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The aim of the RoPM-AM2017 conference is to offer a forum for scientists in the field of Materials
Science and Engineering to discuss and promote advances in knowledge, research and practice in the
field of the Powder Metallurgy and Advanced Materials (Processing and Technologies).
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Foreword

The 5™ International Conference on Powder Metallurgy & Advanced Materials, 5" ROPM&AM 2017, was
held in Cluj-Napoca at Univers T Hotel between 17-20 September 2017. Conference was organized by
Technical University of Cluj-Napoca in collaboration with Vienna University of Technology.

The International Conference on Powder Metallurgy & Advanced Materials, RoOPM-AM2017, represents
the joint of the traditional RoPM (International Conference On Powder Metallurgy) and MATEHN
(International Conference on Materials and Manufacturing Technologies) conferences, organized before by
Technical University of Cluj-Napoca. The aim of the International Conference on Powder Metallurgy &
Advanced Materials (ROPM&AM?2017) is to offer a forum for scientists in the field of Materials Science
and Engineering to discuss and promote advances in knowledge, research and practice related to the
Powder Metallurgy and Advanced Materials (Processing and Technologies).

The Conference attracted more than 110 participants from 11 countries (Austria, Belgium, England, Italy,
French, India, Israel, Moldova, Romania, Serbia, Turkey) from prestigious universities, research centers
and industry. The Conference Committee has decided to publish the presented papers, after revision
process, in one of the following journals: Powder Metallurgy, Materials Research Forum LLC (Open
Access, ISI indexed), Acta Tehnica Napocensis (ISl indexed).

The present volume Powder Metallurgy and Advanced Materials provides up-to-date, comprehensive and
worldwide state-of-the-art knowledge in the Powder Metallurgy and Advanced Materials fields, including:
Powder and PM Products, Advanced Materials Processing, New Materials and Applications, Functional
Materials, Nanomaterials and Nanotechnologies, Health, Safety and Environmental Aspects of Particulates.

The conference secretariat received a number of 148 abstracts from 15 countries. The organising committee
carried out the selection of invited and contributed papers, and their arrangements into sessions. In
conference have been presented a number of 103 papers (invited papers: 9, oral presentations: 22, poster
presentation: 72). For publication in this volume were considered 60 papers (Invited papers: 6, New
theoretical aspects and products in PM: 8, Advanced Materials with special properties: 22, Characterisation
of powder and powder metallurgy products: 15, New developments in powder production and processing
technologies: 9). All the papers were evaluated by two peer reviewers and 5 papers were accepted in the
original form sent by the authors, 25 papers were accepted with minor modifications, 30 papers were
accepted with major modifications and 14 papers were rejected.

The editors were responsible for selection of reviewers for the papers, whom we thank for their
promptitude and accurate work. The communication between authors and referees was managed by the
editors.

The organising committee expresses its entire gratitude to all the authors who presented their works at the
Conference ROPM&AM 2017 and contributed in this way to the success of this event. Special thanks are
due to the authors from abroad for attending the conference and to the reviewers for their support in
improving the quality of the papers and finally for the assurance the quality of this volume. The organising
committee also addresses warmest thanks to all the members of the International Advisory Committee for
their support, to the generous sponsors for their financial assistance and too many others for their
contribution in organising ROPM&AM 2017.

We hope that the contents of this volume will prove useful for researchers in powder metallurgy and
advanced materials field and practitioners in developing and applying new materials and processes.

Cluj-Napoca, September 2018 Professor Tonel Chicinas

Conference Chairman
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A study of the ferromagnetic microwires retention in cellulose
matrix in the security papers
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Keywords: Security papers, Ferromagnetic microwires, Retention, Cellulose matrix

Abstract. Prepared by the Taylor — Ulitovsky technique, the glass-coated microwires are formed
from a metallic core, with the diameter 3 to 50 um, surrounded by an insulating layer from glass,
with the thickness of 1 to 20 um. Embedded in the cellulose matrix, the ferromagnetic glass-
coated microwires allow their use as security element for the authentication of valuable papers in
the electronic validation process. The authentication of the security paper is realised with a special
detector, by “YES” or “NO” answer. This paper can be used as anti-shoplifting or validating
elements to identify the counterfeit products. The paper presents the experimental results related to
the retention of ferromagnetic microwires in the cellulose matrix, a complex process characterised
by specific features, primarily due to the shape and diameter/length ratio of the microwires. The
ferromagnetic retention yield was n = 65 — 90%, for the prepared papers with basis weight more
than 50 g/m?.

Introduction

Faced with increasing of goods counterfeiting, a wide range of methods are currently used to
protect consumer goods, bank, state and commercial documents. Thanks to impossibility to
produce security elements without proper equipment and under special conditions imposed by the
very high degree of accuracy, the advanced technologies offer the solution, ensuring a high degree
of protection against falsification. Investment and research efforts are being made to diversify the
field of high security elements. The moment of launching the technology for glass-coated
microwires (GMW) fabrication [1,2] has become revolutionary on the high-tech technology
market, opening up the gates of a large variety of technological benefits for the existing
applications and also setting the foundation for new applications [3-9]. The advantages of
ferromagnetic GMWs securing [10] were: possibility of identifying at distance; stable magnetic
properties even at high temperatures and corrosive media; wide range of functional temperatures;
stability at shielding — the codes shielded by metallic panels can be read; stability at the
mechanical action; small sizes and low consumption and, for the microfibbers from the last
generation, with special properties, allowing the possibility to the information magnetic encoding):
very large amount of the generated codes; the information can be read both from a stationary
source and from a source in motion; the encoding is impossible to destroy, both in the

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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continuously and in variable magnetic field, (reliable encoding); possibility to read the information
from any code randomly oriented in space.

The structure of the paper consists of vegetable fibers (wood or non-wood), in which auxiliary
materials, such as fillers, gluing agents, pigments, additives etc. are incorporated. Depending on
the application field of paper, some structural features are imposed to the network: number of
fiber-fiber contacts and of sizes of interfibrillar spaces, density and roughness of the surfaces.
These properties are depending on the fibbers nature, on their processing degree, on the amount
and properties of the auxiliary, and also on the processing technique used for forming and
finishing of network. The term of filler defines any non-fibrous material added to the paper pulp to
improve the optical properties of the paper, but also other features such as porosity, smoothness,
printing ability etc. By incorporating of pigments into the paper pulp, the papers optical
inhomogeneity increases, the amount of reflected and refracted light in the paper sheet increases,
and the whiteness and opacity is improved. At the same time, the pigment particles retained in the
sheet structure increase the interfibrillar spaces and reduce the possibility to set-up interfibrillar
bonds having negative effects on the paper resistance indices. The fillers retention into the paper
sheet is realised mainly by filtration for the particles with large sizes and by colloidal phenomena
for fine particles. The introduction of filling is primarily determined by technical considerations,
since certain characteristics of the paper, particularly optical indices and printing ability, are
limited if only fibrous materials are used. Currently fillers can also serve as partial substitutes for
fibrous materials in some cases, thereby helping to reduce the production costs.

Developed by the Taylor-Ulitovsky process, the GMWSs consist of a cylindrical metal core that
is covered with a glass-insulating layer, the diameter of the metal core is 3 - 50 um, and the
thickness of the glass insulation is 1 - 20 um. The length of such microwires, under laboratory
conditions, reaches approx. 1 km. The ferromagnetic glass-coated microwires, cut at ca. 7 mm
lengths, is included in the paper composition also as filling material, but in the paper pulp and in
the paper sheet structure, the microwire segments have a certain behaviour that differentiates them
from the classical materials of filling. Unlike these materials, the ferromagnetic microwires
introduced into the paper in very small amounts do not significantly influence the rheological
characteristics of the paste and the paper resistance characteristics. The appearance of wires, the
diameter, length and the microwires density are also specific characteristics that differentiate the
materials currently used to fill the paper. The importance of retention efficiency in the case of
ferromagnetic microwires is primarily due to the need to achieve a certain microwires density in
the paper sheet, in order to ensure its security without affecting the paper quality and functionality.

2. Experimentals

The Taylor-Ulitovsky technique for GMWs preparation consists in placing in a high-frequency
inductor of a glass tube with a metallic rod inside (Fig. 1). Under the influence of the generated
electromagnetic field, the metal melts, forming a drop. In contact with the molten metal, a part of
the glass tube softens and a coating is formed from the glass covering the drop. For a particular
working regime [11], this glass soaked by pulling also trains the metal, leading to microwires
formation, which is collected on the spool. Different metal core structures can be obtained:
polycrystalline crystals of different sizes (microcrystalline, nanocrystalline) or amorphous. For
experimental research were used Fe;7B13Siig GMWSs, which are structurally, by X-ray diffraction
and magnetically, by vibrating sample magnetometry, characterized.

Achieving certain density of GMW in the paper sheet structure, as in the fillers case, depends
on the action of factors with a particular influence on intelligent material retention in the
papermaking process. Knowing and controlling these influences will ultimately allow finally
reaching the density that is sufficient for paper securing. In this respect, have been experimented
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several programs in which the basic recipe for realisation of the GMWs secured paper has been
supplemented with several variables specific to each influenced factor studied.

Fig. 1. Aspect during the Fe7;B13Si;o ferromagnetic glass-coated microwires drawing.

Table 1. The studied parameters and the experimented recipes used to for paper preparation

S/H ratio, S/.H Schopper - Microwires Retentor Pa_per
Parameter [wt. %] Riegler degree, amount, [g] amount, | weight,
' [SR] O e | [gm)
0.005;
Nature of the fibrous materials 100 S or 30 0.007;
100 H
0.009
Schopper — Riegler degree °SR 30/20; 40/30;
of the cellulosic material 60/40 50/40; 60/50 0.009
. : 0,005;
GMWs amount 60/40 ?é%//i% ‘é%//?é% 0,007;
’ 0,009; 0,011
Softwood / hardwood cellulosic ggﬁg
pulp ratio from the fibrous 40/601 45/30 0.007
composition of paper 50/50
Amount of retention 0;0.2;
emulsion, dosed in the paper 60/40 30/20 0.4; 0.6;
manufacturing receipts 0.8
. 50; 70;
Paper weight 60/40 30/20 90: 110

The GMWs with 7 mm lengths are embedded as filler into the cellulose matrix (the pulp),
the main receipt of the mixture, in wt.%, being: bleached cellulose sulphate from softwood (S)
pulp (different amounts: 30 - 100%; Schopper — Riegler degree: 30 - 60 °SR); bleached cellulose
sulphate from hardwood (H) pulp (different amounts: 30 - 100%; Schopper — Riegler degree 20 -
50 °SR); paper filling material: 15% calcium carbonate; gluing emulsion: 1,5% alkyl-dimercetene
(AKD); retention additive: 0,5% polyamide—amine and different amounts of GMW (for 10 sheets
with paper weight q = 75 g/m?) — 0.005g; 0.007g; 0.009g and 0.011g. The particularities of the
experimented recipes for paper sheets preparation are chosen to highlight the influence of different
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process parameters (Table 1). The Schopper-Riegler test provides a measure of the rate at which a
dilute suspension of pulp may be dewatered. It has been shown that the drainability is correlated to
the surface conditions and swelling of the fibbers, and constitutes a useful index of the amount of
mechanical treatment to which the pulp has been subjected. The retention efficiency (n) was
expressed as the ratio of the amount of GMW initially used to prepare the cellulosic paste and the
remaining GMW amount in the laboratory prepared sheet (in each experiment, the retention yield
was determined for 10 sheets of paper).

3. Results and discussions

3.1 Structural characterization for Fe;;B13Siyo ferromagnetic glass-coated microwires

After preparation, the GMWs were structurally characterized by X-ray diffraction investigations.
The glass-coating was eliminated using as etchant a solution of 50% hydrogen fluoride (HF) in
water. As expected, the ferromagnetic microwires are quasi-amorphous. The samples show a
crystalline structure of FesSi in the cubic system, the structure that is very similar to that of a-Fe,
but with a lower cell parameter, in this case the network parameter being a = 2.837 A compared to
a=2.866 A in the case a-Fe. It is considered that the effect is due to the ultra-rapid solidification
phenomenon of the alloy, but a small contribution to this reduction can also be brought about by
the induction of a local stress factor by the preparation conditions, due to the presence of glass
covering the metallic core. Other phase present in the Fe;B13Siig GMW is FegB, which
crystallizes in a tetragonal system. The mean crystallite size, determined for the Fe3;Si phase using
the Debye-Scherrer formula is D = 19 nm. The calculated crystallinity of the analysed sample is
around 74,4%.

| Fe3Si Cubic Im-3m (229) PDF 00-035-0519
| Fe2 B Tetragonal 14/mcm (140) PDF 01-076-4446
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Fig. 2. X-ray diffraction diffractogram of the Fe;7B13Siyo ferromagnetic GMWs.

3.2 Magnetic characterization for Fe;7B13Siyo ferromagnetic microwires

The shape of hysteresis curve (Fig. 3), plotted for the Fe;7B13Siio GMWSs confirms that the
microwire metallic core is ferromagnetic. The magnetic values, obtained by evaluating the
magnetic core volume, were compared with data obtained on bulk material. From the point of
view of the magnetic properties, the structure of the ferromagnetic material (evidenced by the X-
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ray diffractogram in Fig. 2) favours the magnetic properties suitable for application as soft
magnetic material, i.e. high magnetization (1,2 T) and low coercivity H, = 17.73 (A/m).
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Fig. 3. Hysteresis curve of the Fe;;B13Siyo ferromagnetic GMWs.

3.3 Influence of fibrous material nature

The results obtained during this experiment show that both for softwood pulp and hardwood pulp,
the number of microwires retained in the paper sheets increases with the ferromagnetic GMWs
amount (Table 2).

Table 2. Number of ferromagnetic microwires retained in paper sheets at various additions of
ferromagnetic microwires (paper weight q = 75 g/m?).

Specification Microwires addition for 10 sheets, [g]
P 0,005 0,007 0,009
The number of microwires retained in paper
sheets obtained from 100% softwood cellulose 258 366 472
The number of microwires retained in paper
sheets obtained from 100% hardwood pulp 239 330 424

When the retention efficiency is determined, it can be seen that the increase of the initial
GMWs addition, occur differences of 4 — 9% between the two types of cellulose, both having the
same Schopper-Riegler degree: 30 °SR, the lower values being obtained in the case of the
hardwood cellulose. Depending on the GMWs amount added to the pulp, in the case of the
softwood cellulose, the retention efficiency increases slightly, whereas for the hardwood cellulose,
this efficiency decreases (Fig. 4). For the same type of cellulose, the decrease or the increase of the
efficiency based on the ferromagnetic GMWs addition is ca. 2% (in the studied range, for addition
of 0.005 - 0.009 g GMWs / 10 sheets).
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Fig. 4. Dependence of retention efficiency on the nature of the fibbers material,
for various amounts of ferromagnetic microwires.

The ferromagnetic GMWs, having an average length of ca. 7 mm and a much higher
density than the cellulose fibbers, are better retained by the greater fibber (in diameter and length)
of softwood pulp than those of hardwood pulp. Also, the softwood pulp fibbers, with 30 °SR,
already exhibit a certain degree of fibre-lisation, and the structure of paper, at stage of network
formation, retains better the ferromagnetic GMWs. In the case of the hardwood cellulosic fibbers,
due to their smaller sizes, the GMWS retention efficiency is lower, these ones “penetrating” easily
at filtering the fibrous network of the paper sheets.

3.4 Influence of sizes of the ferromagnetic microwires and cellulosic fibbers

In order to estimate the compatibility of the ferromagnetic GMWSs with the cellulose matrix in
which they will be embedded, were prepared samples showing that the microwires sizes are
compatible with the dimensions of the cellulose fibbers of the matrix. The comparison was always
done with a blank sample, i.e. a sample without filler, prepared from cellulose only. The
micrographs of these samples are shown in Fig 5a) and b).

3.5 Influence of the Schopper-Riegler degree of the cellulosic material

By increasing of the milling degree, the fibbers specific surface increased and their ability to be
felt is improved. Consequently, the amount of filler material retained in the paper sheet by
adsorption and filtration should increase proportionally to the increasing of the milling degree.
Additionally, it should be added that the dehydration rate of the paste on the forming screen
decreases with the advance of milling process, which also has a positive effect on the retention
rate. Figure 7 shows the variation of GMWs retention efficiency (at an addition of 0.009 g/10
sheets), depending on the increase of the milling degree of the cellulose used in the production of
the laboratory paper sheets (for softwood cellulose, with 30; 40; 50 and 60 °SR and hardwood
cellulose, with 20; 30; 40 and 50 °SR).
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E

Fig. 5. Optical micrographs of the cellulose matrix without a) and with randomly inserted
Fez7B13Si1o microwires filler b).
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Fig. 7. Microwires retention efficiency versus milling rate of the paper pulp.

The ferromagnetic GMWSs behaviour is the same to that of the classic filler up to a certain
milling degree, after which it begins to decrease rather abruptly. The highest value was obtained
on paper sheets in which softwood pulp had a milling degree of 40 °SR, and the hardwood pulp 30
°SR. Considering the specific characteristics of the ferromagnetic GMWs (shape, dimensions and
specific weight), it may be possible, that starting from a certain milling degree, the under
developing paper fibrous network to be more easily traversed thereby resulting a decreased
retention efficiency. The same evolution of retention efficiency was found for other values of the
GMWs amount.

3.6 Influence of the amount of ferromagnetic microwires

The data reported in literature shows that the retention efficiency of the classical fillers used in
the paper manufacturing process is influenced both by the properties of the filler material, in
particular the shape and size of the particles and by the amount of filler material used in the
preparation of paper pastes. It has a growing trend, with the increase of the amount of filler up to a
certain value, then the retention efficiency decreases. The retention efficiency dependence on the
GMWs amount was studied so far only separately, for the two types of cellulose, namely S pulp
and H pulp. Using a certain combination of these two types of celluloses, the results presented in
Fig. 8 show that indeed the retention efficiency is depending on the ferromagnetic GMWs amount.
The retention efficiency increases with the increase of the GMWs amount (in the range of 0.005 —
0.011 g/10 sheets), even when the milling degree of fibrous material was modified (30 - 60 °SR
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for the S cellulose and 20 - 50 °SR for the H cellulose). The growth trend is not substantial,
ranging from 1 to 4%.
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Fig. 8. Dependence of retention efficiency on the amount of microwires, for various milling
degrees of the cellulose pulp.

3.7 Influence of the hardwood and softwood celluloses ratio in the paper composition

It is known that each assortment of paper must be realised with a certain fibrous composition that
will provide the desired quality characteristics, be the cheapest and to require the simplest
manufacturing technology. In this regard, the paper fibrous composition will usually consist on
two types of cellulose, usually hardwood and softwood pulps. Table 3 shows the GMWs retention
efficiency, resulted in the case of paper sheets whose fibrous compositions were obtained from H
and S celluloses, combined in various ratios. In the case of the paper sheets having a higher
content of softwood pulp (from 20% to 50%), should increase the GMWs retention efficiency. On
the other hand, the softwood pulp has a high milling degree, much higher than that of hardwood
pulp, which makes that the fibrous material mixture to present an increased milling degree from
ca. 30 °SR to 40 °SR.

Table 3. The GMWs retention efficiency for fibrous composition consisting of different ratios of
H and S celluloses

Specification Cellulosic ratio H/S, [%]
80/20 70/30 60/40 50/50
Retention efficiency, [%] 78,38 76,28 74,00 72,48

In these conditions, the values determined for the retention efficiency decrease slightly as the
softwood pulp amount increases in the paper pulp composition.

3.8 Influence of the retentor amount dosed in the manufacturing prescriptions

From the data presented in Fig. 9, results that the retention efficiency of the GMWSs depends on
the retentor amount used to prepare the paper paste, and in this case the increase of efficiency is
proportional with the retentor content. If the investigation field of experiment had been extended
to larger retentor contents, it was probable that the retention performance would not have
significantly increased. In practice, a retentor overdose is not recommended, to avoid the
formation of very large flocks that disturb the process of paper formation. The increase in
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retention efficiency with the retentor amount indicates that the behaviour of microwires from the
paper pulp aligns to the main behaviour of the fillers and of the cellulosic fibbers. It means that
microwires retention is achieved by both mechanisms, namely mechanical retention and colloidal
adsorption. The results show also that in the overall retention the greatest share is the mechanical
retention. Without retentor addition, the retention efficiency already has an appreciable value
(60.86%), although the cellulosic milling degrees used in the experimental recipes are quite low
(30 °SR for the softwood pulp, respectively 20 °SR for hardwood pulp).
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Fig. 9. Variation of retention efficiency [n]  Fig. 10. Influence of paper weight on retention
on the retentor content. efficiency [n] of ferromagnetic GMWs.

3.9 Influence of the paper weight

Another factor that significantly influences the retention efficiency is the paper weight. With the
increase of the weight and the thickness of the filter layer, it is also expected to increase the cross-
sectional strength of the filler material, in this case of the microwires. At higher pass resistance,
the amount of microwires remaining in the paper sheet will increase, which means an increase of
the retention efficiency. The retention efficiency determined under these conditions is presented in
Fig. 10. By increasing of the paper weight from 50 to 110 g/m?, the retention efficiency increased
with ca. 3%, from 65.55% to 68.53%. The values determined for the retention efficiency include
both mechanical retention and colloidal retention, since on the paper sheets realisation was used
also retentor.

