18 min, as shown in Fig.4. Implementing the submodeling 
technique, a series of submodels were generated and compared. With appropriate 

submodels, the calculation time can be reduced to 3 min, and the deviation is less 
than 8%. If it is determined that changes to the solder joint structures and material 
properties do not significantly impact the global model, this can lead to a substantial 
reduction in computing time by altering corresponding parameters only in the 
submodel. The neglected solder masks in those modifications should be reintroduced 

in the future to match the original model though longer calculation times have to be 
expected. 

Conclusions 

In this work, several modifications have been proposed to address the problem of 
insufficient data acquisition due to the extensive computing times of common full 
detail 3D solid FE models under isothermal vibration conditions. The evaluation of 
results took both calculation time and accuracy of the data into account. A dynamic 
element selection is to be considered in future work. Discarding irrelevant geometric 
details, such as unused copper pads, had almost no impact on the result. Neglecting 
solder masks in the model led to a significant reduction in the calculation time, but 
also resulted in larger result deviations. Rational use of repeating geometries and 
appropriate sub-modelling can also significantly reduce calculation time. Using more 
computing cores did not reduce computing time as the model size i.e., number of 
elements and nodes is yet rather small.  
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Abstract 

The present work investigates the NIR luminescence properties of iron (Fe3+)-doped 
lithium gallate (LiGaO2) phosphor material under ambient, low-temperature and high-
pressure conditions. The oxide phosphor is thoroughly characterised using 
techniques such as X-ray diffraction (XRD), luminescence, and decay measurements 
employing diamond anvil cells (DAC), and mechanoluminescence. etc 

Keywords: Diamond Anvil Cell, Transition metals, Iron dopant, Near Infrared 
luminescence 

Introduction 

Iron (Fe3+) doped β-LiGaO2 inorganic phosphor materials with near-infrared (NIR) 
luminescence hold significant promise for applications in the biological field due to 
their biocompatibility and less cytotoxicity. Besides, it is considered an auspicious 
phosphor material for NIR LED applications [1, 2]. In addition to its optical qualities, 
solid β-LiGaO2 has interesting mechanical features like piezoelectricity and elasticity. 
β-LiGaO2 has also been used as a ceramic tritium breeder material in experimental 
fusion reactors. It serves as a solid gallium precursor source material for bulk GaN 
crystal formation as well as a lattice-matched substrate material for the growth of 
GaN, InN and ZnO materials. The results of our study reveal the phase transition 
behaviour of β-LiGaO2 material under very high hydrostatic pressures in 

the gigapascal (GPa) range. To understand further about these transitions, we 
examined the near-infrared luminous characteristics of the sample under various 
physical conditions like high pressure and low temperature. 

Results and Discussion 

The preliminary XRD analysis reveals that the phosphor exhibits an orthorhombic 

crystal structure with a space group of Pna21 at room temperature, indicating the 
presence of a stable β-LiGaO2 phase with a particle crystalline size of around 32 nm. 
Photoluminescence measurements conducted under ambient conditions demonstrate 
a broad and highly intense NIR luminescent band centred at 746 nm when excited 
from various peaks in the excitation spectra. The intensity of this primary band 
decreases with increasing temperature and exhibits a red shift towards longer 
wavelengths. Notably, at low temperatures below 100 K, a sharp phonon band 
emerges around 710 nm, suggesting a relatively weak interaction between the dopant 
Fe3+ ions and the host lattice. The sample also shows potential mechanoluminescence 
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in the NIR range under certain pressure. High-pressure luminescence and decay 
measurements are performed using a diamond anvil cell setup at helium temperature, 
with a 275 nm laser excitation source. The decay profiles of the main and phonon 
bands at high pressure and low temperature are characterized and fitted using a 
three-exponential equation.  

Conclusions 

During the high-pressure luminescence measurements (up to 14 GPa), a phase 
change is observed around 3 GPa, marked by the disappearance of the main phonon 
line at 710 nm. This phenomenon indicates a pressure-induced phase transition from 

the initial orthorhombic phase to a trigonal phase at 3 GPa [3]. Additionally, the 
luminescence is nearly quenched at approximately 14 GPa to the amorphization of 
the material with an irreversible phase transition. Moreover, we also observed a 
decrease in milliseconds decay time with an increase in pressure. 
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Abstract 

Green energy conversion and storage materials have become a focal point of current 

research efforts. MXenes have emerged as a new two-dimensional transition-metal 

carbides/carbonitrides with a great potential in large variety of applications especially 

those related to energy conversion and storage. Combining MXenes with other 

materials could provide a solar energy conversion effect and enhance the overall 

thermal performance of this kind of composite. This study aims to provide evaluation 

of properties of two different types of ultralight MXene-based aerogels based on 

poly(ethylene glycol) (PEG) and potato starch, which shows enormous potential for 

applications as solar energy harvesting and storage materials.   