Summary

The embedding of GMWs in the cellulosic matrix of the paper aims to develop a new type of
paper, with a novel securing element — the ferromagnetic GMW - as a field sensor, for applications
in the field of electronic detection of valuable documents validation. The retention of GMWs in
the paper sheet, unlike the usual filler materials, has a certain specificity given mainly by the shape
and size of the microwires (6 to 8 mm long and diameter smaller or comparable with the cellulose
fibbers diameter), of their density (over 3 kg/m* versus 1,300 kg/m® per paper and 2,500-2,700
kg/m® for calcium carbonate) and the possibility of superficial loading. In order to be used as
security paper, depending on its destination, a certain density of FM microwires must be achieved
in the paper. To the achievement of this density acts the retention efficiency of the ferromagnetic
GMWs, influenced by technological factors as well as factors specific to the paper manufacturing
equipment. The paper analyzes the main technological factors involved in ferromagnetic GMWs
retention, such as: fibbers nature, grinding degree of the cellulosic pulp, GMWs amount, the
hardwood and the softwood cellulose ratio in the fibrous paper composition, the amount of
retention emulsion dosed in the paper manufacturing receipts, the paper weight. Through the
performed experimental work was realised the experimental model for the retention of
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ferromagnetic GMWs in the cellulosic paper structure, defined by the following manufacturing
receipt: 30-70% softwood bleached cellulose, with Schopper-Riegler degree: 35-65 °SR; 30-70%
hardwood bleached cellulose, with Schopper-Riegler degree: 30-50 °SR; calcium carbonate: 10 -
30%, as filling material; 0.3-0.5% polyamide-amine, as retention emulsion; 1-1.5% alkyl -
dimercetines, as gluing agent; 0.02 - 0.05% GMWs. Under these conditions, the retention yield of
the GMWs for a paper with a weight greater than 50 g/m? will be: n = 65 - 90%. Taking into
account the variation limits of the indicated parameters, this model contains practically several
experimental versions of the GMWs secured paper.
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Abstract. In this paper are presented the results of the research on properties and behavior of hot-
forged bimetallic multi-layer material (C45-S235JR) compared to the properties and behavior of
hot-forged multi-layer materials C45 and S235JR. The material was layered by successive manual
hot forging to form 36-layers of the billets. Thus, it has been attempted to obtain superior
materials in terms of properties, to withstand the demands they are subjected to. It has also been
tried by stratification, obtaining results particularly relevant for resilience testing, where the
different layer breakage occurs at higher strengths and has a high malleability. The microstructure
of multi-layered materials was investigated in this paper and the mechanical properties were
studied by tensile testing and Charpy impact testing. The Brinell micro-hardness has also been
studied.

Introduction

Hot plastic deformation processes are the most common and used method for generating
metallurgical metals [1, 2]. These processes are based on the characteristics of the metals obtained
by high-temperature processing. By heating metals, we get less mechanical strength and increased
malleability [3, 4]. Thus, raw materials can be processed with low material losses and low energy
consumption in a form close to the finished piece.

The need to obtain the most effective and safe materials leads to a reorientation of the research
to the ancient techniques [5] and technologies applicable to modern areas, such as cycling and, in
particular, the acrobatics on the bicycle.

The main objective of the paper was to determine the characteristics [6 - 8] of the layered metal
[9 - 11]. Another approach was to obtain bimetallic layered steel by forging [12]. This type of
material combines the advantages of both materials and reduces the major inconvenience of each
one taken separately. Often, the outer part of the piece is made of other metallic material to
provide outstanding properties, as well as to reduce the cost price. This is possible due to the
understanding of the function of the piece because the piece needs a certain mechanical strength
[4, 13, 14], which does not mean that the whole piece will be made of that material but only that
part inner or the outer part of the piece. The rest of the material can be a cheaper material also, in
accordance with the requirements of the finished product.

In this work was aimed at making multi-layered steel bars and sandwich bars (C45- S235JR-
C45).

The mechanical and microstructural properties were determined as follows: the tensile testings,
Brinell hardness measurement, Charpy impact testing and microstructures were performed.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Material and method

The materials used are the C45 band according to SR EN 10083 and the S235JR steel band
according to EN 10204/2004. The chemical composition according to the current standards is
presented in Table 1.

Table 1. Chemical composition

C Mn Si P S Cu Ni N Cr
C4a5 0.45 0.7 <0.30 <0.035 <0.4
$235JR 0.13 0.5 0.15 0.018 0.007 0.05 0.03 0.012 0.05

The sandwich multi-layer resulted from manual hot forging. The billets were made of 36 layers.

The materials that we have been used in the study (not only C45 but even S235JR) were came
from commercial source, laminate bar of 30x30x100. These were hot forged on the supporting bar
which has a handling purpose. The heating at about 1100 °C has been done within a coal forge.
After the heating process the sample has been immersed into borax and are-put into the forge.
When the sample reached the 1100 °C again then it has been manually forged in order to achieve
the welding between layers. The process has been about 3 — 4 times repeated until it has been
accomplished a product which has not any fissures; after that the material has been stretched and
bent in order to obtain the 12 layers.

The bent processes and the forges for the C45 multi-layer samples and for the S235JR multi-
layer samples have been another 2 times repeated in order to obtain some bars semi-finished
products which have a square section of 36 layers. In order to achieve the sandwich shape product
there have been together forged about 24 of C45 layers which have in the middle of them about 12
layers of S235JR which have been accomplished in the same way.

The material has been stretched through free forging process and cut into bars of 2100mm length
each; from these bars there have been done some specimens for traction, resilience and hardness
tests. The multi-layers samples which belong to the same semi-finished product has been labeled
with 1,2,3 numbers as: multi-layer C45 1, multi-layer C45 2, multi-layer C45 3 for the
specimens obtained from the C45 multi-layer; multi-layer S235JR 1, multi-layer S235JR 2, multi-
layer S235JR 3 for the specimens obtained from the S235JR multi-layer and sandwich 1,
sandwich 2, sandwich 3 for the specimens obtained from the 24 layers of C45 which have in the
middle 12 layers of S236JR.

By bending, twelve-layer billets of the same material were made. In the final stage, three types
of billets were made by layer overlays, such as 36-layer C45 steel specimen, 36-layer S235JR steel
specimen and sandwich specimen 12 x C45 - 12 x S235JR - 12 times x C45.

The borax was used to clean the oxides on the three sandwich packages, ensuring better
bonding of the layers.

The strength and tensile ductility, toughness, and brittle-to-ductile transition have been the
main thrust for multi-layer investigations. The tensile testings were performed on a 200kN
Heckert-EDZ-20S testing machine. Brinell hardness measurement was performed with a Amsler
OTTO Wolpert-WERKE GMBA Hardness Tester Typ. Dia Testor 2 Rc-S type with @5 mm ball,
the ductility were determinated using a 300N. Instrumented Charpy impact tests were performed
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according to the standard ASTM A370 on impact testing machine, the microstructures were
performed using a Jenoptik Prog Res C10 photodigital microscope.

Results and test methods

The Charpy test specimens (Fig. 1a) of dimensions 10x10 mm with a length of 55 mm and a U-
notch with a radius of 1 mm were made from billets. It can be noticed that the outer layers of
carbon with higher carbon content (C45) have cracked and the inner layers are only strongly
deformed (plastic deformation) (Fig. 1b).

a) Initial samples of resilience b) The stratified C45 material

c) The stratified S235JR material d) Sandwich material (C45 + S235JR +C45)
Fig. 1. Charpy impact test samples.

The obtained results (Fig. 2) of the impact tests are superior for the sandwich material (Fig. 1d)
versus S235JR multi-layer material (Fig. 1c) or the C45 multi-layer material (Fig. 1a). Thus,
assumptions were made that the tougher exterior of the sample (C45) and the softer interior
(S235JR) represent a malleability characteristic that requires more energy compared to the single
type of layered material (S235JR or C45).
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Fig. 2. Charpy impact test results.
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When assessing the tenacity of a material, the macroscopic appearance of the breakage section
must also be taken into account. This aspect generally has two distinct parts: an outer part with a
crystalline, fibrous and matte appearance, corresponding to a fragile crack, and the other central
part, grunt and shiny, corresponding to a plastic deformation (breaking tenacity).

It can be seen from Fig. 2, for sandwich models (magenta) the resilience was obtained by
15,7% higher than for S235JR steel specimens (green) and also by 49,3% higher than for

specimens of C45 with 36 layers (red).

From Figure 3 can be observed that sandwich specimens have an intermediate hardness
between C45 multi-layer steel and S235JR multi-layer steel and have a better uniformity in results

than the other samples, from 183 HB to 197 HB.

250

M Specimen 1 ®Specimen2 ™ Specimen 3

Multilayer S235JR
Fig. 3. Brinell hardness test.
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Fig. 4. The microstructures of the samples 100x.
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The forged specimens had a smooth and homogeneous structure, but due to many forging

defects, such as decarburization, inclusions and complete welding failure, the results were not as
homogeneous as we expected.
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Sandwich 1  S235JR 1
Sandwich 2 S235JR 2
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Fig. 5. Tensile test.
The impact test specimen needed an identification of position on the steel layers to perform

resilience tests correctly and uniformly on all samples. Was prepared and studied the specimens to
be observed under a metallographic microscope, the attack was performed with nital.
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The specimens were study by optical microscopy (Fig. 4), the layers were observed and
analyzed. The boundaries between the layers it was searched, so was managed to identify the
overlapping planes.

The ferrite-pearlite structure is dominating. The microstructures show the interface (A) between
layers shows discontinuities and, in their proximity,, a slight decarburization (C) can be observed
in the C45 steel layer below 50 micrometers. At the same time, in the case of this sample, it can be
seen that in the C45 steel area at the bending interface (B) the presence of an excess of borax
about 10 micrometers thick is observed.

For sandwich samples: (Fig. 5) it can be seen that the force (14 kN) determined in the tensile
testing is close to that of the S235JR steel samples. At tensile testing, all the sandwich samples had
a ductile behavior. The sandwich specimens behaved like a medium ductility with ductile fracture
type, which showed the separation of the forged layers in some cases.

The C45 specimens (multi-layer C45 1,2, 3) had superior S235JR (multi-layer S235JR 1,2,3)
characteristics with a shorter neck and force required to achieve higher fracture. The rupture is of
the ductile fracture type and does not reveal the detachment of the forged layers. It can be seen in
Figure 5 that sandwich 1,2,3 specimens show shorter cracks than the S235JR steel specimens, but
the maximum forces are similar.

Summary

From the Charpy impact test results, it can be concluded that the sandwich material has
superior characteristics, is more ductile than C45 multi-layer material. The C45 material steel
layers (from sandwich) are more fragile and cracks, also and for the S235JR steel layers (from
sandwich) have high ductility, so they deform and absorb more energy but do not fracture (it is
there a plastic deformation without cracks deflection). The fact that the C45 steel layers are broken
is a technological advantage. From the point of view of requesting a bicycle frame made of the
bimetallic multi-layer material (sandwich), when at the exterior we have strongest layers from
more fragile material (multi-layer C45) and the inner ductile (S235JR multi-layer) exhibits a higer
malleability (about 15.3% to specimens S235JR multi-layer, and about 49,3% to specimens C45
multi-layer). So that may be a warning to the user and it can avoid serious injuries caused by its
totally break-down.

The hardness analysis has revealed that the exterior layers of the sandwich, C45 multi-layer
ones are harder and give better resistance. The sandwich specimens have an intermediate hardness
between C45 multi-layer steel and S235JR multi-layer steel and have a better uniformity in results
than the other samples, from 183 HB to 197 HB.

The optical microstructures have helped to properly study the bounding of the layers and
samples.

It can be clearly noticed (Fig. 1) that the brittle-to-ductile transition of the C45 multi-layer from
outside to the S235JR multi-layer inside.

It can also be concluded that the other two layered materials show similarities in the test stress.
A future research could be comparing the results obtained from testing C45 and S235JR with the
layered materials of the same materials.
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Abstract. Fe-Ni-Fe,O3 mixture in various ratios has been milled in a high energy mill for
synthesis of NisFe/FesO4 type magnetic nanocomposite up to 10 h. The samples have been
investigated in the light of X-ray diffraction, scanning electron microscopy, energy dispersive X-
ray spectrometry and laser particle size analysis. The formation of the composite begins after 2 h
of milling. After 10 h of milling the nanocomposite with the high amount of metallic phase
consists in a mixture of NisFe and Fe3O,4 alongside of a small amount of residual Fe,O3. Both
phases are formed progressively upon increasing the milling time. Upon increasing the amount of
oxide in the starting mixture at the end of the milling time the phases present in the nanocomposite
material are changing. In the sample with the higher amount of oxide at the end of the milling time
are present: Fe3Oyq, fcc Ni-based structure and unreacted Fe,O3 and Fe phases. The mean crystallite
size estimated for the main phases of the nanocomposite, NisFe and FesO,, are in the nanometric
range at the end of milling time independent on starting ratio among starting materials. For both,
NiszFe and Fe3O4, the mean crystallite size is ranging from 9 to 12 nm for all compositions. The
nanocomposite particles shape is irregular. The powder consists in two types of particles: very fine
particles with the size of less than 100 nm and larger particles with the size of a few micrometers.
The micrometric particles are formed by fine agglomerated particles and by smaller particles that
are welded together. The median diameter dso present a significant increase in the first stage of
milling and is maintained at values close to 5 pm, having small variations on each milling time.

Introduction

The development of the magnetic materials is in growth due to the large demand from various
industry branches such as telecommunication, computer technologies or electronics. Therefore the
development of performant magnetic materials is one of the most important and interesting
research subjects [1-4]. The spinel ferrites are one the most important class of magnetic materials
with a large field of applications. The ferrites are used, for example, in high frequencies
applications due to their high electrical resistivity. One of the main drawbacks of the spinel ferrites
when are used in high frequencies applications is the relatively low magnetic induction and
magnetic permeability [5-9]. The Fe-Ni alloys have very good magnetic induction and
permeability and are used nowadays in multiple applications. The use in high frequencies
applications of these alloys is limited do to their low electrical resistivity as compared to the
ferrites one which favour the increase of the eddy currents [10 - 12]. The synthesis of a composite

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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material consisting in two phases, one of Ni-Fe alloy and other in spinel ferrite can combine the
above maintained advantages of each phase.

The paper presents the synthesis of composite magnetic material of NisFe/Fe;O, type. The
main purpose for the synthesis of this type of magnetic composite is obtain an material that can
combine the high magnetic permeability of the Permalloy with the high electrical resistivity of the
magnetite (electrical resistivity of magnetite is with three order of magnitude higher than the one
of iron) using accessible precursors. The paper is focus on the synthesis conditions in order to
obtain such type of composites.

Experimental details

As raw materials have been used Ni carbonyl, Fe NC100.24 and Fe,O3; powders. The ratio
among the initial powder was calculated in order to correspond to fourth atom/molecule ratio
between metal (both Ni and Fe) and oxide (Fe,O3) as follow: 0.9/0.1, 0.8/0.2, 0.7/0.3 and 0.6/0.4.
These ratios correspond to the reaction of the starting materials in order to obtain NisFe and Fe3O4
in the following mole ratios: 100/8.5 (noted S1), 100/20 (noted S2), 100/36 (noted S3) and 100/60
(noted S4). In the above mentioned ratios the mixture has been milled in a planetary ball mill
Pulverisette 4 manufactured by Fritsch up to 10 h using air as milling atmosphere. An amount of
100 g of powder has been loaded in a 500 cm® hardened steel vial alongside of 80 balls of 14 mm
in diameter. The ball to powder mass ratio (BPR) was 9:1. The vial speed was set to 800 rpm and
the disc speed was set to 400 rpm. The vial and disc were rotated in the opposite directions. The
milled powders structural evolution was checked by X-ray diffraction (XRD). An INEL
EQUINOX 3000 diffractometer that use CoKo radiation (A= 1.7903 A) was used. The
investigated angular interval was 20-110°. The mean crystallite size was estimated using Scherrer
formula [14]. The morphology of the powder was studied by scanning electron microscopy using a
JEOL JSM-5600LV scanning electron microscope (SEM). The local chemical homogeneity was
verified by energy dispersive X-ray spectrometry (EDX) using an Oxford Instrument EDX
detector (INCA 200 software) with which it is equipped above mentioned scanning electron
microscope. By a Laser Particle Size Analyzer (Fritsch Analysette 22—Nanotec) the samples
particle size distribution and dso parameter (the diameter for which 50 vol.% of particles are
smaller than the dso value) were studied. Before analysis an ultrasound treatment was applied for
deagglomeration and dispersion of the particles.

Results and Discussion

In Fig. 1 are presented the X-ray diffraction patterns of the Fe,Oz+Fe+Ni mixture milled for 0,
0.5, 1, 2, 3,4, 6 and 10 h for S1. The positions of the peaks of each phase that was observed in the
samples are indicated on the graph alongside of the Miller indices of the diffraction planes. It can
be noticed in the patterns of the unmilled samples (0 min MM) the peaks characteristic of the Fe
bcc structure from space group Im-3m (JCPDS file no. 06-0696), Ni fcc structure from space
group Fm-3m (JCPDS file no. 04-0850) and Fe,O3; rhombohedral structure from space group R-3c
(JCPDS file no. 33-0664). After only 0.5 h of milling it can observed that the diffraction peaks
becomes broadened, especially the peaks of iron oxide-hematite. The stresses induced in material
and the decrease of the crystallite size are the causes of the peaks broadening. Due to the fragile
character of the hematite its peaks are broader as compared with the diffraction peaks of Ni and
Fe. After 2 h of milling one can observe is that the change in the intensity of the peaks of iron
oxide — Fe;O5. The diffraction plane (104) and (110), which are the most intense ones, are
changing the intensity. Before milling the (104) reflection is the most intense and after 2 h of
milling the (110) reflection becomes the most intense. The (110) diffraction line of Fe;Os is
overlapping on the (311) diffraction line of magnetite — Fe3s04 (JCPDS file no. 19-0629). Upon
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increasing the milling time the most intense peak of hematite — (104) becomes less and less
intense and the other diffraction peaks are vanishing. After 10 h of milling it is hardly identifiably
hematite (104) diffraction line (the most intense peak of this phase). This indicates the progressive
formation of magnetite upon increasing the milling time [9, 14].
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Fig.1. X-ray diffraction patterns of the Fe,O3+Fe+Ni mixture milled for 0, 0.5, 1, 2, 3, 4, 6 and
10 h for S1.

The iron diffraction lines becomes broadened, decreasing in intensity upon increasing the
milling time and are vanishing after 10 h of milling. The Ni diffraction lines become broadened
and are shifted to lower angles upon increasing the milling time. This indicates the presence of the
fcc structure in material for each milling time. The displacement to lower angles of the fcc
structure corroborated with the disappearance of the Fe diffraction lines is assigned to the
formation of a Ni-Fe alloy. The alloy is identified as being of NisFe type (JCPDS file no. 65-3244)
taken in consideration the ratio among the atoms in the starting mixture and the formation of
Fez0,4 during milling. The NisFe is progressively form as the Fe;O4 and the formation of this alloy
is evidenced in the Fig. 2. At the end of milling time for this composition the material consists in
NiszFe and Fe3O,4 alongside to very small amount of a residual Fe,O3 phase. The X-ray diffraction
patterns of the Fe,Os+Fe+Ni mixture milled for 0, 0.5, 1, 2, 3, 4, 6 and 10 h for S2 have been
presented elsewhere [14]. In the case of this ratio between the starting powders it was observed the
similar behaviour as in the case of S1. Although are some differences: at the end of milling time
the presence of Fe,O3 is much more pregnant as compared to S1 and due to the larger amount of
oxide the magnetite diffraction peaks are more visible in the diffraction pattern as compared to the
one of NisFe.

In Fig. 3 are presented the X-ray diffraction patterns of the Fe,Os+Fe+Ni mixture milled for O,
0.5, 1, 2, 3,4, 6 and 10 h for S3. In the case of this mixture the phases that are identified at the end
of milling time are in part similar with the ones observed in the case of the other two presented
above. Due to the presence in the starting mixture of a larger amount of oxides thus resulting in a
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larger amount of oxide also at the end of milling time and the Bragg reflections of these are better
defined as compared to the other. The phases present in material at the end of milling time are:
Fes;04, Fe,03 (larger amount as compared to S1 and S2), fcc Ni-based structure and residual Fe. It
can be observed that in this case fcc structure does not have the composition closer to the one of
the NisFe intermetallic compound as in the case of the other two compositions. The proves are the
very low displacement of the Ni diffraction peaks to lower angles which can be assigned to the

internal stress induced by milling and the presence of the residual Fe.
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Fig. 2. Detail of the X-ray diffraction patterns of the Fe,Oz+Fe+Ni mixture milled for 0, 0.5, 1,
2, 3, 4, 6 and 10 h for x=S1 in the zone of the most intense diffraction peaks of the newly
formed NiszFe compound.
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Fig. 3. X-ray diffraction patterns of the Fe,O3+Fe+Ni mixture milled for 0, 0.5, 1, 2, 3, 4, 6

and 10 h for S3.
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Fig. 4. X-ray diffraction patterns of the Fe,O3+Fe+Ni mixture milled for 0, 0.5, 1, 2, 3, 4, 6
and 10 h for S4.
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Fig. 5. X-ray diffraction patterns of the Fe,Os+Fe+Ni mixtures milled for 10 h for S1, S2, S3
and S4.

Fig. 4 presents the X-ray diffraction patterns of the Fe,Os+Fe+Ni mixture milled for 0, 0.5, 1,
2, 3,4, 6 and 10 h for S4. The phases identified in the diffraction patterns are similar with the ones
identified in the case of the samples S3. For a better view of the difference between the phases
present in the samples S1, S2, S3 and S4 after 10 h of milling the X-ray diffraction patterns are
presented in the Fig. 5.
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Table 1. Mean crystallite size of the NisFe and Fe3;O,4 after 10 h of milling for samples S1, S2, S3

and S4.
Crystallite size (nm)
Phase s1 s2 s3 s4
NisFe 11 9 10 12
FesO, 9 10 10 12

In the case of each composition the phases are in nanocrystalline state and the powder is a
nanocomposite one of NisFe/FesO, type. In the table 1 are presented the mean crystallite size of
the NisFe and Fe;O,4 (main phases of the composite) after 10 h of milling for samples S1, S2, S3
and S4. One can observe for both phases is the mean crystallite size ranging from 9 to 12 nm for
all four compositions. The width of the diffraction peaks is increasing upon increasing the milling
time this indicating a decrease of the crystallite size upon increasing the milling time for both
phases (metallic and oxide) and increasing of the internal stresses. The crystallite size decreasing
upon increasing the milling time is in good relation with the earlier reported results both on
ferrites and Ni-based alloys [11, 14-16].
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i. . SEM images of a amle milled for 1h for the composition S3 at magnification of 200x,
1500x and 10,000x.

Fig. 6 shows the SEM images of a sample milled for 1h for the composition S3 at three
magnifications: 200x, 1500x and 10,000x. The particles shape is irregular. At a first look it can be
remarked two types of particles: very fine particles with the size of less than 100 nm and larger
particles with the size of a few micrometers. At a closer look it can be remarked that the
micrometric particles are formed by fine agglomerated particles and by small particles that are
welded together upon processing the powder in the mill.
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ig. 7. SEM iges of a sample milled for 3h for the compoition S3 at magnification of 200x,
1500x and 10,000x.
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SEM images of a sample milled for 3h for the composition S3 at magnification of 200x, 1500x
and 10,000x are presented in Fig. 7. The powder morphology does not present significant change
upon increasing milling time from 1h to 3h. Also after 6h of milling the powder present similar
characteristics as in the case of the powder milled for smaller milling time. In Fig. 8 are displayed
SEM images of the sample milled for 6h for the composition S3 at magnification of 200x, 1500x
and 10,000x.

The EDX local chemical elemental mapping for a sample milled for 6 h from the composition
S3 is revealed in the Fig. 9. The Ni, Fe and O elements are uniformly distributed in the analysed
sample. This suggests a very fine distribution of the metallic and oxide phases. This type of
investigation comes to confirm the formation of the nanocomposite by mechanical milling by
formation of an intimate mixture between the metallic phase and oxide phase at nanoscale.

Ni 0

Fig. 9. EDX local chemical elemental mapping for a sample milled for 6 h from the
composition S3.
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The evolution of the dso parameter as a function of the milling time for the S2 samples as it results
from the particle size analysis effectuated with the laser particle size analyser is displayed in Fig.
10. It can be observed that the starting sample presents a median diameter less than 1 micrometer.
This is due to the very fine particles of Ni and Fe,O3 present in the starting mixture. The iron
particles are larger as compared to the ones of Ni and Fe,O3 but due to the low amount in this
composition it does not influence in deep the median size of the particles of the starting mixture.
On can note after 0.5h of milling a large increase of the median diameter occurs up to about 8 pum.
This is assigned to the cold welding of the particles in the early stage of mechanical milling [16].
Increasing the milling time at 1h leads to a decrease of the median diameter up to around 5 pm.
This decrease is assigned to the formation of the intimate mixture between the oxide and metallic
phase which creates composite particles and which becomes more fragile due to the presence of
oxide. Increasing the milling time up to 10 h of milling keeps the median diameter close to the
value of 5 um, having small variations on each milling time.
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Fig. 10. Evolution of the d50 parameter as a function of the milling time for the S2 samples.
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Fig. 11. Particle size distribution of the samples milled for 2 and 10 h in the case of the
composition S2 (the cumulative and relative quantity represents vol. %).
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The particle size distribution (vol. %) of the samples milled for 2 and 10 h in the case of
the composition S2 is shown in Fig. 11. The particles size distribution of these two samples is
similar. It can be observed that in both cases the particle size distribution is bimodal. The particle
size distribution is in the same manner for all the milling time from 1 to 10 h of milling. The
presence of two types of particles is assigned to the two types of process that are present in the
milled samples: cold welding and fragmentation. The smaller particles come from the
fragmentation of the bigger one and the bigger one is provided by cold welding of the smaller
ones. Is assumed that these two types of processes are in a quasi-equilibrium for these milling
times and for this composition of the material. The particle size distribution doe not reveal the
presence of very fine particles (less than 100 nm), particles that have been evidenced by SEM
analyses. It is assumed that the very fine particles are attached by the larger ones and cannot be
separate during ultrasound treatment applied in particle size distribution analysis procedure.

Summary

Nanocomposites of the NisFe/Fe;O, type have been successfully obtained using accessible
precursors, Ni, Fe and Fe,Os, in various ratios, by high energy reactive mechanical milling. The
ratio among starting powders was chosen in such way in order to vary the ratio between NisFe
intermetallic compound and Fes;O, in the final products. The formation of the nanocomposite has
been studied by X-ray diffraction technique. By scanning electron microscopy, energy dispersive
X-ray spectrometry and laser particle size analysis have been investigated the powder
morphology, local chemical homogeneity and particles size distribution. The nanocomposite is
forming continuously during the entire period of milling. The nanocomposite formation begins
after 2 h of milling in the case of all the compositions. In the case of composition with the highest
amount of metallic phases after 10 h of milling the nanocomposite consists in NisFe and Fe3O4. A
small amount of unreacted Fe,Os is evidenced. The increase of the amount of oxide in the starting
mixtures leads to the formation of a larger amount of magnetite in the final product and also leads
to the changes of the phases in composite after the end of milling time. Fe3O,4, fcc Ni-based
structure and unreacted Fe,O3; and Fe phases are founded in the nanocomposite with the higher
amount of oxide in the starting mixture. The mean crystallite size of the composite main
constituent phases, NisFe and Fe3QO,, is in the range of 9-12 nm independent on the ratio between
the metallic and oxide phases. The particles shape of the nanocomposite has no regular shape. The
nanocomposite powder has two types of particles: very fine particles (size less than 100 nm) and
large particles (a few micrometers in size). The micrometric particles consist in fine agglomerated
and welded particles. The median diameter dsg has large variation in the first stage of milling and a
small variation on each milling time is evidenced after that.
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Abstract. The biosynthesis of silver chloride nanoparticles (AgCIl NPs) is presented in this paper.
Silver chloride nanoparticles were synthesized using fungi culture from Rhodotorula
Mucilaginosa and aqueous AgNOs; solution, as precursor. The plasmon resonance of the
nanoparticles containing solution has shown through UV-visible spectrophotometry an absorbance
peak at about 437 nm. Scanning Electron Microscopy, Energy Dispersive Spectroscopy, and X-ray
Diffraction analyses confirmed the presence of spherical silver chloride nanoparticles with a face
centered cubic crystal structure and an average particle size of 25 nm. Silver chloride
nanoparticles have been shown to be able to inhibit the growth of different microorganisms,
including bacteria and fungi, which would make them suitable for antimicrobial applications.

Introduction

The development of materials and structures at nanoscale dimensions has gained a huge interest in
the nanomaterials and nano-technology research fields. One of the most important properties of
metallic nanoparticles is their antimicrobial activity.

Eco-friendly methods concerning nanomaterials synthesis present a substantial importance for
biological applications, mainly due to nontoxic substances and environmentally friendly
procedures employed [1].

Green synthesis of silver chloride nanoparticles has been reported to be mediated by different
kinds of organisms, from bacteria to plant extracts. Cell-free culture supernatant of Streptomyces
strain, Klebsiella planticola, biomass of Bacillus subtilis, leaf extract of Cissus quadrangularis,
aqueous extract of Sargassum plagiophyllum, extract from needles of Pinus densiflora, Prunus
persica L. outer peel extract are just a few examples of organisms able to synthesize AgCl NPs
[2]-[8].

Weili Hu et al. have presented the synthesis of silver chloride nanoparticles under ambient
conditions in nanoporous bacterial cellulose membranes as nanoreactors. It has been demonstrated
that the synthesized silver chloride nanoparticles exhibited high hydrophilic ability and a strong
antimicrobial activity against Staphylococcus aureus and Escherichia coli bacteria [9]. The
antibacterial effect of biosynthesized AgCl NPs investigated against Escherichia coli was found to
be dose-dependent [6]. The biosynthesized silver chloride nanoparticles exhibited besides the
antimicrobial activity, cytotoxicity activity against HeLa and SiHa cancer cell lines [2].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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M. Sophocleous and J. K. Atkinson have described in their review the significant development
of Ag/AgCl screen printed sensors [10]. Moreover, Ag/AgCl NPs are examined for further
applications of nanoparticles as a plasmonic photocatalyst [6].

The reports which have shown the importance of the AgCl NPs application, from sensors,
catalysts, to antimicrobial activity, have led to the research results presented herein. Even though
several methods to obtain nanoparticles are currently developed, the green methods have captured
the interest of researchers due to their lack of toxicity. In the present work, the green synthesis of
silver chloride nanoparticles is described. This is, to the best of our knowledge, the first report for
green synthesis of AgCIl NPs mediated by Rhodotorula Mucilaginosa.

Materials and Methods

1. Fungi and culture conditions

The fungi Rhodotorula Mucilaginosa used in this study were provided from Soroka University
Medical Center from Beersheva, Israel. The fungi were cultivated in the solid media, Sabouraud
agar supplied by Scharlau Chemicals, and incubated at 35 °C for 48 h.

2. Biosynthesis of AgCI nanoparticles using Rhodotorula Mucilaginosa

In order to synthesize the silver chloride nanoparticles, 1ul of bacterial strains were freshly
inoculated in test tubes containing 15 ml of growth medium, namely Brain Heart Infusion from
Sigma Aldrich. The liquid media contained beef heart (infusion from 250 g), 5 g/L; calf brains
(infusion from 200 g), 12.5 g/L; disodium hydrogen phosphate, 2.5 g/L; D(+)-glucose, 2 g/L;
peptone, 10 g/L; sodium chloride, 5 g/L. The liquid culture was kept in a thermostat at 35 °C for
24 h, followed by centrifugation at 4000 rpm for 30 min. The supernatant and biomass were tested
in parallel. In the first situation 5 ml of supernatant was used, while for the second one the
biomass was kept with the addition of 5 ml of distilled water. The next step was similar by adding
the 5-ml culture over 40 ml Ag NOj3 precursor solution, at 1 mM, 2 mM and 3 mM concentration,
respectively. The culture, supernatant and biomass + distilled water and precursors were kept as
control. The samples were kept in a thermostat set at 35 °C, for 48 h.

3. Characterization of AgQNPs
Ultraviolet-visible spectral analysis was carried-out by using Jasco V-630 spectro-photometer. The
UV-visible spectra were measured in the range 200-600 nm with a wavelength step size of 1.5 nm.
For morphological characteristics and chemical composition, a JSM 7400f scanning electron
microscope (SEM) with a platform for Energy Dispersive Spectroscopy (EDS) was used. The
silver chloride nanoparticles colloid was dropped on a copper grid and coated with a platinum thin
film. After this the samples were mounted on a double sided adhesive carbon-tape. The
acceleration voltage was fixed to 10kV.
The crystalline nature of silver chloride nanoparticles was analyzed by XRD using a Philips
PW 1050/70 X-ray powder diffractometer with graphite monochromator using CuK,; (A =1,544),
at a voltage of 40 kV, a current of 28 mA, in the scan range 10+80 °, in Bragg-Brentano geometry.

Results and Discussion

After incubation in the thermostat for 48 h at 35 °C, the final color of the colloid, containing
biomass of Rhodotorula Mucilaginosa, changed from light yellow to light brown. The change in
color is an indication for the formation of nanoparticles. In Fig.1 the obvious difference in color
can be observed, depending on the precursor concentration. The samples with supernatant and the
control have remained unchanged. Furthermore, considering the optical indication (changing the
color), the UV-visible absorption spectra of the colloidal solutions with nanoparticles was
measured (shown in Fig. 2).
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Fig. 1. Image of colloidal nanoparticles synthesized in the presence of
Rhodotorula Mucilaginosa.
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Fig. 2. UV-visible spectrum of the AgCl nanoparticle containing colloids3.

Fig. 2 corresponds to the UV-visible absorption spectrum of the solution containing AgCIl NPs
synthesized using biomass of Rhodotorula Mucilaginosa fungi. The spectra showed the maximum
absorbance at 437 nm for samples with concentration 3 mM AgNOj; Several reports have
provided similar results concerning the absorption spectrum. The reports have confirmed that
peaks around 440 nm coincide to the plasmon resonance of silver chloride nanoparticles [4], [5].

The crystalline nature of synthesized nanoparticles, obtained from X-ray diffraction, is
confirmed by the diffraction peaks shown in Fig. 3, which correspond to the (111), (200), and
(220) planes of the face centered cubic structure of AgCl crystal (Fig. 3) [11].
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An explanation for the presence of silver chloride nanoparticles can be based on the interaction
between silver nitrate and bacteria, which was previously grown in Brain Heart Infusion Broth
media containing sodium chloride.
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Fig. 3. X-Ray Diffraction pattern for AgCI nanoparticles.
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Fig. 4. SEM images of silver chloride nanoparticles
at 1mM, and 3Mm AgNOs, respectively.
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The SEM analysis (Fig. 4) confirmed the presence of nano-scaled particles and also showed the
spherical shape of them. As can be seen on the SEM micrographs, the silver chloride nanoparticles
have dimensions smaller than 25 nm. The particle size/antimicrobial efficacy relation was reported
previously, smaller particles, due to their much larger surface area, are expected to exhibit a much

higher antibacterial efficacy.

The EDS spectra presented in Fig. 5 show the presence of the principal elements, namely Ag

and CI. The EDS analysis also revealed others elements

which can be found on the samples due to

the preparation stages (copper grid, carbon tape, thin film of platinum).
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Fig. 5. EDS spectra of the biosynthesized AgCl NPs at 1mM, and 3Mm AgNOs, respectively.

In table 1, one can observe that silver chloride nanoparticles can be synthesized by different
approaches, most of them starting from the AgNOg like precursor. The difference consists in the

type of stabilizer and surfactant.

The spherical shape is predominant in the case of silver chloride nanoparticles. Very closely to
silver nanoparticles, as shown by the authors in [13], AgCI NPs present significant anti-microbial
activity against Escherichia coli, Candida albicans, Staphylococcus Aureus.

The antimicrobial effect of colloidal silver chloride nanoparticles has been tested against
different microorganisms, including fungi and bacteria. The results will be used for further
investigation to determine the synergism of the samples in the presence of different antibiotics,

how is shown in the paper “Characterization and anti

microbial activity of silver nanoparticles,

biosynthesized using Bacillus species™ [13].It is important to emphasize that the precursor used
was AgNOQOs, a reason for which we have to take into account that the recipe for growth media used

for the microorganisms is very important for the fin

al results. For example, the Brain Heart

Infusion used for growing the present fungi, because it contains sodium chloride, may be the main
factor which has led to the silver chloride nanoparticles formation by reducing the precursor
AgNO;s in the presence of biomass of Rhodotorula Mucilaginosa.
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Table 1. Characteristics and applications of AgCI NPs synthesized through different methods.

Synthesis method Size | Shape Wavelength | Application References
[nm] max [nm]
Green Synthesis 10 -40 | Spherical 410 Antibacterial [2]
Streptomyces exfoliatus rod Cytotoxicity:
HelLa and SiHa
cell lines
Green Synthesis 20-60 | spherical 400 Antifungal [4]
Bacillus subtilis
Green Synthesis 15-23 | spherical 440 Antibacterial [5]
Cissus quadrangularis
Linn
Green Synthesis 18-42 | spherical 417 Antibacterial [6]
marine alga S.
plagiophyllum
Chemical synthesis 6-7 | hexagonal - Catalysis [9]
Precipitation
Green Synthesis 15-50 | spherical 440 Antibacterial, [8]
Prunus persica L. outer Anticandidal,
peel extract Antioxidant
Chemical synthesis Aroun | Spherical 268 Antibacterial [12]
One pot method d 100 | ellipsoidal
Summary

In the present work, silver chloride nanoparticles were synthesized via bio-reduction. It has been
proved that the aqueous enzymatic extract of Rhodotorula Mucilaginosa fungi is able to
synthesize silver chloride nanoparticles. It has been found that the silver chloride nanoparticles
bioreduced by Rhodotorula Mucilaginosa decrease in size with increasing precursor
concentration. The low-cost synthesis method is strengthened by the environmentally friendly
steps of the procedure.
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Abstract. The aim of our research was to conduct a computational study on helical geometries of
several homopolymers. Simple helix of polymers with seventeen (poly(lactic acid)) or eighteen
(poly(1-chloro-trans-1-butenylene), poly(1-methyl-trans-1-butenylene), poly(1,4,4-trifluoro-trans-
1-butenylene), polyacrylonitrile and respectively polychlorotrifluoroethylene) monomers were
investigated. The X, Y, and Z coordinates obtained after optimization of the geometry of polymers
were used as input data to identify the rotation and translation of the coordinates and respectively
the coefficient of the helix. The values of interest were calculated by minimization of residuals
using two different protocols. The first protocol investigated the whole polymer by imposing (step
1) or not (step 2) a fixed value of the helix coefficient. The second protocol investigated by
minimization of residuals if the monomer (one or two) from each end of the polymer is or not an
outlier of the helical geometry of the polymer.

Introduction

The conformation of natural polymers goes back in 1937 when the helical structure of a-amylose was
proposed by Hanes [1, 2] and further investigated by Freudenbers [3]. Linus Pauling and Robert B.
Corey [4] showed in the 1950s that proteins chain form by monomeric units of proteins represented by
amino-acids twists into a helix (o-helix) called secondary structure. These discoveries along with the
identification of double-helical structure of DNA by James Watson and Francis Crick [5] were major
breakthroughs.

Simulations studies conducted on some synthetic polymers (e.g. m-terphenyl-based w-conjugated
polymer [6], poly(ethylene glycol) (PEG) [7], poly(ethylene imine) (PEI) [8], squaraine polymers [9])
shown their tendency to form helixes.

The helical shape translation of biopolymers in synthetic materials could lead to identification of
materials with desired properties.

Ten linear chained homopolymers (polymers made by identical units) were subject to the
investigation of shaping in a helix form. The aim of the study was to identify the helix parameters where
helix shapes appears.

Polymers Generic Structures and Their Main Characteristics
The repeated sequence, abbreviation when existent, name and the feasibility to provide helix [10] are

given in Table 1.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. e85. conl t er ms- of - use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC

Materials Research Proceedings 8 (2018) 35-51 doi: http://dx.doi.org/10.21741/9781945291999-5

Table 1. Generic structure of polymers

No

Structure

Formula, abbreviation, name and remarks

#1

n

(CH40)n
PEG
Name: poly(ethylene glycol)

Likely to provide helix: No, is purely linear

#2

(C2HsN),
PEI
Name: polyethyleneimine

Likely to provide helix: No, is purely linear

#3

(C3H409)n
PLA
Name: poly(lactic acid)

Likely to provide helix: Yes, internal helix

#4

PVP
Name: poly(N-vinyl-pyrrolidone)

Likely to provide helix: Yes, double helix

#5

+IName: poly(trans-1-butenylene)

(C4H6)n

Likely to provide helix: No, is purely linear

#6

(C4HsCl),
Name: poly(1-chloro-trans-1-butenylene)

Likely to provide helix: Yes

EBSCChost - printed on 2/14/2023 2:22 PMvia .

Al'l use subject to https://ww. e@ﬁ. coni ter ns- of - use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 35-51 doi: http://dx.doi.org/10.21741/9781945291999-5

No| Structure | Formula, abbreviation, name and remarks

#7 15 c ch (CsHeg)n
?/ \C/
C +|Name: poly(1-methyl-trans-1-butenylene)

Likely to provide helix: Yes

F_ F

#8 C//C\C: o (C4H3F3)n

\['F ]L Name: poly(1,4,4-trifluoro-trans-1-butenylene)
n

Likely to provide helix: Yes

#9 o (C3H3N),
|
Can PAN
n

Name: polyacrylonitrile

Likely to provide helix: Yes, internal helix

#10 (CF,CCIF),
PCTFE/PTFCE
Name: polychlorotrifluoroethylene

Likely to provide helix: Yes, internal helix

Poly(ethylene glycol) or PEG, available in different geometries such as branched (3 to 10 PEG), star
(10 to 100 chains) or comb (multiple PEG chains grafted onto a polymer backbone) is a compound with
applications in different fields from industry to medicine.

PEGs are used as the basis of laxative [11], excipient in pharmacological products, or delivery
systems [12-15]. PEGs are also used as the basis of skin creams [16], toothpaste or as an anti-foaming
agent in food [17], and despite the fact that is considered biologically inert and safe can be responsible by
contact dermatitis [16].

Polyethyleneimine (PEI) is a synthetic polymer, weakly basic and non-toxic that can take linear,
branched or dendrimeric forms [18]. PEIs have been successfully used as drug carriers [19,20], gene
delivery system [21,22], or growth inhibitors of microbial species [23] or cancer cells [24].

Poly(lactic acid) (polylactic acid or polylactide, PLA) is a biodegradable polyester obtained from
renewable resources [25] and used in 1974 in combination with polyglycolic acid (PGA) as suture
materials [26]. Due to biocompatibility and dissolvability in the body, PLA and its co-polymers were
used in tissue engineering [27,28], or as carriers for bone morphogenetic proteins [29], in suture
materials [30], and delivery systems [31,32].
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Poly(N-vinyl-pyrrolidone) (polyvidone or povidone, PVP) is a water-soluble synthetic polymer used
as a blood plasma substituent due to its hemocompatibility [33]. Poly(N-vinyl-pyrrolidone) nanoparticles
have shown potential as drug delivery systems for hydrophobic drugs [34,35].

Poly(trans-1-butenylene), poly(1-chloro-trans-1-butenylene), poly(1-methyl-trans-1-butenylene), and
poly(1,4,4-trifluoro-trans-1-butenylene) are polyalkadienes. They have a glass transition temperature
(Ty/K) from 207 (poly(1-methyl-trans-1-butenylene)) to 238 (poly(1,4,4-trifluoro-trans-1-butenylene))
[36].