Keywords: MXene, aerogel, solar-thermal energy conversion 

Introduction 

In recent decades, the energy demand has been continuously growing. Renewable 

energy sources like wind, water, and the sun have gained the researchers attention, 

but the key aspect nowadays is not only to present a new renewable energy source 

but also to improve the efficiency of the existing renewable energy harvesting systems. 

Therefore, there is still a need for designing a sustainable material that could 

significantly improve thermal energy storage (TES) technologies.  

MXenes are a relatively new category of two-dimensional materials that are obtained 

from transition-metal carbides/carbonitrides. As they possess unique properties 

related to high electron conductivity, fast ion transport capability, and abundant 

active sites, they have become significant material in conductive fillers, 

electrochemical energy storage, electromagnetic interference shielding, and catalyst 

support research and applications. What is more MXene nanosheets, with their 

exceptional light absorption capabilities, can easily convert solar energy into thermal 

energy [1].  

Aerogels (AGs) are a class of three-dimensional materials characterized by extremely 

high porosity and low density. Due to their unique structure, they have been effectively 

utilized in various applications, such as thermal insulation, space technology, energy 

storage, and sensors [2]. Combining MXene with water-soluble polymers is an effective 
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method to obtain ultralight MXene aerogels with high porosity that could act as a 

functional or multifunctional material [3].  

This study aims to provide two different ways to obtain sustainable and 

environmentally friendly MXene-based aerogels. First, based on potato starch clay 

(ST) prepared while heating. The second way use PEG 10000 solution. All initial 

processes were followed by lyophilization. Properties of obtained MXene-based 

aerogels were evaluated in terms of their thermal stability and thermal performance 

using thermogravimetry (TG) and differential scanning calorimetry (DSC). The 

microstructure of obtained MXenes and MXene based aerogels were examined by light 

microscope and scanning electron microscope (SEM). The performance of aerogels was 

also examined under artificial sunlight source.  

Results and Discussion 

The MXene solution of 2.3 mg/ml determined the maximum MXene wt% in the 

prepared aerogels. Due to the potential heat related degradation of MXenes, the 

maximum of 0.5 wt.% was incorporated into the starch clay. On the other hand, 

preparation of PEG 10000 solution in room temperature enables direct mixing of PEG 

10000 in MXene solution and leads to obtain 10 wt% MXene-PEG 10000 aerogel. The 

SEM images of dried MXene suspension indicates a good delamination of the MAX 

phase precursor. 

The preparation method of the obtained aerogels played a crucial role in the maximum 

MXene concentration in the final aerogel and also to the material microstructure. 

Fig.1. presents the comparison of SEM micro images of obtained aerogels. The PEG 

based aerogel have more uniform microstructure with similar pore sizes while starch-

based aerogel presents lees uniform microstructure with non-regular pore sizes. 

 

Fig.1. SEM microimages of A-0.5%MXene-ST and B- 10%MXene-PEG10000 aerogels 

In the case of 10%MXene-PEG10000, a higher concentration of MXene nanosheets 

may also play a crucial role leading to radially speeded (treelike) PEG crystallites. In 

0.5% MXene-ST aerogels, MXene concentration may be too low for making some 

impact on ST microstructure that have also probably established mostly in the heating 

process prior to MXene addition. 
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DSC curves of 10%MXene-PEG10000 (Fig.2. A) exhibited one endothermic peak that 

occurs in 63°C related to PEG 10000 melting process. The melting enthalpy of 

composite reached 115,7 J/g which is ~77% of theoretical enthalpy value for PEG 10 

000 with 10 wt.% additive. The lower enthalpy value may be an indication of MXene-

PEG crosslinking. The second exothermic peak may be related to the oxidation process 

that may be caused by the presence of MXene nanosheets that are rich in functional 

groups. In the cooling process the oxidation process may continue till 100°C and then 

an exothermic PEG crystallization peak occurs in 23°C. The enthalpy of crystallization 

reached 65,5 J/g which is ~45% of theoretical crystallization enthalpy value. This 

indicates that some interactions of PEG and MXene occurred leading to partial 

decomposition.  

 

Fig.2. Heating (A) and cooling (B) DSC curves of MXene-based aerogels. 

DSC curves of 0.5%MXene-ST (Fig.2. B) indicates a wide endothermic peak in the 

range form 7-150°C related probably to the following water loss or moisture desorption 

together with gelatinization of starch. Both samples do not exhibit any kind of radical 

decomposition up to 200°C in the DSC measurements. According to the TGA 

10%MXene-PEG10000 main thermal degradation occurs in 388°C while 0.5%MXene-

ST main thermal degradation occurs 307°C. This may be caused by the significant 

difference in the MXene concentration in the material, which has an impact on the 

thermal properties and decomposition. 

Conclusions 

The study highlights the importance of the preparation method and main component, 

as well as MXene concentration, on the structural and thermal properties of the 

resulting aerogels, with implications for their potential applications. The MXene-PEG 

combination leads to lover phase change related properties. All samples exhibited good 

thermal stability and highly porous microstructure that could be a promising sign for 

further material usage and examination in terms of shape stabilizers for low 

temperature phase change materials infiltration and thermal energy storage 

technologies. 
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