Polyacrylonitrile (PAN) is a synthetic, semicrystalline organic polymer resin, first synthesized in 1930
by Dr. Hans Fikentscher and Dr. Claus Heuck [37]. Because is hard, relatively insoluble, and a high-
melting material [38], PAN is used to develop carbon fibers by stabilization, carbonization, and
graphitization under controlled conditions [39,40]. PAN is also used in development of nanofibers
[41,42], microcapsules/microspheres with diverse application (such as foam targets, carbon molecular
sieve, cargo storage, or medical instruments) [43], semiconductor PAN powder (10™° S/cm <
conductivity < 10 S/cm when treated at 285-300°C) [44], or in the treatment of metals [45].

Polychlorotrifluoroethylene (PCTFE or PTFCE) is a thermoplastic chlorofluoropolymer discovered
in 1934 by Fritz Schloffer and Otto Scherer [46]. PTFCE is nonflammable, has a high optical
transparency, is chemical resistant, and has near-zero moisture absorption and excellent electrical
properties [47-49]. The co-deposition of PCTFE (at a concentration less than or equal to 4 g/l) into Ni-W
coating proved a feasible manufacturing of fluid lubricant [50]. The conductivity of PTFCE was double
by treatment with nano-size copper iodide [51]. In pharmaceutical and medical industry, the PCTFE is
used for packaging [52,53]. PCTFE find its application in many sectors such as chemical industry,
manufacturing, electronics, architecture, energy, health and domestic sectors [54].

Helix Coefficients by Minimization of Residuals

The problem of finding the helixes determined by the atoms positions was investigated on those
structures presented in Table 1 that are likely to provide a helix. Finding the helixes on these polymers is
essentially a double problem. The proper rotations (eql) and translation (eg2) of the coordinate system in
such way that the helix to be aligned to the z-coordinate must be identify before and after identification
of the helix (eg3).

'x,] [cos(a,) sin(a,) O] [x,
Yi|= _Sin(ao) cos(ao) 011, (1a)
| Z; 0 0 111z,
x,| [cos(a,) 0 -sin(a,)][x,
Y, |=|0 10 | Y1 (1b)
z, | |sin(@,) 0 cos(a,) ||z

X,] [1 0 0 X,
Ys |=|0 cos(a,) sin(a,) |-| Y, (1c)
z;| |0 =—sin(a,) cos(a,)| |z,
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X, X | |as
Yo |=|Ys || )

X, = a,-sin(a-t)
Yo = 8 -cos(ae 1) ©)
z, = a,-t

where (Xo, Yo, Zo) are the raw Cartesian coordinates of the atoms belonging to the helix, (X1, Y1, Z1), (X2,
Yo, Z2) and (Xs, Y3, z3) are new Cartesian coordinates obtained through elementary rotations, and (Xa, Ya,
z4) includes a translation. In eql-eq3, a (0 < i <9) are unknown coefficients (ao, 8; and a, are angles of
rotation; as, a4 and as are scalars of a translation; ag, a7, ag and ag are the helix parameters; for circular-
based helixes a; = ag), and t is the changing parameter defining the evolution of the helix.

The helix is rotated and translated such that its xOy projection is a circle when a; = ag while a; # ag
provides an ellipse. The main difficulty is given that starting roughly from atoms coordinates (Xo, Yo, Zo),
all coefficients (from ay to ag) must be identified at once.

The problem defined by the eql to eq3 is a problem of optimization. If n represents consecutive
points (atoms positions) from the polymer converged as helix, the residual sum X;<i,fo should be
minimized (fo in eq4, t < i).

fo =2 {[arsin(aei)-xa(i)]*+[a6c0S(ae 1)-Ya(i)]+[asi-za(i)’} 4)

Since some of the unknowns are inside of periodic functions (especially concerns should be taken for
ag), it is essential that the starting values of the coefficients to be good.
In the case of a double helix, the eq3 can be changed to include a double time-dependence (eg5).

X, = a,-sin(a,-t)+a,;-sin(a,-t)
Ys = 8;-C0S(ag-t)+a;,-cos(ay-t) ©)
Z, = Qa4-t

Going back to the problem of minimization (eq4), for fixed values of the ay, a;, az, as (and a;o for egb)
coefficients, the problem may be simplified (by embedding eg3 or eg5 in eg4) to correspond to triple
linear regression (eq6 for embedding eqg3 in eq4; for embedding eg5 in eg4 is similar).

_ o =a_f1, f = Z(xs(i) —a,—a,-sin(a, i)

oa; 0a, i1 (6a)
:%:%,fz =" (y,(i)—a, —ag -cos(ag - 1))’

0a, 0Oag =) (6b)
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Oza_fa:a_fs’fs :Z(Za(i)_as_ag'i)z
da; 0Oa, =) (6¢)

The solutions of eqs6 are therefore easily obtained (eqs7):

n_zn: X, (1)sin(agi) — Zn: xs(i)_zn:sin(aei)

a‘7 = n n n
n> sin(agi)sin(agi) — > sin(aqi) > sin(agi)
i=1 i=1 i=1 (761)
a; = (Zn: X, (1) —a7zn:sin(a6i))/n
i=1 i=1 (7a2)
0>y (0) cos(agi) Dy, ()3 cos(a)
a8 — - i=1 i:l i=1 -
N> cos(a,i)cos(asi) — Y cos(agi) D cos(agi)
i1 i1 i1 (7bl)
2, = (3 (0) — 2, > cos(agh) /n
i=1 i=1 (7b2)
Y z,@i- Y z,()Y i
8y =—1— I
Ny 2=y
i1 g (7c1)
a :(Zn:zs(i)—a9 .Zn:i)/n
i=1 i=1 (7C2)

The complexity of finding the helix was reduced from a problem of optimum with 10 (eg3) or
respectively 11 (eq5) unknown coefficients to a problem of optimum with 4 (eg3) or respectively 5 (eg4)
unknown coefficients that must be determined.

The study was conducted with polymers that embedded seventeen (#3, Table 1) or eighteen
monomers (#4, #7, #8, #9, #10, Table 2) to assure the reliability of the calculation with the available
calculation power. The polymers of interest were drawn with HyperChem and their geometries were
optimized with the Spartan program at Hartree-Fock [55] 6-31G™* level of the theory [56].

X, Y, and Z coordinates resulted after optimization of the geometry were used to shape the helixes.
These data were used as input data to identify the rotation and translation of the coordinates and
respectively the coefficients of the helix. The graphical representation of these input data is presented in
Fig. 1 where each triangle is made from the coordinates of a monomer.
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The above-presented equations were used to identify the optimum solution by using a guess value for
the ag coefficient and the same initial starting values for all other coefficients. The guess value for as
coefficient was obtained by inspection of the graphical representations of the molecules.

X

#3 15 #6 40 #8C1
30

yz

#8C2 #8C4

#ON #10CI

Fig. 1. Distribution of coordinates as resulted from geometry optimization.

Two different protocols were applied to calculate the values of interest:

e Protocol | was dedicated to the evaluation of the whole polymer. In the first step, the helix
coefficient (ag) was kept fixed and the values of the remaining coefficients were iterated to minimize
the value of residuals until convergence. In the second step, the algorithm was applied again, starting
with the final values obtained in the first step and the values of all coefficients (including helix
coefficient as) were iterated to minimize the residuals until convergence.

e Since usually at the end the geometrical constrains are different than in the middle of the polymer,
the Protocol 1l was dedicated to the evaluation of a smaller inside portion of the polymer and was
done by exclusion of one or two monomers from each end. The starting values in the calculation of
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the values of coefficients were the values obtained as optimum values at the end of the first protocol.

The coefficients were iterated until convergence.

The input data were the atom coordinates. Thus, for #3 the checkpoint was the double bonded
oxygen, for #6 the chlorine, for #7 the carbon from methyl position. Four different checkpoints (C1 -
carbon connected with one fluorine atom, and C2, C3, and C4 - the other carbon atoms) were used for
#8. The checkpoint for #9 was the nitrogen atom, while for the #10 was chlorine atom.

Convergence Analysis

The pattern of convergence to the minimum value of residuals was different for the applied steps in the
Protocol I. The starting values for the angular coefficients (ap-az) were 0.1 in all cases. The number of
iterations until the convergence ranged between 26 and 41 (Fig. 2) when the value of as was fixed and
was between 5 and 46 when all coefficients were calculated (Fig. 3).

10000 1%
\ e #3 e #6 e #7
9000 - o #8C1 —= #8C2 —o #8C3
= #8C4 ——#IN o #10Cl

w 8000 -
o
3 7000 -
2]
8
£ 6000 |
5
S 5000 1
o
(72}
2 4000 |
E 3000
7] o

2000 -

1000 -

0 S——9—9—9—0—9—0—0—0—0—0—0—0—0—0—0 oo
0 6 12 18 24 30 36 42

Iteration

Fig. 2. Residuals convergence for helix coefficient fixed.

60

—o— #8C1 —— #8C2 ——#8C3
50 —o— #8C4 ——#IN ——#10CI
K%
S
S 40
[
]
3
g 30
=}
o
[%2]
o
e 201
>
(]
10
0
0 18 24 30 36 42 48

Iteration

Fig. 3. Residuals convergence for helix coefficient also optimized.
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In the case with fixed value of as, a similar (#8C4 similar with all other #8s, Fig. 2) and sometimes
overlapping (#8C1, #8C2, and #8C3) behavior was observed for polymer #8 when different carbon
atoms were imposed as a checkpoint. The residuals have the tendency to significant decrease until
around the 12" iteration and after this iteration, the changes in the values of residuals are small (Fig. 2).

The minimization of residuals in the second step mimic a change in a plateau with small differences
between iteration on the same polymer with one exception represented by #10Cl (Fig. 3). The residuals
of the #10Cl follow a change similar to the one observed in the first step with significant decrease until
the 12" iteration follows by a plateau where the changes are very small.

With no exception, the values of residuals reduced significantly at the end of the first step (Table 2).
The highest reduction was observed for the #9 polymer (its monomer contain a triple bond -C=N) when
the value of residual was 20,731 times lower at the end of the first step compared with the start value.
The value of residuals at the end of the second step is less than 190 times as compared with the value of
residuals at the end of the first step.

Table 2. The values of residuals and coefficients: first protocol

residuals | ag a a as a as ag ay ag ag Iteration

#3 start 1316.371| 0.100| 0.100| 0.100| 0.450| 0.435| 1.480| 1.867| 1.372| 2.818|-0.177 0
end-1 4720| 1.538| 0.923| 1.521| 0.059| 0.061| 16.081 3.276| 3.091| -1.736 27

end-2 4410| 1.545| 0.843| 1.527| 0.026| 0.028| 16.082| 1.876| 3.264| 3.103|-1.736 7

#6 start | 10562.800 Identical with #3| -18.547| -2.735| -2.541| 0.155| 25.095| 2.612| 0.319 0
end-1 29.772| 1.536|-0.064| 1.587| -16.419| 0.479| -44.933 25.049| 1.022| 4.624 37

end-2 26.670| 1.600| -0.073| 1.580| -13.788| 0.535| -44.939| 0.165| 22.452| 1.088| 4.633 36

#7 start 7444.306 Identical with #3| 15.736| -0.745| -3.299| 0.194| -27.304| 2.934| 0.374 0
end-1 177.895| 1.431|-0.037| 1.637| 11.725| -0.222| -37.635 -22.925| -1.005| 4.074 34

end-2 124517| 1.622|-0.041| 1.639| 19.548| 0.019| -38.459| 0.165| -30.481| -1.455| 4.143 18

#8C1 |start 9846.996 Identical with #3| -8.205| -1.086| 6.253| -0.172| -14.596| -3.541 | -0.662 0
end-1 34.633| 1.363| 1.214| 1.361| -11.097| -0.186| 44.230 -17.638| -0.694 | -4.533 27

end-2 34452 | 1.420| 1.214| 1.417| -11.884| -0.142| 44.256| -0.168 | -18.362 | -0.577 | -4.535 46

#3C2 |start 9879.200 Identical with #3 | -11.256 | -1.619| 4.242| -0.176| -18.787| -3.461| -0.461 0
end-1 40.091| 1.463| 1.143| 1.490| -10.456| 0.551| 43.714 -17.387| 0.118| -4.556 27

end-2 38.377| 1589| 1.142| 1.607| -12.553| 0.598| 43.790| -0.165| -19.356| 0.214| -4.562 21

#8C3 |start | 10042.268 Identical with #3| -12.599| -2.999| 3.398| -0.176| -18.747| -3.476| -0.417 0
end-1 36.508| 1.487| 1.139| 1.483| -10.503| -0.109| 42.449 -17.505| -0.973| -4.565 26
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end-2 35.542| 1.585| 1.131| 1.575| -12.112| -0.024| 42.526| -0.167 | -19.058 | -0.850 | -4.571 9
#8C4 |start | 10025.977 Identical with #3 | -12.690| -3.337| 2.918| -0.175| -17.411| -2.597 | -0.323 0
end-1 37.168| -1.578| 2.051| -1.573| -10.648| 0.127| 41.182 -16.974| 0.093| -4.518 33
end-2 35.331| -1.464| 2.057|-1.475| -12.656| 0.175| 41.234| -0.164| -18.981| 0.019| -4.523 30
#ON start 2510.015| 0.100| 0.100| 0.100| 0.132| 0.113| 1.910| 2.103| -2.119| 1.882|-0.215 0
end-1 0.121| 0.000| -0.782| 1.571| 0.002| 0.002| 19.676 -3.221| -3.212| -2.220 41
end-2 0.121| 0.000| -0.785| 1.571| 0.002| 0.002| 19.676| 2.104| -3.220|-3.212| -2.220 5
#10CL | start 2680.676 Identical with#3| 0.117| 0.102| 1.668| 2.103| -1.120| 2.215| -0.196 0
end-1 55.205| -0.008| -0.792| 1.582| -0.072|-0.073| 20.803 -1.723| -1.564 | -2.328 30
end-2 0.290| -0.010| -2.342| 1.564| 0.036| 0.035| 20.805| 2.268| -2.415|-2.382| -2.328 21

end-1: the values obtained by minimizing the residuals when ag is fixed,;

end-2: the values obtained by minimizing the residuals when all coefficients are calculated

The lowest value of residuals is obtained at the end of the second step while the values of the
coefficients of the helixes have generally the tendency to increase (see Table 2). However, for the #7 and
#8 polymers, the coefficient of the helix decrease at the end of the second step compared with the value
obtained at the end of the first step.

The smallest absolute value of the helix coefficient as when the first protocol was applied was of
0.155 (#6, poly(1-chloro-trans-1-butenylene)) at the end of the first step and 0.164 (#8C4, poly(1,4,4-
trifluoro-trans-1-butenylene)) at the end of the second step. The highest absolute value of the helix
coefficient agwas of 2.103 (#9N - polyacrylonitrile and #10ClI - polychlorotrifluoroethylene) at the end of
the first step and 2.268 (#10Cl - polychlorotrifluoroethylene) at the end of second step in this first
protocol.

For the second protocol, the exclusion of the monomers from the ends of the polymer was
investigated to identify the outliers of helix on the investigated polymers.

As expected, the behavior to the convergence to the minimum value of residuals was different when
the second protocol was applied compared with the first protocol.

The number of iterations ranges from 7 to 80 when one monomer from each end of the polymer was
excluded (the number of monomers in the polymers decreased with two, Fig. 4) and from 7 to 168 when
two monomers from each end of the polymer were excluded (the number of monomers in the polymers
decreased with four, Fig. 5).
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Fig. 4. Convergence of residuals for exclusion of one monomer from each end.
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Fig. 5. Convergence of residuals for exclusion of two monomers from each end.

The changes in the residuals were smaller in the case of the second protocol compared with the first
protocol. The minimization of residuals led to different values when one monomer is excluded compared
with the case when two monomers are excluded (Table 3). The analysis of the values of residuals could
let to the identification of the existence of outliers of the helix on the investigated polymers.

The values of residuals are similar after the exclusion of a monomer from each end of the polymer; as
compared with the initial value, this indicates that the ended monomers are not outliers.

In two cases (#9N & #10Cl) the residual data were lower than 0.1 and the values of the helix
coefficients were different at a value of 0.001 when compared the exclusion of a monomer relative to the
baseline value and identical for exclusion of one monomer or two monomers (see Table 3).

For #9N, the exclusion of two monomers in each end of the polymer decrease the residuals 4 times
(from 0.030 to 0.008) compared with the exclusion of one monomer, but in this case the ended
monomers could not be considered outliers since the residuals are in all investigated cases very small.

In three investigated polymers (#3, #6, and #7), one monomer from each end of the polymers could
be considered as outlier of the helix since the value of residuals were three times lower compared with
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the values of residuals without any exclusion. Furthermore, the values of helix coefficient (as) are very
closed for #6 and #7 to the start values and identical if one or two monomers at the end of each polymer
were excluded (see Table 3).

Table 3. The values of residuals and coefficients: second protocol

residuals | ag a a as a as A ay ag g Iteration

#3 start 0.711| 1.545| 0.843| 1.527| 1.876| 0.010| 15.932| 0.012| 3.255| 3.220|-1.711 0

excl-1| 0.240| 1.548| 0.895| 1.545| 0.012| 0.011| 15.935| 1.868| 3.249| 3.233|-1.711 15

excl-2| 0.205| 1.544| 0.897| 1.545| 0.020| 0.019| 15.939| 1.868| 3.238| 3.245|-1.713 14

#6 start 28.438| 1.600|-0.073| 1.580|-13.525| 1.626|-45.839| 0.165| 22.133| 1.481| 4.728 0

excl-1| 10.547| 1.603|-0.075| 1.539|-13.363| 0.615|-45.687| 0.166| 21.978| 2.873| 4.716 25

excl-2| 3.764| 1.605|-0.075| 1.506|-13.094| 0.666 |-46.281| 0.166| 21.673| 4.258| 4.782 46

#7 start | 167.269| 1.622|-0.041| 1.639| 19.883|-2.457|-40.294| 0.165|-30.886|-0.518| 4.337 0

excl-1| 61.771| 1.625|-0.041| 1.756| 20.026| 0.253|-39.945| 0.164|-31.030|-4.198| 4.296 10

excl-2| 26.278| 1.623|-0.046| 1.850| 20.329| 0.411|-41.187| 0.164|-31.383|-6.314 | 4.423 15

#8C1 |start 19.043| 1.420| 1.214| 1.417|-11.900| 0.509| 44.871|-0.168 |-18.382|-1.269 | -4.602 0

excl-1| 13.498| 1.352| 1.216| 1.321|-11.015|-0.201| 44.738|-0.173|-17.562|-2.331 | -4.591 80

excl-2| 4.790| 1.348| 1.220| 1.292|-11.016|-0.240| 45.138(-0.173|-17.563|-3.620 | -4.638 168

#8C2 |start 21.448| 1.589| 1.142| 1.607|-12.600| 1.281| 44.478|-0.165|-19.412 |-0.527 | -4.634 0

excl-1| 15.234| 1.538| 1.143| 1.531|-11.758| 0.607| 44.421|-0.169|-18.597 | -1.481 | -4.629 26

excl-2| 5.441| 1524| 1.147| 1.494|-11.574| 0.582| 44.913|-0.170|-18.423|-2.844 | -4.683 55

#8C3 | start 19.882| 1.585| 1.131| 1.575|-12.140| 0.632| 43.175|-0.167|-19.092 | -1.553 | -4.640 0

excl-1| 14.102| 1.544| 1.135| 1.511|-11.500|-0.003| 43.066|-0.170|-18.458 | -2.438 | -4.631 25

excl-2| 5.059| 1.538| 1.138| 1.484|-11.451| 0.007| 43.508|-0.171|-18.411|-3.689 | -4.681 45

#8C4 |start 19.798|-1.464| 2.057|-1.475|-12.699| 0.825| 41.890-0.164 |-19.033|-0.700 | -4.591 0

excl-1| 14.166|-1.506| 2.057|-1.536|-11.971| 0.241| 41.839|-0.168|-18.282|-1.468 | -4.587 24

excl-2| 5.094|-1.521| 2.054|-1.570|-11.753| 0.265| 42.312|-0.169|-18.061|-2.711|-4.639 19

#ON | start 0.037| 0.000|-0.785| 1.571| 0.007| 0.007| 19.630| 2.104| -3.218|-3.223|-2.215 0
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excl-1| 0.030|-0.002|-0.785| 1.571| 0.006| 0.006| 19.629| 2.103| -3.219|-3.224|-2.215 18

excl-2| 0.008(-0.002(-0.794| 1.570| 0.007| 0.006| 19.632| 2.104| -3.224|-3.217|-2.215 13

#10Cl | start 0.076(-0.010(-2.342| 1.564| 0.029| 0.029| 20.740| 2.268| -2.422|-2.416|-2.320 0

excl-1| 0.056(-0.010(-2.337| 1.568| 0.028| 0.028| 20.740| 2.267| -2.422|-2.418|-2.320 7

excl-2| 0.048(-0.009-2.350| 1.567| 0.027| 0.027| 20.756| 2.268| -2.416|-2.417|-2.322 7
Summary

Helical geometries are natural in biological polymers structures as seen in DNA [5], RNA [57], or
globular proteins [58]. The understanding of how this natural helical geometry occurs could guide the
design of material at macro and nano-scale levels with specific desired uses and properties [59].

Our computational study showed that some of the investigated homopolymers have a good chance to
stabilize as helical geometries and for these structures, several coefficients were calculated by
minimization of residuals applying two different protocols. In our analysis, the polymer with the highest
helix coefficient was the one formed by 18 polychlorotrifluoroethylene monomers with chlorine as
checkpoint of the helix. Opposite, the polymer with the lowest helix coefficient was the one formed by
18 poly(1-chloro-trans-1-butenylene) monomers. The second protocol was applied to identify if the
monomers (one or two) from the ends of the polymers are or not outliers of the helical geometry. In other
words, this second protocol analyzed if helical geometry of investigated polymers are of 15/16
monomers instead of 17/18 monomers (a monomer in each end of the polymer was excluded) or
respectively 13/14 (two monomers from each end of the polymer). The investigation of the helical
geometry pattern with more monomers in the polymer could bring more sounds in the knowledge of
their behavior.
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Abstract: In the present work, CuO nanoparticles were successfully prepared by the
coprecipitation method using copper acetate (Cu(CH3COQ),) as a basic precursor, sodium
hydroxide (NaOH) as a precipitator material, sodium dodecyl sulfate (SDS) and
cetyltrimethylammonium bromide (CTAB) as anionic and cationic surfactants, respectively. The
synthesized powders samples were characterized by Fourier transform infrared spectrometry (FT-
IR), field emission scanning electron microscopy (FESEM) and X-ray diffraction (XRD). The
investigation showed that the added types of surfactants have effects on the decrease of the
crystallite size, on the CuO particles morphology, shape and uniform distribution as it is noticed in
the XRD and SEM characterizations. Additionally, the FTIR spectra for all the powders samples
showed the same Cu-O stretching vibration mode which indicates the presence of a crystalline
CuO monoclinic structure. The obtained results create premises for further advanced the
applications of CuO powders in various domains.

Introduction

Over the years, the interests in developing nanoparticles metal oxides have considerably
increased due to the necessity of obtaining materials with outstanding physical and chemical
properties. Various methods of metal oxide synthesis have been know so far, researches continue
to development a new approaches with a strict control over nanoparticles morphology, size and
composition for several technological applications.

Copper oxide (CuO), belonging to the nanomaterials class, which has attracted recent research
because of its excellent properties, cost effectiveness and wide spectrum of practical applications
(solar and electrochemical cells, gas sensors, field emitters, active catalyst and antimicrobial
activity, etc.). Also, CuO as nanostructured oxide being classified as a p-type monoclinically
structured semiconductor material with a direct band-gap value of 1.85 eV presents a particular
attention. This type of material has a special concern because it extends the use in a board range of
applications, such as electronics and optoelectronics, catalysts, sensors and biosensors, chemical
sensing devices, nanofluids and field emitters, desinfection, cosmetic pigments, antibacterial
agent, etc. [1-4]. In order for this material to exhibit viable properties in the desired field of
applicability, it is intended to establish its method of obtaining and its synthesis parameters; there

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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have been elaborated and known various physical and chemical methods so far, such as sol-gel,
coprecipitation, hydrothermal synthesis, mechanical mixing, solid state reaction, thermal
descomposition of precursors, microemulsion, microwave irraditiaon, physical vapor deposition,
ablation, etc. [3, 5, 6].

From the bottom-up type methods, precipitation is a cheap one, with applicability on a broad-
scale, and which does not involve the addition of secondary reaction products [7-9]. Particularly,
in order to obtain CuO, the method involves precipitation of various soluble copper salts (nitrates,
chlorides, sulphates and acetates) in aqueous solutions, followed by their thermal decomposition
with oxide formation [4, 5, 10].

Inorganic salts are mixed in an aqueous medium and under a rigorous pH control by using
solutions of NaOH, KOH, (NH,4).CO3 or NH,OH, finally the precipitates obtained are subject to
characteristic thermal treatment. In the synthesis process the reaction parameters (pH, rate of
addition of reactants and speed of stirring, solution concentration, reaction temperature, etc.) have
a determining role in the particle size, morphology and granulometry [11 — 13].

In the literature various thermal treatments at relatively high temperature (between 700 °C and
1100 °C) are presented, leading to the phenomenon of agglomeration and increase of particles
average size. To prevent the tendency of agglomeration and to favour the formation of
nanostructured materials, the use surfactants have been proposed to be used. The use of different
surfactants allows the improvement of particles structural, physico-chemical and morphological
properties due to the electrostatic and stearic stabilizing mechanisms that reduce the solutions
surface tension and improve the nanocrystalline material properties [6, 14 — 18].

Also, the addition of surfactants in the oxide materials precipitation process leads to increase
nanoparticle stability and interaction between surfactant molecules and metal ions. The surfactants
are chemical substances, focusing on the surface and solubilized materials with low affinity
relative to each other. They have an asymmetrical molecular structure, consisting of a non-polar
(hydrocarbon) and a polar (ionisable or non-ionisable) part. The role of surfactants is to provide an
effective and efficient coating to induce electrostatic or stearic repulsions that can counterbalance
van der Waals attractions [19 — 22].

The specialized literature shows research studies to improve the properties and formation of
CuO nanoparticles by using various surfactants of the type of of oleic acid (OA), polyethylene
glycol (PEG), cetyltrimethylammonium bromide (CTAB), hypochlorite dodecyl sulphate (SDS),
polyvinylpyrrolidone (PVP), tetraoctylammonium bromide (TOAB), playing an important role in
the synthesis process steps since the incipient phase. The reason for selecting the two types of
surfactants (CTAB and SDS) in the experiments carried out in the present study is based on their
remarkable effects on particle stability, size changing, morphology and the surface properties of
the precipitated particles, but also because they have low price, can be found relatively easy on the
market and have low toxicity [7, 14, 23 — 25].

This paper presents the study of obtaining CuO nanoparticles by the coprecipitation method, in
the absence and in the presence of two types of surfactants, anionic (SDS) and cationic (CTAB).
It is presented the effect of surfactants on CuO nanoparticles morphology, average size and
crystalline structure. The morphological and structural properties are highlighted by using field
emission scanning electron microscopy (FESEM), X-ray diffraction (XRD) and Fourier transform
infrared spectrometry (FT-IR).

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. e58}. conl t er ms- of - use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 52-60 doi: http://dx.doi.org/10.21741/9781945291999-6

Experimental details

For the synthesis of CuO powders: copper acetate monohydrate [Cu(CH3COO),], sodium
hydroxide [NaOH] and surfactants of type anionic [Ci2H2sNaO,4S, SDS 99%] and [CigH42BrN,
CTAB > 99 %], were used as starting materials. All reagents were purchased from the company
Sigma-Aldrich without any previous purification.

For the synthesis of CuO in the absence and in the presence of surfactants the stock solutions of
1M [Cu(CH3COOQ),] and 1M [NaOH] were prepared, respectively. From the stock solution of
acetate one part is taken and the pH is adjusted in basic medium by adding NaOH solution in
dropwise until the formation of a greenish-blue precipitate was observed.

In the case of samples with surfactant, over the source of copper the afferent surfactants (SDS
and CTAB concentration 0.1 M) was added and under continuous stirring the precipitating agent
(NaOH) was adding in dropwise until the precipitate formed and the pH was adjusted to about 10-
11. After the precipitation formation, the stirring continues up to a temperature of 80 °C. The
introduction of SDS anionic surfactant induces a homogeneous nuclear process due to
considerable size effect of counter-ions on the crystal facets. By adding CTAB as a cationic
surfactant there is a complete ionization and cation formation in the tetrahedric structure, but it
also determines a control of the growth rates of different faces of the CuO nanoparticles [14, 26].

For all synthesized samples the same synthetic conditions (time, temperature and pH) were
maintained. The precipitates thus formed are left in the rest position, then have been filtered under
vacuum using a Buchner funnel, and following they were washed with a water-ethanol mixture for
purification and removal of the secondary compounds. After washing, the samples were subjected
to the drying step in the oven at a temperature of 80 °C, preceded by calcination sintering at a
temperature of 550 °C for 3 hours in normal atmosphere. Due to the sintering temperature of the
dry samples changed colour from green to blue to black.

The functional groups and the chemical bonds of the synthesized oxide samples were analyzed
by Fourier Transform Infrared spectrometry (Bruker Optics, Vertex 80V) using the KBr pellet
method in the wavenumber range of 4000-400 cm™ by averaging 64 scans. In the processing of all
spectra, the bands attributable to the vibration mode of the C=0 bond in CO, were extracted.

In order to investigate the morphology and particle size a Field Emission Scanning electron
microscope (FE-SEM), obtained at an operating voltage at 10 kV and a magnitude of 30 000x has
been used.

X-ray diffraction measurements of the synthesized CuO particles were recorded using a Rigaku
Smartlab diffractometer with the radiation CuKa=1.540593 A, indicating the limit of variation for
the current between 150 mA and 190 mA. Data were collected at a scan rate of 12°/min. in the
range 20 = 20-95°.

Results and Discussion

FTIR Spectra

The FTIR spectra of the different samples are presented as a comparison between CuO powders
obtained in the absence of surfactants (Figure 1a) and in the presence of surfactants (Fig. 1b and
c).

For all samples treated at 550 °C, bands attributed to both the vibration mode of the Cu-O
linkages in the precursor and to the surfactants vibration mode can be seen, thus suggesting the
binding of surfactants to particle surface. Bands centred at wavelengths less than 600 cm™, can be
attributed to the vibration mode of Cu-O bond from samples, indicating a temperature and time
sufficient for total synthesis to obtain CuO.
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Thus, bands that can be attributed to the Cu-O bond at: a) 599, 511 and 430 cm™ for the sample
of CuO obtained in the absence of surfactants; b) 590, 488 and 423 cm™ for the sample of CuO
obtained in the presence of anionic surfactant (SDS); c) 608, 495 and 411 cm™ for the sample of
CuO obtained in the presence of the cationic surfactant (CTAB), confirming the formation of a
CuO monoclinic crystalline structure.

In the case of CuO samples in the presence of surfactants (Fig. 1b and c) is observed the
spectral bands centred in the region of 3000-800 cm™ which can be attributed to the type of
surfactant used. The FTIR spectra for the two samples presents the intense bands at 2920 cm™,
2855 cm™ and 1405 cm™ for the sample with anionic surfactant and 2917 cm™, 2852 cm™ and
1415 cm™ respectively for the sample with cationic surfactant which may be due to vibration of
the C-H from organic materials. Also, the peaks from 1700-800 cm™ may be assigned to specific
bonds from surfactants. Based on the appearance of bands corresponding to the surfactants used in
synthesized samples, reveals the interaction and binding of the surfactant molecules on the surface
of CuO particles.
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Fig. 1. FTIR spectra of CuO powders in the absence of surfactant (a) and in the presence of
surfactants (b), SDS, (c) CTAB.

Morphological Analysis

Fig. 2 shows micrographs of CuO samples in the absence and the presence of surfactants. Analysis
of samples by SEM was carried out for the correct estimation of their morphology, nanoparticle
size, nanostructure formation and the agglomeration degree.

The CuO sample synthesized in the absence of surfactants (Fig. 2a) revealed agglomeration of
particles, with dimensions in the range 40-70 nm, showing an polyhedral shape with rounded
edges for defining the particles shape. The use of different types of surfactants has been derived
from the necessity to control the size and morphology of the nanostructures, as well as to reduce
the agglomeration tendency of particles [14,23].
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Thus, in the case of the CuO samples with anionic surfactant - SDS (Fig. 2b), from SEM
micrograph we observed a slight decrease of the tendency of agglomeration concomitantly with
particle size reduction, but the particle size diminishes, the particle size being estimated between
20 and 60 nm. As a result of this observation, the necessity to find another surfactant in order to
decrease furthermore the tendency of agglomeration arises.

The micrograph of CuO with surfactant cation - CTAB sample (Fig. 2b) shows the formation of
particles with a well-defined shape, polyhedral with rounded edges, but with larger particle size
due to the type of surfactant used and the high sintering temperature. This increase of particles size
can be determined by the global tension forces that minimize free surface energy by controlling
particle interaction, nucleation and particle size modification by keeping the particles at a
nanometric level. It is well known that the speed of the cationic surfactants adsorption is rapid,
indicating that the adsorption is faster compared with anionic surfactants, showing that the
stabilization and the properties of the nanoparticules differ from the other surfactants.

c)

Fig. 2. SEM micrograph of CuO powder in the absence of surfactant (a) and in the presence of
surfactants (b), SDS, (c) CTAB.

XRD Analysis

XRD diffraction spectra for CuO powders in the absence and in the presence of surfactants are
highlighted in Fig. 3 (a-c). By using this characterization method the crystallite mean size,
crystallographic structure and lattice parameters are estimate. In all three samples the diffraction
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peaks were indexed in accordance with the standard data of the No 00-101-1194, being in good
accordance with the existing research literature [5,25,27].

From the analyzed samples it was found that the XRD diffractograms are similar and typical
with the CuO single phase monoclinic structure, the surfactants do not influence the samples
crystalline structure and no other intermediate phases characteristic of them have been observed.
Also, the characteristic diffraction peaks centered at about 20 (hkl) = 32°, 35°, 38°, 48°, 53°, 58°,
61°, 68°, 72°, 75° are shown, corresponding to the crystalline planes characteristic of CuO with
Miller indices at (110), (002), (111), (202), (020), (202), (113), (220), (311), (004).

Depending on the sample type, the two main peaks of the crystalline planes with indices (002)
and (111) can be found at 20 = 35,474 ° and 38,714 ° for the CuO sample in the absence of
surfactants, and at 20 = 35,426 ° and 38,617 ° for CuO samples in the presence of anionic
surfactant (SDS) and at 20 = 35,377 © and 38,665 ° respectively for CuO samples in the presence
of CTAB. As a result of the use of surfactants, changes in the average size of crystallites and
lattice parameters can be observed. The details of these parameters and the variation of the size of
the crystals are shown in Table 1.

Calculation of the average crystallite size for all three samples was based on the Debye
Scherer’s formula (1):

D=K2/(Bcos 6) 1)

Where: K is the shape coefficient (0.94), 1 is the radiation wavelength (1.54 A), f is the peak
FWHM (full width half maximum width in radians), and @ is the Bragg diffraction angle obtained
from 20 value corresponding to maximum intensity peak (in radians).

Based on this formula the results indicate that the average size of crystallites varied from 16.7
nm for CuO and 12.5 nm for CuO in the presence of SDS and 20.02 nm for CuO in the presence
of CTAB respectively, thus it was found that depending on the type of surfactant used, a control is
performed on the degree of crystallites growth.

Table 1. Crystallite sizes, lattice parameters and range particle size of CuO powders in the
absence and in the presence of surfactants.

Sample Crystallite Lattice parameters R_ange_
. particle sizes
number sizes (nm) a(A) c (A) (nm)
1 Cuo 16.7 46859 | 5.1327 50
2 CuO in the presence of SDS 12.5 4.6857 5.1320 40
3 CuO in the presence of CTAB 20.02 4.6923 5.1394 70
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Fig. 3. XRD pattern of CuO powder in the absence of surfactant (a) and in the presence of
surfactants (b), SDS, (c) CTAB.

Summary

In the present study, CuO nanoparticles were synthesized by the chemical co-precipitation method,
in the absence and in the presence of two types of surfactants (SDS and CTAB), sintered at 550°C.
Structural analysis clearly indicates the formation of a single crystalline phase in all synthesized
samples.

FTIR spectra reveal bands centered at wavelengths less than 600 cm™ characteristic of the Cu-
O metal bond. Also, the presence of peaks in the region 3000-800 cm™ indicates the binding of
surfactants to the surface of the particles without affecting the particle crystalline structure,
confirmed by XRD.

The XRD analysis indicates that regardless of the type of surfactant used, the powders
synthesized had a CuO single phase monoclinic structure.

SEM images indicate that the sample obtained in the absence of surfactants shows an
agglomeration tendency with dimensions ranging from 40-70 nm.

In the case of samples synthesized depending on the type of surfactant, it is found that there is a
control over the morphology and particle sizes ranging between 20-80 nm and reduces the
agglomeration of the CuO particles.

The results showed that function of the type of surfactant used an improvement in the
dispersion of CuO nanoparticles, a control of the morphology and particle size was exerted. By
optimizing the conditions of processing and the establishment of surfactants, this method may be
accessible for the synthesis of the various types of oxide materials with effect in a wide range of
domains.
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Abstract. Thermal Spray coatings are used in the automotive industry, with multiple applications,
offering effective protection solutions in the suspension system, transmission and engine
components. Plasma jet deposition may be a solution to classical methods of enhancing wear
resistance by chemical or thermochemical treatments in main and crankpin journals. Through this
study the deposition of layers on the surface of a C45 steel was analyzed, using the following
powders: CrzCp- (NiCr), Al,03-13TiO,, Cr,03-SiO,-TiO, Powders were deposited with the
9MCE Spraywizard at atmospheric pressure. Microstructural and morphological analyzes were
performed by means of optical, electronic and X-ray diffraction microscopy. Microstretch and
indentation tests were performed to determine the adhesion of the deposited layer to the base
material. As a result of the tests, the layer deposited using the Al,O3 13TiO, powder has higher
hardness characteristics than the layers of Cr3C,- (NiyCr) and Cr,03-SiO,-TiO, powders and that
of the base material. This study confirms that plasma jet deposition is an effective solution to
classic methods used to increase crankshaft wear resistance, at least in limited production series.

Introduction

To improve the properties of crankshafts, such as wear resistance and increased durability, various
heat treatments such as carburizing, nitration, chrome plating, carbonitriding, etc. are applied [1 -
4]. The plasma jet deposition process is one of the most common thermal spray deposition
processes [5]. Studies has been carried out on plasma deposition on the surface of a C45 steel, the
most widespread plasma jet deposition method being nitride according to the studies of T.Bell and
H.Liu [6, 7]. Plasma jet spraying is an effective method for improving the wear, corrosion, and
high temperature resistance of layers deposited on the surface of a material [8]. F. Hakami et al.
performed a study on duplex treatment of C45 steel resulting from chromium followed by plasma
nitrating; the study found that the resistance of the deposited layer was significantly increased
compared to the initial chrome treatment reaching 1540 HV compared to 1270 HV in the case of
simple chrome plating [9, 10]. The purpose of this research is to highlight the characteristics of
the layers deposited by the plasma jet spray method on the surface of a C45 steel used in the
construction of crankshafts in terms of microstructure, X-ray diffraction, micro scratch test and
module Young's. For plasma jet spraying are very important the working parameters. In the case
of depositing a layer of Al,O3TiO,, nanostructural analysis and tests performed reveal that
important changes can occur, so values of layer microhardness may vary from 611 HV to 772 HV
in in the case of a current variation from 550 A to 650 A [11 - 13].

Experimental
The steel used in this study has the components in Table 1:

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Table 1. C45 composition.

C45 C Si Mn S P

% 0,45 0,17 0,52 0,031 0,032

Using the SPRAYWIZARD 9MCE equipment, produced by Sulzer & Metco, a plasma jet
deposition process was performed using 3 powders: Metco 130-Al,03-13TiO,, Metco 81NS -
Cr3C,-25(NixCr), Metco 136F - Cr,03-SiO,-TiO,. The powders used for the spraying has the
components in Table 2:

Table 2. Powders composition.

Product Chemical composition (nominal wt. %)

TiO, Al,O;  CrsC; Ni Cr Cr,03 SiO, TiO,
Metco 130 13 87 - - - - - -
Metco 81INS - - 75 20 5 - - -
Metcol36F - - - - - 92 5 3

The spray parameters used for all 3 powders are shown in Table 3.

Table 3. Spray parameters.

Powder Metco 130 Metco 81NS Metco 136F
Spray distance, (mm) 100 100 100
Injector 1,8 1,8 1,8
Curent Intensity, (A) 600 600 600
Electric arc voltage (U) 75 75 75
Rotation speed (rpm) 55 55 55
Argon flow (m3/ h) 50 50 50
Hydrogen flow (m3/ h) 14 14 14

To perform the study, 9 samples were processed, having the dimensions 30 mm X 10 mm X 2
mm.
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For the study of the microstructure, the samples were prepared metallographically using 200,
500, 800 and 1200 abrasive paper. After preparation, the samples were cleaned with ethyl alcohol
and chemically attacked using the 2% nital reagent.

For the microstructure and samples morphology analysis, the SEM QUANTA 3D Dual Beam
microscope, produced by the Dutch FEI, was used. The settings were on the High Vacuum mode
using the Large Field Detector (LFG) detector, resulting in magnified 500X, 1000X, and 5000X
images with a working distance of about 15 mm.

X-ray diffraction was performed using X-ray diffractometer, X 'Pert Pro MRD, with an X-ray
tube with Cu ka, A = 1,54 A, using a voltage of 45 KV with an intensity of 40 mA, the diffraction
angle (2 theta) ranging between 25 and 130°. The adhesion testing of the deposited layers was
done by the micro scratch method and the indentation method by means of the CETR UMT-2
tribometer equipped with a DFH-20 Dual Friction / Load Sensor type duralumin, on which a blade
whose top has been mounted the radius of 0.4 mm. The indenting speed was 10 mm / min.

Results and discussion
Microstructural analysis
In Fig. 1 we can see the SEM images of the layer obtained by spraying the Metco 130 powder.
Variations in layer thickness can be seen in Figure 1b.

Values vary in the 279-306 um range, indicating that the spray had a uniform distribution on
the surface of the base material, respecting the manufacturer's spraying specifications. We can see
a porous structure with few microcracks ,unmelted compounds and cavities (Figure 1c).

Fig. 1. SEM images of the Metco 130 layer deposited on the surface of the specimens: a) layer
separation zone (X5000), b) thickness of the layer (X5000), c) layer structure (X5000).

In Fig. 2a, we can see SEM images in the cross section of the layer obtained after Metco
81NS spraying. The morphology of the Metco 81NS powder reveals a more compact structure
(Figure 2c), with splats without unmelted particles, just with isolated areas with segregated
unmelted particles matter and cracks. The thickness of the deposited layer (Fig. 2b) reaching 107
um, being inferior to the Metco 130 powder spray.
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a) b) c)

Fig. 2. SEM images of the Metco 81NS layer deposited on the surface of the specimens:
a) layer separation zone (X5000), b) thickness of the layer (X5000), c) structure of the layer
(X5000).

The structure obtained from the Metco 136 F powder spray has a non-uniform accentuated
character with few isolated splats and unmelted particles areas segregation, as can be seen from
the Fig. 3c. Also high accentuated porosity and isolated microcracks are highlighted. The
minimum layer thickness is 96 pm, reaching maximum values of 110 um (Fig. 3b).

a) b) c)

Fig. 3. SEM images of the Metco 136F layer deposited on the surface of the specimens: a)
layer separation zone (X5000), b) layer thickness (X5000), c¢) layer structure (X5000).
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XRD Analysis

The predominant phases of the Al,O3 identified in Fig. 4, for the Metcol30 powder, present
characteristic peaks at: 25,59°; 35,168°; 43,39°; 57,53° and 68,28°. Al,O3 is identified by a
rhombohedral crystalline structure. TiO; is identified through 2 phases: rutile and anatase, with
peaks at: 25,27°, 27,47°, 36,08°, 48,03° and 54,37°. Rutile and anatase display a tetragonal
structure.

Fig. 4b, presents Metco 81NS powder diffraction. Crystalline cubic type structure is
revealed for Cr, having peaks at: 44,58°, 64,65°, 82,31°. The predominant phases of Cr;C3 powder
display peaks at: 39,21°, 39,35°, 42,58° and 44,20°. Cr;Cz powder presents an orthorhombic type
crystalline structure. Metco 136F powder’s diffraction, shown in figure 4c, has in it’s component
Cr, displaying a cubic type structure with characteristic peaks at 44,3° and 81,68°. Cr,O3 has peaks
at 33,62°, 36,23° and 54, 89°.
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Fig. 4. X-ray diffraction, diffraction interval: 2 theta = 20...100°: a) Metco 130,
b) Metco 81NS, ¢) Metco 136F.

MICROINDENT Analysis
In the Fig. 5 there are presented the variation curves of the penetration force relative to the
indentation depth following the micro indentation test for each deposited powder. It can be noticed

that the indentation depth for the METCO 136F has the most reduced values compared to the
METCO 130 and METCO 81 NS.

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. e65. conl t er ms- of - use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 61-69 doi: http://dx.doi.org/10.21741/9781945291999-7

METCO 130 is the powder with maximum values for microhardness. The applied force
value for the indentation was 9N for each sample. Table 4 presents the obtained values for each of
the 3 powders USEQNT}?M!!QMV}{ing micro indentation.

oy

Fig. 5. Variation curves of the penetration force relative to the indentation depth:

a) Metco 130, b) Metco 81NS, ¢) Metco 136F.

Table 4. Mechanical properties of coatings.

Microhardness . Young Modulus

P F  Stiff N

owder (GPa) CO Stiffness(N/pum) (GPa)

Metco 130 0.4728 0.58 0.5866 3.5586

Metco

81NS 0.5684 0.79 2.4043 16.1916
Metco

136F 1.0573 0.44 1.6833 15.387

The highest value of the apparent coefficient of friction is obtained for the Metco 81NS
powder (Fig. 6). The Metco 136F coated products exhibit superior values of microhardness
compared with other Metco 130 powders with the lowest value.
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Elastic modulus values for the three deposited powders range from 4 to 16 GPa, with
Metco 130 having the lowest modulus of Young's 4 GPa module (Fig. 7). In Figs. 7 and 8 are
represented comparatively the Young modulus parameters for the 3 deposited powders and
respectively a comparative graph for the 3 used powders.

)

Fig. 6. Time variation diagram for apparent coefficient of friction : a) Metco 130;

b) Metco 81 NS, c) Metco 136 F.

Young Modulus (GPa)
20
15
10
B Young Modulus
Z (GPa)

Metco Metco Metco
130 81NS 136F

Fig. 7. Determination of the Young modulus parameters for the 3 deposited powders.
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Fig. 8. Comparative graph for the 3 powders used with the obtained parameters following the
micro scratch process.

Summary

Although all 3 powders have been developed for intensive wear environments, notable differences
are revealed following deposited layers analysis. In the deposition process the same parameters
were taken into consideration, but different layers had different thickness. Samples with METCO
130 layer had 306 pm layer, METCO 81 NS had 107 pm and METCO 136F had 110 um. XRD
Analysis revealed complex microstructural characteristics for all 3 powders. According to the
microstructural analysis, the layers have been deposited uniformly, having low porosity and no
major structural defects could be observed.

The highest value of the apparent coefficient of friction is obtained for the Metco 81NS
powder and METCO 136F has the lowest value. The highest values for the Young modulus are
obtained by METCO 81 NS powder, while METCO 136F has the highest microhardness values.
Micro scratch analysis revealed that the obtained layers had a good adhesion and do not require
intermediate layer that would require increased expenses and more time for the deposition process.
Plasma jet deposition would represent an interesting alternative for classic treatment solutions of
the crankshatft.
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Abstract. In this paper, it is reported the structural and magnetic properties of
Nd13.7Pro,7Dyolee73,1C06,3Gao,4B5,6 and Nd7.7Pr0,7Dy0,2Fe79.1C06,3Ga0,4B5,6 magnetic
nanocomposites, synthesized by melt-spinning and annealing methods. The Nd-Fe-B ribbons are
melt-spun at v=30 m/s in high vacuum and annealed at 715°C for 4 min. in argon. Furthermore, X-
ray diffraction and transmission >’Fe Mdssbauer spectra at RT are used to investigate the effects of
substituent elements: Dy, Pr, Co, Ga on the hard magnetic properties and microstructure of both
nanocomposites. Analysis of Mdssbauer spectra for Ndi37Pro7Dyo2Fe73.1C063Gag 4Bs 6 is done in
terms of ten Zeeman sextets, one paramagnetic doublet related to Nd;;Fe;B, phase and two
hyperfine magnetic fields distributions extracted from spectrum. Similar result of analysis of the
second nanocomposite is obtained with eleven sextets, one doublet and one distribution. One
sextet corresponds to a-Fe phase, while we have identified six iron sextets corresponding to the six
distinct iron sites in the Nd,Fe14B structure: 16k;, 16ks, 8j1, 8j,, 4c and 4e. The three remaining
sextets belong to FesB structure with three inequivalent Fe sites: Fe(8g), Fe;(8g) and Fe;(89).
The eleventh sextet of Nd;7Pro7Dyo2Fe791C063Gao4Bs 6 belongs to FeB. All relevant parameters
for both nanocomposites: magnetic hyperfine field, isomer shift and quadrupole splitting are
determined for each of these sites. To highlight the thermally induced structural transformations,
the quenched samples have been analysed by differential scanning calorimetry and thermo-
magnetic measurements. The magnetic properties, measured at RT on the quenched and annealed
ribbons, revealed the relationship between the alloy chemical composition and processing.

1. Introduction

Hard magnetic materials were divided into the group of conventional metallic and oxide magnets
and the group of modern magnets based on intermetallic compounds of rare earth elements with
Co and/or Fe. The importance of advanced permanent magnetic materials in many electro-,
magneto-chemical and electronic applications is depending on the significant improvement of the
magnetic energy density and a high coercivity or “magnetic hardness” of the new hard magnetic
materials. The basis for these high-performance magnets are rare earth intermetallic phases SmCos
[1] and Nd,Fe14B [2-4]. Discovered in ‘80, the NdFeB magnets imposed due to their remarkable
magnetic performance at room temperature, but they present some disadvantages, related to their

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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thermal and corrosion stability [5-7], disadvantages that limit their operating regime in various
applications field.

High performance Nd,Fe14B-based permanent magnets are produced with different composition
and processing techniques, the magnetic properties of rare earths based permanent magnets being
strongly dependent on their chemical composition. In this respect, any alloy contamination,
especially with oxygen, occurred during processing, depletes the alloy of the rare earth elements.
The first, negative consequence is the shift of the composition on the side of the phase diagram,
rich in transition metals, that means a disadvantageous phase distribution. Depending on the alloy
composition, the nanocomposite structures can be Nd,Fe;4B/FesB or Nd,Fe14B/a-Fe or mixture of
both. Many efforts are continuously devoted to improve the performance of Nd,FejsB/a-Fe
nanocomposite magnets. One of the most effective methods was through the compositional
modification of Nd,Fe;4sB/a-Fe system [8-10]. Two main types of elements can be added to
Nd,Fe14B/aFe composites: (a) substitutional elements such as Pr, Dy, Co, Ga and La [11,12] and
(b) two different types of dopants such as Al, Cu, Zn, Ge, Sn and Ti, Zr, V, Mo, Nb and W [13-
15]. Two different types of dopants, influencing microstructure in different ways, can be
distinguished independently of the processing route; sintering, melt-spinning, mechanical alloying
and hot worked magnets: for example, dopants M1 type as Al, Cu, Ga form binary M1-Nd or
ternary M1-Fe-Nd phases and dopants M2 type as Ti, Zr, V, Mo, Nb, W form binary M2-Nd or
ternary M2-Fe-B phases. Substituent and dopant elements influence the microstructure, coercivity
and corrosion resistance of advanced (Nd,Pr,Dy)-(Fe,Co,Ga)-B magnets. Generally, two types of
substituent elements, which replace the rare earth element or transition element sites in the hard-
magnetic phase, and two types of dopant elements are distinguished for the highest value of
energy density product, obtained so far [16]. Selected elements substitute the Nd-atoms (Pr and
Dy) and the Fe-atoms (Co and Ga), in the hard magnetic ®-phase. Their introduction changes the
intrinsic  properties; the spontaneous polarization, the Curie temperature and the
magnetocrystalline anisotropy according to their solubility range within the Nd,Fe14B phase.

2. Experimental
2.1 Preparation and XRD
In the Nd-Fe-B system, our studied multicomponent alloys: Nd;37Pro7Dyo 2Fe73.1C063Gag 4Bs ¢ and
Nd> 7Pro.7Dyo.2Fe791C063Ga04Bs g are all based on the stoichiometric composition of Nd,Fe14B
hard magnetic phase. The alloys are melted using the induction furnace, Leybold - Heraeus type,
in an Al,Oj3 crucible, starting from elements or masteralloys (B20-Fe, Nd84-Fe, Dy80-Fe, in wt.
%). In order to avoid the oxidation of the rare earths alloys, their processing is performed in
vacuum (10 — 10 mbar) and then inert atmosphere (argon, 99.95% purity), and the iron was
previously deoxidized, through annealing in reducing atmosphere (hydrogen), at 800 — 850°C, for
3 hours. The purity of all elements was higher than 99.8%. The ingots are remelted in high
vacuum (5-10™ — 10 mbar), by the melt-spinning technique, using a quartz crucible with the
diameter nozzle of ® = 0.4 mm and the rare earths-based ribbons are prepared under argon
atmosphere (900 mbar). The technological parameters of melt-spinning process were: wheel speed
v =30 m/s, and for melt alloy ejection, an argon overpressure Ap = 0.5 bar. The obtained Nd-Fe-B
based ribbon, 15-50 um thick, 5-8 mm long and 1.5-2 mm wide, have been annealed in vacuum
(2-10™* mbar)/argon at 715°C for 4 min. to improve the microstructure and the magnetic properties.
The X-ray diffraction measurements were performed on Philips PW 1050 powder
diffractometer with Ni filtered Cu Ka radiation (4 = 1.5418 A) and scintillation detector within
10—120° 26 range in steps of 0.02°, and scanning time of 12 s per step.
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Mdossbauer absorption spectra were obtained in a standard transmission geometry using a
source of °’Co in Rh (920 MBq) at room temperature (RT). A calibration was done with laser and
isomer shifts values are referred to a-Fe. The measurements were made on the powder sample
contained in a Plexiglas holder; the absorbers surface densities the were 39.9 mg/cm?® for
Nd13,7Pro,7Dyolee73,1C06,3Gao,4B5,6 and 31.6 mg/cmz for Nd7,7Pr0,7Dyo,2F€79,1C06,3Ga0,4B5,6. The
data were stored in 1024 multichannel analyzer. Laser spectrums were recorded and fitted in order
to recalculate channels in mm/s. Sample thickness corrections were carried out by transmission
integral. The spectra have been examined by fitting data with WinNormos-Dist software that
enables distribution of hyperfine parameters by histogram method and allows for Lorentz sextets
and doublets on well-defined ion sites [17].

To highlight the thermally induced structural transformations, the melt-spun samples from the
prepared alloys have been analysed with a DSC 204 F1 Phoenix instrument from Netzsch,
Germany, at 10 K/min heating rate in the temperature range (25 - 590)°C. The studied samples
were placed in open crucible and heated in Ar (gas purity higher than 99.996%). Also have been
performed thermo-magnetic measurements on the same samples, through vibrating sample
magnetometry (VSM). The measurements were performed with a VSM 7300 Lake Shore in the
temperature range (25-830)°C and 800 kA/m magnetic field.

3. Results and Data Analysis

The XRD patterns of the Nd13,7Pr0,7Dy0,2Fe73,1C06,3Ga0,4Bs,6 and Nd7,7Pr0,7Dyo,2Fe79,1C06,3Ga0,4Bs,6
nanocomposites contain four phases and are presented on the Fig. 1. All the melt-spun alloys have
amorphous structure. XRD phase analysis of both nanocomposites confirmed the presence of main
hard magnetic phase Nd,Fe14B (space group P4,/mnm), soft magnetic phases FesB and partially
Fe as well as minor quantities of hard magnetic Nd; 1Fe4B4 boride phase.

+Hd Fe B o # ax-Fe
FLIL S ¥ FeB Hd, FeB
o o oo o o oo o
LA A TTT'& ¥ ¥ &
L ] L ] L ] L 1 ] e LA L1 L ] [ I L) L ]
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Fig. 1. XRD results of melt-spun Ndi37Pro7Dyo2Fe73.1C063Gap 4Bs s a)
and Ndy 7Prq7Dyo2Fe791C063Gag 4Bs s b) alloys after annealing treatments.
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The Mdssbauer absorption spectra at 294 K of both alloys are presented in Fig. 2a and Fig.2b.
The spectra consist of ten Zeeman sextets and one paramagnetic doublet related to the Nd; 1FesBy
phase. One sextet corresponds to the a-Fe phase, whereas others are attributed to six non-
equivalent Fe sites in the Nd,Fe4B structure, namely 16k;, 16k,, 8j1, 8j,, 4c, and 4e. The
constraints associated with the computer fit of the spectra were that six subspectra were assumed
in intensity ratios 4:4:2:2:1:1 The three remaining sextets belong to the FesB structure with three
inequivalent Fe sites Fe((8g), Fei(8g) and Fe;(8g). The relative intensity from crystalline phase in
FesB was assumed to have 1:1.4:1.5. The Md0ssbauer absorption spectrum at 294K of
Nd- 7Pro.7Dyo 2Fe791C06 3Ga0.4Bs 6 (Fig. 2b), contains still one, the eleventh sextet which belongs to
the FeB.

Relative transmission

Velocity (mms')

Fig. 2. Mossbauer absorption spectra at 295K in a) Ndi37Pro 7Dy 2Fe731C063Ga04Bss and b)
Nd- 7Pro.7Dyo 2Fe791C063Ga0.4Bs 6. Insets represent the hyperfine magnetic fields distributions at
both nanocomposites.

The inset in Fig. 2 a represents two hyperfine magnetic field distributions extracted from this
spectrum. It can be seen that the first distribution of FeB exhibits one peak with the highest
probability of 13.4 T. The average magnetic field for this distribution is 12.64(1.91) T. The next
distribution of Fe,B exhibits two peaks with hyperfine fields of 20.4 T and 25.3 T. The average
magnetic field is 23.22 (3.19) T. When the Nd77Prq7Dyo2Fe791C063Gap4Bss nanocomposite is
analyzed, the distribution exhibits one peak, corresponding to hyperfine field of 22.0 T the highest
probability. The average hyperfine magnetic field calculated with this distribution is 22.07(0.72
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)T. The results of the least squares fit of both nanocomposites are summarized in Table 1; the
values of isomer shift (8), quadrupole splitting (A = eQVzz/2), hyperfine internal magnetic field
(Bnr) and area of each component, are reported. The results of quantitative phase XRD analysis of
the nanocomposites Ndi37Pro7Dyo2F€731C063Ga04Bse and Ndy.7Pro7Dyo2Fe791C063Gag4Bss in
the optimized magnetic state (Fig. 1, Table 1) suggest that the alloys are characterized by the
dominant fractional amount of hard magnetic Nd,Fe14B phase (60.2 % and 63.0 %). The presence
of other soft and paramagnetic phases such as a-Fe, FesB and Nd; 1Fe,B4 were determined as well.

In addition, according to the ternary Nd-Fe-B phase diagram, this magnet contains a certain
amount of Nd, ;Fe4B4 and an Nd-rich phase which is essential for further hot processing.

Table 1. Selected fit of Mdssbauer parameters for Ndis7Pro7Dyo2Fe731C063Gap4Bss and
Nd; 7Pro7Dyo.2Fe79.1C06.3Gag.4Bss nanocomposites.

Sample Phase Site Site Phase 1.S. Magnitu B r
area area [mm/s] de of [T] [mm/s]
[%] [%] splitting
A [mm/s]
16k2  9.1(8) —0.10(1)  0.14(2)  30.0(1) 0.38(5)
(NGproy), 16K 9.1) -0.02(1)  0.14(2)  28.4(2) 0.33(2)
g 'Gy2 8j2  4.6(4) 007(3)  059(4)  33.2(3) 0.37(3)
(FeCoGau g1 4s(a) ~026(2) 001(2) 27.8(1) 0.29(6)
dc 23(2) -0.11(3)  0.03(5) 31.2(2) 0.26(5)
de 23(2) 320  -0.09(4)  0.14(5)  25.0(2) 0.28(4)
TR
LT g : —0. . . .
Fer31C065Ga04Bss  (Fe.CO.GAB  gys  59g) 161 0.10(2) -0.06(4)  23.3(1) 0.52(7)
Fe-a 2a  131(9) 131  0.039(7) -0.01(2) 33.77(3) 0.43(2)
1.1(2) 1.1 023(2)  1.24(5) 0.26(3)

Distributions:
< By > SD[T] <LS.>

(Fe,Co,Ga),B 8h 346  34.6 23.22 3.19 -0.06(3)

(Fe,Co,Ga)B 4c 3.1 3.1 12.64 191 -0.14(9)
16k2  11.2(7) -0.08(1)  0.00(1) 29.18(7) 0.38(2)
(Nd,Pr.Dy) 16kl 11.2(7) —0.080(6)  0.19(2) 25.91(7) 0.36(2)
(Fe . 'Ga) 2 8j2  5.6(4) 0.20(1)  0.10(3) 32.78(8) 0.37(3)
g 1 8j1  5.6(4) —0.086(9) —0.01(1) 27.77(8) 0.27(2)
4 2.8(2) -0.24(2) -0.51(4)  31.1(1) 0.33(4)
4e  28(2) 392  -0.04(1) 0.11(3) 19.31(8) 0.24(2)
Nd, ,Pro Dy 8g1 12(1) 0.361(9)  0.25(2) 27.36(8) 0.41(3)
Fe go Oéa Oé (Fe.Co.Ga):B 892 16(2) -0.111(7) -0.18(1) 26.00(8) 0.42(3)
7817632604556 attiatad 893 17(2) 450 —0.028(6) -0.16(2) 22.23(8) 0.50(2)
Fe-a 2a  6.5(1) 65  —0.03(2) 0.02(3) 32.8(1) 0.44(6)
(Fe,Co,Ga)B 4 2.003) 2.0 0.30(1) -056(3)  10.6(1) 0.25(4)
1.5(2) 1.5 0.07(2)  1.37(4) 0.32(6)

Distribution:
<Bhf> SD[T] <lLS. >
(Fe,Co,Ga),B 8h 5.8 5.8 22.07 0.72  0.06(3)
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The appearance of non-ferromagnetic boron rich Nd;iFesBs phase, can be explained as a
consequence of high boron content in the investigated alloys (above 4.2 at. %) [14]. It was found
that Nd; 1Fe,B,4 phase forms in non-uniformly distributed heavily faulted grains of approximately
the same dimensions as grains of Nd,Fei4sB phase [15]. It has been observed that, during
recrystallization of the amorphous studied alloys after annealing at different temperatures, appears
the phenomena of separation and decomposition of the B-rich phase, Nd; ;Fe4B,4, and the addition
of Co enhanced these phenomena, increasing the content of the B-rich phase. Further, the B-rich
phase dilutes the inter-grain exchange interaction resulting in a decrease of the coercivity for
magnets. The Nd;1Fe4B4 phase has a very low Curie temperature (Tc = 13 K) and the magnetic
properties of the magnets are drastically damaged [16]. For example, the presence of this B-rich
phase in the composition of NdFeB magnetic nanocomposites has as result the decreasing of
coercivity, through the dilution exchange interaction between the grains. The obtained results are
in accordance with data reported by the literature [18]. The relative contents of the paramagnetic
phase in both nanocomposites are 1.6% and 0.9 % (Table 1).

According to both MS and XRD results, the appearance of soft magnetic phase a-Fe of 8.5% in
Nd13_7Pr0_7Dyo_gFe73_1C06_3Ga0_4B5_6 and 5.8% in Nd7_7PI’o_7Dyo_zFe79_1C06_3Gao_4B5_6 is accompanied
predominantly of the body centered tetragonal FesB structure. These ribbons consist of a
remarkable fractional amount of Fe3B, 29.7 % and 30.3 % respectively.
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Fig. 3. The DSC curve of the Nd137Pro7Dyo2Fe731C063Gag 4Bs ¢ Sample.
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Fig. 4. The DSC curve of the Nd;.7Pro7Dyo.2Fe79.1C063Gap 4Bs s sample.

Samples from the ribbons prepared by melt-spinning have been investigated through DSC to
monitor the thermal induced structural changes, the plotted curves being illustrated in Fig. 3 and 4.
The experimental data obtained from DSC curves are in accordance with those extracted from the
thermomagnetic measurements (see Fig. 5 and 6). The temperature increasing has as main effect in
samples the ordering of atoms in the crystalline structure on intermetallic compounds, the process
being marked by ascending curve, both in DSC investigation and in thermomagnetic
measurements. The Curie point of the hard magnetic Nd,Fe14B phase is represented on DSC curve
trough minimum and on the thermomagnetic variations through sharp decreasing of the
magnetisation.

The substitution of Fe by Co in the hard-magnetic phase is highlighted by the values of the
Curie  temperatures  determined  for the  Ndi37Pro7Dyo2Fer31C063GapsBss  and
Nd- 7Pro7Dyo 2F€79.1C06.3Gao.4Bs samples: 365°C respectively 355°C, greater than 312°C, the Curie
temperature of the Nd,Fe14B compound. The crystallisation temperatures of soft magnetic phases
existing in the nanocomposites are situated at 564.5°C, respectively 568°C (Fig. 3 and 4). To
assure the recrystallisation also for hard magnetic phases (which take place at temperatures greater
than 590°C), the annealing process was conducted at 715°C.

In order to highlight the occurrence of the exchange interaction between the soft and the hard
magnetic phases from the (Nd,Pr,Dy)-(Fe,Co,Ga)-B studied nanocomposites, was determined the
value of the remanent and saturation magnetisation ratio M,/Ms, whose values, extracted from the
plotted hysteresis curves, are presented in Table 2.

It can be seen that in the annealed state the soft and the magnetic phases are exchange coupled,
the value of the M,/Ms ratio being greater than 0.5.
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Fig. 5. Relative magnetization vs temperature
for Nd13.7Pro.7Dyo 2F€731C06.3Ga0.4Bs 6
sample.

Fig. 6. Relative magnetization vs temperature
for Nd7 7Pro7Dyo.2F€79.1C06.3Ga0.4Bs 6 sample.

Table 2. The main magnetic characteristics of (Nd,Pr,Dy)-(Fe,Co,Ga)-B samples.

Sample M; M, He Mr/MS
[emu/g] | [emu/g] | [KA/m] ratio
Nd13,7Pro,7Dy0,2F673_1C05lgG3.0,485,6 — melt spun 55.55 104.23 207 0.52
Nd13_7Pro_7Dyo_zFe73,1C05_3Gao_4B5_6 - annealed 45.43 76.35 557 0.59
Nd7_7Pro_7Dyo_zFe79_1006_3Gao_4B5_6 — melt spun 82.36 187.25 175 0.44
Nd; 7Pro7Dyo 2Fe79.1C063Gap.4Bs s — annealed 85.23 136.56 233 0.62

In the case of Ndi37Pro 7Dyo2Fer31C063Gag 4Bs s Nnanocomposites, the coercitive field is developed
after the annealing treatment at 715°C for 4 min., increasing from 207 kA/m to 557 kA/m, but this
coercivity increasing is accompanied by a remanent magnetization decreasing, from 55.55 emu/g
to 45.43 emu/g. In the case of Nd77Pro7Dyo2Fe79.1C063Gag.4Bs s nanocomposites, the annealing at
715°C for 4 min leads to a slight increase, both in remanent magnetisation and in coercivity, but
the increased value of 0.62 for M,/Ms ratio proves that a greater fraction of soft and hard magnetic
phases is exchanged coupled.

Summary

Magnetic microstructure of melt-spun (Nd,Pr,Dy)-(Fe,Co,Ga)-B ribbons is very sensitive to
variable Nd and Fe contents in comparison with previously published Mdssbauer spectroscopic
studies of Nd,Fe14B, where average internal magnetic field <Bps> 5 295K is estimated as 30.4 T
[18,19]. There is a close agreement of <Bn> 5 294 K, estimated as 29.4 T and 28.0 T for
Nd,Fe14B, dominantly present in Nd137Pro7DYyo2Fe731C06.3Gag 4Bs 6 and
Nd; 7Pro7Dyo 2Fe791C063Gag 4Bss nanocomposites, respectively. It is worthy to note that the
volume fraction of FesB remains almost same and the formation of mostly formed tetragonal Fe;B
contributes to the enhancement of total magnetization of the nanocomposite magnets [20]. The
Nd; 1FesB4 doublets are with an evident change of quadruple splitting 1.24(5) mm/s and 1.37(4)
mm/s, FWHM of about 0.26(3) mm/s (Ndi37Pro7Dyo2Fer31C063Gap4Bss) and 0.32(6) mm/s
(Nd77Pro7Dyo2Fe791C063Ga04Bss) and an almost constant relative concentration for both
nanocomposites, respectively. So, they correspond to a distinct phase which becomes
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paramagnetic at room temperature. The a-Fe fraction decrease from 13.1(9)% in
Nd137Pro.7Dyo2Fe731C063Gag 4Bs6 t0 6.5(1)% in Nd7 7Pro7Dyo.2Fe79.1C06.3Gag 4Bs has influence on
the sharp decrease of the magnetic performances: reduced remanence and intrinsic coercitivity
[21,22]. The substitution of Fe by Co in the hard magnetic phase is highlighted by the values of
the Curie temperatures determined for the Ndi37Pro7Dyo2Fe731C063GagsBss and
Nd; 7Pro.7Dyo.2Fe79.1C063Gag.4Bs samples: 365°C respectively 355°C, greater than 312°C, the Curie
temperature of the Nd,Fe;4B compound. The crystallisation temperatures of the soft magnetic
phases existing in the nanocomposites are situated at 564.5°C, respectively 568°C
Nd13.7Pro,7Dyolee73,1C06,3Gao,4B5,6 and Nd7.7Pro,7DyolzFe79,1C06,3Gao,4B5,6 melt spun samples. The
magnetic properties, measured at room temperature on the quenched and annealed ribbons,
revealed the relationship between the alloy chemical composition and processing. The parameters
of the recrystallization process could be carefully chosen in the case of the studied
nanocomposites, in order to lead to an improvement of the magnetic performances of the as-
qguenched NdFeB-based alloys. Analysis of experimental results enabled better insight in
relationship between microstructure and magnetic properties of nanocomposites, function of
variable percentage fraction of iron.
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Abstract. The mechanical milling of manganese and silicon powder in a planetary ball mill up to
18 h was performed. In the X-ray diffraction pattern recorded after 18 hours of milling the MnSi
phase and Mn;sSi,s compound are detected. The agglomeration of powders after complete reaction
of the elements was observed by scanning electron microscopy. Heating up at 1000 °C, an
unreacted sample, milled 4 hours, has found to have the effect of completing the reaction of
elements, but forms oxides. Handling of the powder during sampling, without protective
atmosphere was found to form oxides. The oxidation of the samples was evidenced by FTIR
analysis.

Introduction

The modern society has the tendency to increase the quantity of hydrocarbons which are
transformed into energy, with negative effects on the environment. To reduce this impact
alternatives are searched. Thermoelectric materials represent a solution to improve the quality of
the environment by reducing the combustion product gases. These materials are able to convert the
thermal energy directly into electrical energy and vice versa. The quality of a thermoelectric
material can be estimated by the figure of merit ZT=S?sT/k where: S is the Seebeck coefficient, o
is electrical conductivity, T is temperature and k is thermal conductivity [1]. Thermoelectric
materials can convert heat from a different source such as solar heat, geothermal heat or exhaust
gases [2]. From the studied thermoelectric materials, those based on silicon, especially High
Manganese Silicide (HMS) is friendly with the environment and considered as promising
candidates. HMS is chemically stable [3] and are preferred in detriment of those based on Pb-Te
which operate in the same range of temperature. The HMS materials are nontoxic as well as their
constituent chemical elements [4].

HMS are thermoelectric compounds with p-type conduction, having general formula MnSiy
where the x value ranges from 1.67 up to 1.87 [5] and with an energy gap of 0.77 [eV] [6]. HMS
system contains four compounds, Mn;Si;, Mn1;Si;g, Mn15Sizs, and Mny7Sigz, all with the same
electronic structure [7]. Crystallographic structure of HMS compounds belongs to Nowotny
chimney ladder (NCL) phases, where manganese is located in the corners of tetragon and silicon
are arranged inside in the form of a spiral [8]. MnSiy 75 compound presents the largest ZT, while
the MnSi; 77 compound has the smallest value. The low value for the figure of merit is the effect of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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a large thermal conductivity [6]. Problem with HMS is that obtaining method influence the final
phase. Based on the preparation method it is possible to obtain different compounds: by vacuum
levitation melting MnisSips is obtained, Mn,Si; may obtain by vacuum levitation-induction
melting and by dry milling [9-11]. Preparation by melting leads to an inhomogeneous structure
and coarse microstructure [12]. The obtaining by mechanical alloying has the advantage of
obtaining a small crystallite size which leads to lower thermal conductivity [11]. Also, dry milling
leads to the decrease of the quantity of MnSi secondary phase, which reduces the thermoelectric
proprieties.

In the milling experiments, using different process control agents (PCA) it is possible to control
the MnSi phase. Hexane conducts to the formation of 38.8% of MnSi phase, acetone to 8.7% and
ethanol to 5.3%. Milling without any PCA leads to the formation of 49.5% MnSi/HMS phase [10].
In order to obtain the proper HMS, the conditions can be summarized to be small milling time and
high rotation speed according to [6, 13]. Prolonged milling conducts to the decomposition of HMS
compound in MnSi phase as a result of the excess energy which is generated by collisions [14].

The increase in the thermoelectric properties can be achieved by doping. Adding Yb, the carrier
concentration increases, and MnSi phase quantity decreases [14]. By doping with Co a
homogenous microstructure is obtained and the ZT increases proportionally to the concentration of
Co [12]. Other chemical elements that are studied for increasing the thermoelectric proprieties are
Cr, Ti, Fe, Al, and Ge. The doping increases the thermoelectric proprieties only if the
concentration of elements does not exceed the limit of solubility because the doped elements are
located at Mn sites [15-18].

The present paper is focused on the synthesis of HMS with the chemical composition
MnSil.75. The formation of this compound by mechanical milling is studied as a function of the
milling time. The paper presents the evolution of the powder morphology and the distribution of
the chemical elements in the samples after milling. The thermal stability of powders is also
presented and discussed.

Experimental

The thermoelectric material has been obtained starting from elemental powders of manganese with
purity of 99.3% (-325 mesh, Alfa Aesar) and silicon with purity of 99.9% (-100 mesh, Alfa
Aesar), in a stoichiometric ratio corresponding to MnSiy7s compound formula. The powder
mixture was loaded into the vial with grinding media after the prior homogenisation of the
elemental powders. The mechanical milling was made in a planetary ball mill Fritsch Pulverisette
6 using a ball to powder mass ratio (BPR) of 10:1, and a 400 rpm rotational speed of vial. The vial
and balls are of stainless steel with a diameter of 14 mm. For the protection of powders which are
subjected to milling process from oxidation, the milling was done under argon atmosphere. The
milling was conducted up to 18 hours, and sampling was done after the following milling times: 0,
1,2,4,6,8,10, 14 and 18 hours.

The structural study and phases composition of the samples were investigated by X-ray
diffraction using an INEL 3000 Equinox diffractometer using Ko radiation of Co (A = 1.79026 A).
To study the morphology of the powders and the local chemical homogeneity a JEOL- JSM 5600
LV electron microscope equipped with EDX spectrometer (Oxford Instruments, INCA 2000 soft)
was used. The thermal stability of the samples was investigated by differential scanning
calorimetry (DSC), using a LabSys-Setaram apparatus. The DSC investigations were performed in
an argon atmosphere, up to 1000 °C, with heating/cooling rate of 10 °C/min using alumina as a
reference sample. The presence of oxide inside the probe was investigated by the Fourier
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Transform Infrared (FTIR) technique using Spectrum BX Il apparatus. The experiment was
realised by embedding the Mn-Si powder into the potassium bromide pellet.

Results and discussion

X-ray diffraction patterns of the mechanically milled powders are presented in Fig. 1. In
diffraction pattern of the starting sample are identified the peaks corresponding to the used
elemental powders. In the diffraction patterns corresponding to the sample milled for one hour is
observed a reduction of the peaks intensity and a pronounced broadening. This is assigned to the
reduction of crystallite size and an increase of the internal stresses [19]. The sample milled for 2
hours presents similar behavior. A new MnSi phase appears after 4 hours of milling. The
formation of the HMS compound begins after 6 hours of mechanical milling. The complete
reaction of the elements is observed after 18 hours.
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Fig. 1. X-ray diffraction of elemental powder mixture corresponding to chemical composition
MnSil.75 at different milling times.
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The evolution of morphology and the distribution map of chemical elements was analyzed and
is presented in Fig. 2. The SEM image presented in Fig. 2a is recorded on starting powders
mixture. The particles present polyhedral irregular shapes. The distribution map for starting
mixture reveals a good homogenisation of particles before loading in the vial for the milling
process. A good homogenisation of powders is necessary to reduce as much as possible the silicon
deposit on the balls, being more ductile than manganese, this can lead to the increase of the
mechanical alloying duration as has been already reported in [20]. The image of powder milled
for 4 hours (Figure 2 b), presents agglomeration of powder particles. After 4 hours of milling,
manganese is more homogenously distributed as compared with the starting sample, due to
initiation of the alloying process by milling. Powder milled 18 hours presents an irregular shape,
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much smaller as compared to particles of

the starting sample. The sample milled for 18 hours shows particles with a size of less than 1 um
and particles with a size of a few micrometers that are composed of fine particles that are welded
together. After 18 hours of mechanical milling, the distributions maps of manganese and silicon

are uniform.

Fig. 2. SEM images for probe miII
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Fig. 3. DSC analysis of the sample milled for 4 hours. Heating was made up to 1000 °C with a
heating rate of 10 °C / min.
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DSC analyses of the sample milled for 4 hours is shown in Fig. 3. The DSC curve on heating
up to 1000 °C present 5 distinct phenomena but the curve on cooling does not present any
phenomena. To identify the phase transition after each event, X-ray diffraction was performed
after DSC measurements at temperatures corresponding to each event up to 1000 °C. The X-ray
diffraction is presented in Fig. 4. The first phenomenon is the stresses release of crystalline
structure [21]. The stresses release peak is very broad and has the maximum around 200 °C. The
second maximum corresponds to the formation of MnSi phase and has its maximum at 430 °C.
The third thermal event corresponds to the formation of the MnysSizs chemical compound
formation. The fourth and the fifth will be explained in the next section.

In the X-ray diffraction pattern corresponding to powders heat treated at 350 °C exhibits in
comparison with the as-prepared sample only a peak narrowing. Annealing up to 450 °C conducts
to the formation of MnSi phase and a small quantity of Mn;sSi,s compound. In addition peaks of
MnO are observed, indicating the sample oxidation. Heating up the sample at 550 °C, the
formation of the MnysSios compound is continued. Unfortunately, the oxidation of manganese
continues as well, and the MnO further reacts and transforms into Mn3;O4. By heating up to 700 °C
there are no major changes in the samples, compared with the samples heated at 500 °C. While
heating at 1000 °C major changes is recorded, the MnO peaks disappear being replaced by MnzO,
peaks. The peaks corresponding to the MnSi phase and that of the Mn;5Si,s compound grow in
intensity and becomes narrower, as the crystallite mean size increases.
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Fig. 4. X-ray diffraction patterns for the 4-hour mechanical alloyed sample and DSC at 350 °C,
450°C, 550 °C, 700 °C and 1000 °C with a heating rate of 10 °C/min.

The oxidation of the samples can occur during sampling, that was performed in air and powders
probably adsorbed oxygen from the atmosphere. To elucidate this assumption the samples were
subjected to FTIR analyse. The result of FTIR analyze is presented in Fig. 5. In the FTIR
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spectrum, several adsorption bands were recorded. It was recorded the adsorption band
corresponding to the Mn-O stretching vibration at 655 cm™ [22-25]. At 1029 cm™ was recorded a
wide abortion band, attributed to the stretching vibrations of Si-O-Si bond [22, 26], Si-OH [27],
Mn-OH. The Mn-OH group has another maximum at 1422 cm™ [28]. The next band, recorded at
1615 cm™, was attributed to the adsorbed hydroxyl groups (O-H bending mode) [23].
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Fig. 5. FTIR spectra for MnSi; 7s mechanical alloyed 18 hours.

The bands at 3810 cm™ and 3715 cm™ correspond to asymmetric stretch and symmetric stretch.
This fact leads to the idea that molecular water exists in the probe [29]. The most intense
maximum (2350 cm™) correspond to CO, [29, 30]. The absorption band in the range of 3400-3600
cm™ corresponds to the O-H stretching vibration, the presence of O-H vibration is possible to
appear because the powders absorb the water from the air [22, ]. For the upcoming experiments, in
order to avoid oxidation, the probes will be drawn in a controlled atmosphere.

Summary

From the preparation of Mn-Si alloy by mechanical milling route in the given condition the

following conclusions can be drawn:

1. By solid state reaction of elemental powders, MnSi phase can be obtained, in the first
stage, and the Mn15Sizs compound in the second stage.

2. The time required for complete reaction of the elements on the Fritsch Pulverisette 6
planetary mill with the selected parameters is 18 hours.

3. In the first hours of mechanical alloying, a fragmentation of manganese particles is
observed, in which the most fragile component is.

o s

After complete reaction, a powder of fine particle size is obtained.
The thermal treatment of the milled but unreacted powder leads to the complete reaction of

the elements, but for the alloyed powder, the heat treatment only has the effect of

increasing the grain size and stress release.
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Abstract. The current work is focused towards the properties of NigiNbssZrs amorphous alloy for
use in hydrogen-related energy applications. The master alloys were prepared by arc melting using
high purity metals in a Ti-gettered argon atmosphere. The alloys were melted several times to
improve homogeneity. The ingots were induction-melted under a argon atmosphere in a quartz
tube and a graphite crucible, injected through a nozzle onto a Cu wheel to produce rapidly
solidified amorphous ribbons. The characterization of the amorphous ribbons was done by X-ray
diffraction, DSC analysis and hardness tests. The hydrogen charging was done electrochemically
for low temperature tests and by heating in a hydrogen atmosphere at different temperatures in the
case of the high temperature tests. It was found that the palladium plating reduces the hydrogen
embrittlement limit by 50 °C.

Introduction

The amorphous alloys have been proposed for hydrogen separation membranes, because
amorphous alloys absorb generally hydrogen without forming metallic hydride and show good
mechanical properties. However, since amorphous alloys are thermally unstable, using them as
dense, hydrogen permeation membrane at elevated temperatures is very hard. Maintaining an
amorphous alloy close to its glass transition temperature will trigger crystallization, decrease of
the hydrogen permeability and ultimately its mechanical failure. From this point of view it at
utmost importance to have a Tg as high as possible.

Generally, Ni-Nb amorphous alloys have high Tx [1] and according to Inoue [2] it could be
further improved by adding more elements to the alloy. Zirconium on the other hand has excellent
hydrogen permeability and in general improves the glass forming ability of the alloys [3]. On the
other hand, increasing the zirconium content will lead to the reduction of the Tg, so, an optimal
balance of these two issues must be found. Different nickel niobium alloys are studied [4, 5]
which could be used as a separation membrane.

The studied alloy has a supercooled liquid region of ~ 50K, which would allow it to be shaped
by hot-pressing in this temperature range. The purpose of this paper is to evaluate hydrogel
embrittlement behavior of the amorphous Nig;Nb3sZrs alloy and identifying a temperature range in
which the alloy could be used as the hydrogen separation membrane from this point of view.

Experimental

The master alloy (NigzNb33Zrg ) was prepared by arc melting using high purity materials in a Ti-
gettered argon atmosphere. The alloys were melted several times in order to improve
homogeneity. The alloy ingot was induction-melted under a high-purity argon atmosphere in a
quartz crucible and injected through a nozzle onto a rotating Cu wheel to produce amorphous

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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tapes. The obtained tapes were 4 mm wide and approximately 50 um thick. The rotation speed
used during the present experiments was 32 m/s. The amorphous nature of the ribbons was
investigated by X-ray diffraction using a Shimadzu XRD - 6000 diffractometer and CuKal
radiation. The samples behavior on heating was investigated by differential scanning calorimetry
(SETARAM Labsys system) at the heating rate of 40 K/min. The ultimate tensile strength of the
tapes was estimated from the Vickers micro-hardness measurements (40 gf. applied for 15
seconds) as UTS = HV*10/3 [MPa].

The palladium layer was deposited by thermal evaporation in a base pressure of 5*10° torr. The
hydrogen embrittlement behavior was studied by heating the palladium coated and uncoated
samples in flowing hydrogen to different temperatures (250°C, 300°C, 350°C, 400°C, 450°C, 500°C,
540°C and 580°C). Heating to higher temperatures would result in the crystallization of the tapes.

The critical bending strain was determined by measuring the radius of curvature at which
fracture occurs in a bending test between two parallel plates. The strain is then calculated using the

following equation: = ﬁ 100 [%] , where r is the bending radius and t is the sample thickness.

Results and discussions

The amorphous structure of the sample is confined by XRD measurement. The X-ray diffraction
pattern shown in Fig. 1la presents a broad maximum (FWHM = 6.3°) characteristic for glassy
structures.
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Fig. 1. X-ray diffraction pattern (a) and DSC curve (b) of the as cast tapes.

DSC measurements were performed to determine the thermal transformations that took place in
the material and to approximate the thermal stability. The DSC heating curve of an amorphous
material presents certain critical temperatures such as: glass transition temperature (Tg),
crystallization temperatures (Tx and Tp) and melting temperature (Ts and T;). The amorphous
material remains in vitreous state until the Tx temperature is reached. The crystallization of the
amorphous material is indicated by the presence of exothermic peaks, their number depending on
the number of crystallization steps through which the material undergoes. The DSC curve
presented in Fig. 1b, shows at 420 °C a structural relaxation followed by a glass transition (Tg at
601 ° C and two crystallization steps (Tx;= 638 °C and Tx,= 702 °C). From the combined analysis
we can conclude that these tapes are x-ray amorphous structures.
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Another advantage of the amorphous structure is the outstanding mechanical properties.
Although not as precise, the ultimate tensile strength evaluation from the hardness measurements
is a simple and strait forward way to go since even if the samples are prepared by grinding and
polishing, there will still remain edges on the margins that act as tension concentrators, leading to
an erroneous measurement. In table 1 the microhardness measured using the Vickers method is
summarized.

Table 1. Microhardness and estimated UTS of the selected tape.

HV0.04/15 | Rm HV med RMmed
[daN/mm?] | [MPa] ,. | [MPa]
[daN/mm"]
958 3193
805 2683 835 2783
741 2473

The obtained values are similar to those presented in the literature for a similar alloy
(Nig2Nbs3Zrs), the alloy that has the best glass forming ability in this alloy family but has a smaller
supercooled liquid region than the studied composition [6].

To evaluate the hydrogen embrittlement resistance and the Pd coating’s influence on the
embrittlement coated and uncoated Pd samples were heated in flowing hydrogen atmosphere and
then subjected to bending tests.

Table 2. The critical bending parameters at different hydrogen charging temperatures.

Temperature | Critical bending diameter Deformation
[°C] [mm] [%]
Pd coated without Pd Pd coated | without Pd

250 0.04 0.04 100 100
300 0.04 0.04 100 100
350 0.04 0.04 100 100
400 0.04 0.04 100 100
450 0.04 1.38 100 1.47
500 2.92 2.28 0.68 0.88
540 5.08 4.03 0.39 0.49
580 8 10.14 0.25 0.19

The samples that permitted bending to 180° were considered to have a deformation of 100%.
The critical bending diameters were measured with a precision of 0.01 mm and presented in table
2 correlated with the deformation at the testing temperatures. From Fig. 2 is evident that the alloy
starts to embrittle at 400 °C for the uncoated alloy and 450 °C for the palladium-coated alloy. As
the temperature increases the critical bending radius are also increases suggesting a stronger
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embrittlement as the temperature rises. Based on these measurements one can speculate that the
upper temperature limit of this alloy should be in the 400 - 450 °C area.

X-ray diffraction measurements were performed on both types of hydrogen-loaded alloys at
450 °C to assess the effect of the absorbed hydrogen on the alloy structure. Measurements were

made on samples heated to this temperature because the palladium-free alloy had embrittled, and
the palladium-coated layer did not.
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Fig. 2. Embrittlement resistance of coated and uncoated samples.
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Fig. 3. X-ray diffraction patterns on hydrogen-loaded tapes with and without Pd layer.

The X-ray diffraction patterns presented in Fig. 3 for the samples charged with hydrogen and in
the initial state. No shift in the peak position is visible. Also, stable hydrides were not formed
during the tests; these observations are in good agreement with the corresponding binary phase

diagrams.
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Fracture in the case of bending tests is of brittle nature in both cases, specific to metallic
glasses; although some localized plastic flows may be observed on the fracture surface of the
samples. In the case of metallic glasses their deformation is achieved by two mechanisms: at high
temperatures by viscous flow and at ambient temperature (T <0.5Tg) by twinning, the deformation
being in the shear bands [7].

y
X3, 000 Sum 2008 22" 32 EEI1

Fig. 4. Fracture surfaces after bending tests.

These materials seem to be fragile, although there are significant local deformations in the
rupture. The width of such bands has a width of some micrometers and they appear in the direction
of maximum applied tension. The slip occurs in a narrow area (~ 10nm) due to the local
temperature increase, the mechanical work performed is proportional to its displacement [8].

The presence of these bands suggests the existence of a plastic deformation zone of thickness s
on both surfaces of the strip as shown in Fig. 4. The displacement generated by the shear stresses
relaxes the adjacent area, and another slip system cannot be formed close to it. This effect results
in the sliding strips being spaced according to their length [8].

The sliding strips for hydrogen heated samples at 400 °C or 450 °C are deep (~ 1pum) however
when heated to 540 °C they are significantly shallower. This suggests that the mechanical work
consumed to reduce the tensions was lower in this case. This observation is also consistent with
the shorter distance between the sliding strips.

If some bands slid more than others during bending, the sliding plane turns into a crack when
its displacement exceeds a critical value. According to R. D. Conner et al. [7], in a metallic glass
in which the displacement and the distance between the sliding strips is greater, the crack is
generated and propagated more easily. This statement is in a slight contradiction with the present
observations, but the presence of hydrogen in the structure has an embrittling effect on the
material. In samples heated to temperatures below 450 °C, the amount of hydrogen is too low to
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produce fragility. In the present case the most likely mechanism of hydrogen embrittlement is
decohesion.

Summary

The influence of the palladium coating on the hydrogen embrittlement behavior of the Nig;Nb3sZrs
amorphous ribbons was studied in the present paper. X-ray amorphous ribbons 4 mm wide was
obtained by rapid solidification. Some of these were Pd coated to improve hydrogen dissociation
and recombination. These ribbons presented a slightly higher embrittlement resistance determined
by bending tests. This better behavior can be attributed to the lower quantity of residual hydrogen
in these samples and a lower decohesion force acting between the atoms.

Fracture in both cases is of brittle nature, although some localized plastic flows are present on
the fracture surface of the samples in the form of deformation bands. The final fracture surface is
generated when the deformation bands displacement exceeds a critical value.

Further tests are needed to demonstrate the alloys long term stability and an improvement of the
structural stability is desired in order to increase the maximum theoretical operating temperature.
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Abstract. For being used in crystal glass industry, the iron content of quartz sand must be under
0.09 %. If the reserve contains a higher quantity, methods for iron reduction must be used.
Usually the iron phases are present in large quantity in the small particle size fraction. For
reducing the sand grain size, milling was performed on a planetary ball mill. Different
ball/powders ratio were studied for determining an optimum particle size vs. milling duration. The
particle size was determined for each milling experiment. Using Energy Dispersive X-ray
spectroscopy (EDX), the elemental distribution for the particle was quantified. By X-ray
diffraction, the phase distribution of the sand was analyzed and correlated with the chemical
composition. The phases are changing their ratio versus the grain size. The main phase is SiO; as
quartz, accompanied by minor phases: iron oxides (FezOa, Fe;03, and FeTiO3) and some oxide of
Al, Na, Ca, and K. Testes for magnetic separation were performed for validating the method.

Introduction

The quartz sand is the raw material for glass industry. Unfortunately, as all raw materials,
quartz sand purity is the limiting criterion for his usage, since the structure and composition give
the properties, the usage and classification criteria for glasses [1]. The most detrimental impurity
in the quartz sand is iron, followed by some other metallic oxides (titanium, cobalt, copper, etc.).
The effect of metallic impurities in the sand is most commonly observed in color of the resulting
glass [2]. The minimum iron quantity in the sand for obtaining a color glass is 0.1 %. The
classical way for iron removing is flotation, using toxic reagents as amine, NaOH or H3PO4 [3 -
5]. A cleaner approach is magnetic separation [6]. In magnetic separation experiments, the content
in magnetic phase (iron oxides) and particle size represent a key factor for an efficient removing
setup [6]. Also, the different types of magnetic separators are considered [7].

A method of controlling the particle size of the sand is by ball milling [8]. In the milling
experiments the particle size modification is realized by collision events between balls and sand
particles [8]. For our studies is suitable that a high productivity to be achieved, at small milling
time and the powder to be produced in a continuous way [9]. For high productivity, the quantity
of sand is analyzed and in the milling experiments can be expressed in the form of ball to powder
mass ratio (BPR). A high BPR means less quantity of material for processing and small BPR
means high material quantity introduced in milling chamber. One purpose of this study is to
determine optimal condition of sand milling considering different BPR and milling times.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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The ball milling was found to be useful in sand purification and particle size reduction [10].

In the milled sand it is important to have an insight on the iron phase distribution in the
particles [11]. Scanning electron microscopy (SEM) coupled with X-ray energy dispersive
spectrometry (EDX) was found to be a suitable technique for sand characterization, as proved by
several studies [12 - 16].

In the present study, the particle size, the iron distribution and iron quantity is studied for the
quartz sand ball milled, in order to establish the optimum parameters for magnetic removal.

Experimental

The particle size analysis was performed on standard sieving method using sieves in the range 40
— 800 pum. The standard sieved sand quantity was 100 g. Multiple sieving were performed to
obtain statistical data. Supplementary, particle size distribution analysis were recorded using an
Analysette 22 Nano Tec particle analyzer. The size range was from 0.1pum to 135um. From the
particle size distribution, the parameters D10, D50 and D90 were determinate. D10, D 50 and D90
represents the mean powder diameter equal with a diameter more or equal with 10, 50 and 90 %
from the total powder volume.

The resulting particle size ranges were morphological and compositional characterized by
Scanning Electron Microscopy using a JEOL JSM 5600LV microscope equipped with an EDX
spectrometer (Oxford Instruments, INCA 200 software). Crystallographic analysis was performed
by X-ray diffraction on a INEL 3000 Equinox diffractometer, operating with CoKa radiation (A =
1.79026 A) in the angular range 26 of 20 -110 °. Optical microscopy was performed on a VWR
microscope. The milling experiments were performed with a planetary ball mill, Fritch
Pulverisette 6. The main disc velocity was 350 rpm, for a hardened steel vial with 100 balls. The
milling was conducted in air at several ball to powder weight ratio (BPR) for times up to 10 min.

Results and discussion

The milling experiments on quartz sand begun with the analysis of the as received sand. As the
milling has its major influence on the particle size distribution, the distribution of the particle in
the as-received sand is considered firstly, and is presented in figure 1.
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Fig. 1. Particle size distribution of the as-received sand. The distribution is obtained by
sieving.
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Fig. 1 is obtained by sieving the sand with sieves having mesh between 125 um and 630 pum.
Analyzing the particle size distribution is found that the largest quantity has sizes in the range 200
— 400 um. In addition, an important quantity has sizes below 125 um. The small particles are
important since if they contain iron phases can be more easily removed from the sand. Even the
magnetization of the iron phase is smaller, if the weight of the particle is low enough the particle
can be easily extracted at lower magnetic forces.
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Milling of this as-received sand, leads to a shift in particle size, with influence on the sand
color. In Fig. 2. The optical images and the particle size distribution is presented for several
milling times. The milling conditions were the same for all samples.

As the particle modify their size, a color change occurs as the milling time increases. The color
change is the effect of reflective index of light on the sand surface due to the size decrease. This
color change is shown in insertions in fig.2. Milling of the sand in the 11.9 BPR, leads to a
decrease of the particle size and the particle size distribution change from a 3 — 4 maxima
distribution to a distribution with 2 maxima. It is expected that longer milling time should lead to a
single peak distribution. A longer milling time is not performed to avoid iron contamination of the
sand from the balls used in the milling process. In order to proper study the particle size change by
milling, in Fig. 3, the D90 parameter is plotted versus milling time.
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Fig. 3. D10, D50 and D90 evolution versus milling time.

It is observed that milling 10 min, the particle size decreases 5 times comparted with the
unmilled sand (as-received) (from 353 to 70 um). The medium particle size, 50 % volume powder
decreases 7 times (from 172 to 24 um). The low particle size fraction 10 % volume decreases even
more of 14 times (from 33 um to 2.3 um).

To determine an optimum on the particle size, several milling conditions were considered. The
main parameter changed was the ball to powder ratio (BPR). BPR controls the energy transferred
to the powders, and in our case the particle shape of the sand. In fig. 4. Are presented the SEM
images, recorded in backscattered mode and the particle size distributions for each chosen milling
BPR.

It is seen that as the BPR value increases, the particles shapes tend to have a single distribution
peak, as the particles are fragmented by collision impacts during the milling. It is assumed that for
high BPR values, the energy transferred to the powders is higher. Analyzing Fig 2 and 3 it is
concluded that for founding an optimum for the milling, can be considered either a change in BPR
or in the milling time. Depending on the effect of iron contamination from the milling media, one
of these situations can be prevail. The transferred energy is exemplified as well by the D90
parameter evolution versus BPR, Fig. 5
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Fig. 4. Particle size distribution as a function
of BPR for samples milled 10 min. The
insertion is the electron microscopy image the
milled samples recorded using backscattered
electron mode.
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Fig. 5. D10, D50 and D90 evolution versus BPR for the samples milled 10 min.

In the case of BPR variation, the mean particle size decreases for 90 % volume of powder from
350 to 163 (at 4.0 BPR) down to 41 um for 23.8 BPR. Meaning 2 times for lowest BPR (4.0) and
8 times for highest BPR (23.8). In the case of lower powder volume quantity the decrease is less
pronounced. The D50 decrease from 172 um (unmilled) to 73 um (BPR 4.0) and 10 um (BPR
23.8) — meaning 2 (BPR 4.0) and 17 (BPR 23.8) times compared with unmilled sample. The
smallest particles (D10) decrease from 33 um (unmilled) to 5 um (4.0 BPR) to 1.5 um (BPR
23.8). Computing the decrease ration is obtained a factor 6 for BPR 4.0 and 22 for BPR 28.9.

Since the milling of the sample is a step in the process of iron removal from the sand,
distribution maps and semiquantitative analysis on the iron was performed. In Fig. 5, the iron and
titanium distribution maps are presented for several BPR.

The iron and titanium distribution maps indicate that at high BPR, when the particles have
small sizes, the iron is observed clearly in some small particles. On other hand at small BPR, the
iron is embedded in larger particles. The occurrence of iron in small particles represents an easier
way of removing him from the sand. However, computing the Fe amount from the milled samples,
Fig. 6, it seems that al higher BPR the iron quantity increases, most probably due to contamination
from milling balls.

Comparing to a sieved sample with particle size of 40 — 50 um, the milling leads to a good
homogenization of the iron and titanium content in the samples. This comparison suggest that Fe
can be more effective removed in the samples containing small particles. If the particles are too
small, and iron is not fully concentrated in individual particles the efficiency of removal process is
decreased since almost all the particles will be deflected by the magnetic field. Supplementary the
sieving of the sand at small particle size leads to high quantity of sand with large particle not
suitable for the glass industry.
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Fig.5. Elemental distribution maps for as received sample (sieved under 50 um, a) and samples
milled 10 min at BPR 23.8 (b), 11.9 (c) and 4.0 (d) respectively.

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. éb@icomterms-of-use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC

Materials Research Proceedings 8 (2018) 95-104 doi: http://dx.doi.org/10.21741/9781945291999-11

0-4 T T T T 3.0 T T T T T
03} B 251 { 4

E 03} B P 20+ 4

> ] S i {
02t } { 1 15l } it } |
01 L L L L 10 N 1 N 1 N 1 N 1 N

0 5 10 15 20 25 0 5 10 15 20 25

BPR BPR
Fig. 6. Fe and Ti elemental weight evolution versus BPR.

Analyzing Fig. 6 is concluded that a BPR higher than 12 leads to iron contamination, and these
milling conditions are not suitable for sand processing. Al lower BPR, the iron quantity stay at an
almost constant value. Considering the titanium concentration, this element exhibits a maximum at
BPR of 6, with a Gaussian distribution.

In order to check the phase modification by milling, X-ray diffraction were performed on each
milling time and BPR. In Fig. 7 a are presented the X-ray pattern for the sample milled up to 10
min at a BPR of 11.9 and in Fig. 7.b are presented the X-ray patterns for the samples milled 10
min at different BPR.
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Fig. 7. X-ray diffraction patterns for samples milled up to 10 min (a) and for samples milled 10
min at different BPR.

From Fig. 7 it is concluded that the main phase in all the samples is quartz. All other minor
phases from the as-received sand does not changes, neither the iron phases. The minor phases
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identified are TiO, — rutile, CaCogz, anorthite [Ca(Al,Si,Og)], albite [Na(AlSi3Osg)] and FeSi, Fe,03
(hematite) and FesO,4 (magnetite) compounds.

Using a magnet, preliminary tests for iron removal were performed, and in Fig. 8 the removed
iron quantity are plotted.
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Fig. 8. Relative Fe quantity removed by magnetic separation as a BPR function.

At large BPR values, there are small differences between the iron contend before and after
magnetic separation. At small BPR the differences are higher. The conclusion is that at high BPR
the small particles can bond more easly with iron (from sand or from balls), making a more
homogeneous sand. This observation is confirmed by particle size distribution with a single
maximum. At low BPR the sand particles are fragmented, and the resulting pieces are ones with
iron phases and others without iron phases, making more easily to be isolated by magnetic force.

Summary

The structural analysis of the as-received and milled samples indicates that the principal phase is
quartz accompanied by small amounts of SiO2 phases and Fe203. The phase structure does not
modify by milling. Particle size distribution decreases exponentially with milling time and with
increasing the ball to powder weight ratio. The particle size distribution is changing by milling
time and BPR. At higher BPR (23.8) smallest sand quantity processed a large maximum is
recorded. The Occurrence of single peak distribution is connected with the highest energy
transferred to the sand. Elemental distribution maps, shows that the smaller particles in the as-
received sand can be formed almost integrally from iron phases. Processing of the sand at high
BPR (low quantity sand) leads to iron homogeneous distribution due to smaller particles size
resulted. Processing the sand at lower BPR (high quantity sand) non-homogenous iron phases are
observed. The non-homogeneous iron distribution, but in size reduced particle sand is found to
favors a better iron removal by magnetic forces. For low BPR values up to 20 % of initial iron is
removed by magnetic separation.
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Abstract. Heat treatments were performed on the quartz sand to increase the quantity of Fe,O3
hematite phase. The heat treatments were performed on the as-received sand samples. The heating
temperatures were chosen in the range of 120-600 'C and the time durations in the range of 1-24 h.
The sand phases evolution on the temperature was followed by differential scanning calorimetry
(DSC). Identification of the phases was realized by X-ray diffraction. The modifications of the
iron quantity and distribution in the sand particles were identified by Energy Dispersive X-ray
Spectroscopy (EDX) analyses. An optimum temperature/time for the annealing was identified,
leading to highest Fe,O3 content. Testes for magnetic separation were performed to validate the
method.

Introduction

At present, there is a steady increase in demand for high purity quartz worldwide [1]. Quartz is
used frequently in glass, ceramic and even in nano-industries [2]. Quartz sand is the most common
type of sand in the nature [3]. It is used all over the world in different applications because of
distinct physical characteristics, like hardness, chemical and heat resistance, also low cost [4].
Depending on the training mode and where it is found, it appears in different shapes and colors
[1].

The silicon dioxide that is used to manufacture glass is extracted almost all from quartz sand,
which must have over 97 % SiO; [5]. Usually, the quartz is colorless or white, but the presence of
the impurities can change the color. The iron oxide — hematite phase (Fe;O3) is one of the most
frequent impurity and depending of the composition concentration, the quartz can alter the color
up to yellow [3]. The quality of the sand is as better as the quantity of the iron oxide is smaller.

Despite the importance of the sand, the utilization is limited by the quality of the material which
contains harmful mineral inclusions. The presence of the impurities, especially iron oxide, limit
the sand utilization for high quality glass manufacturing [5]. A big part of the impurities released
can be reduced or eliminated by physical operations, such as size separation, spiral concentration,
magnetic separation, etc. [6]. The iron oxide from the sand can be reduced also by
physicochemical method [4].

The most ecological method to improve the quality of the sand is the magnetic separation
method. The magnetic separation is used to decrease and stabilize the iron content [7]. If the
method is not effective enough, efficiency can be increased by a thermic treatment, mechanical
milling or a specific granulometric class removal. The experiments presented in reference [5],
shows that magnetic separation method removes about 80,49 % of iron oxide from sand and
decrease the Fe,O3 content from 0,41 % down to 0,08%.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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A big part of the impurities presents in the quartz sand contain iron and they are finely
dispersed and low magnetic. The special magnetic separators, characterized by high magnetic
induction (> 0,6 T), are used to eliminate such impurities. Lately, there where fundamental
changes on the separators, especially at the level of magnetic parts. The old magnetic separator
systems where replaced by systems that are based on permanent magnets of iron-neodymium-
boron type. Thus, this change improved the quantity of the sand and decreased the manufacture
cost [8].

The present study is focused on the quartz sand evaluation regarding the iron content and its
influence on the color and Fe,O3 phase content. Changes induced by annealing are considered and
their effects on the Fe,O3; phase presence. Finally, a basic magnetic experiment is performed for
evaluation of the proposed method efficiency.

Materials and Methods

The quartz sand (Cluj County, Romania) was used for all the experiments. Samples of quartz
sands were heat treated at different annealing times from 1h up to 24h. For each test the required
amount of samples were placed in a ceramic crucible heated in the furnace. Maximum
temperatures of 120, 200, 300, 400, 500 and 600°C were considered. For the thermal treatments
was used a programmable INDUSTRY furnace, in oxygen atmosphere.

The structural evolution of the samples was highlighted by X-ray diffraction (XRD) using the
Cobalt Ko radiation (1.79026 A) in an Inel Equinox 3000 powder diffractometer in the 2theta =
20-110° range. The occurring of transformation during the heating process were investigated by
differential calorimetrical analysis (DSC) using Setaram Labsys equipment. The heating rate was
10 °C/min and the used atmosphere was argon gas. The morphology of the samples was
investigated by the JEOL-JSM 5600 LV scanning electronic microscope (SEM) equipped with an
EDX spectrometer (Oxford Instruments - INCA 200 software). The optical images were recorded
using the optical microscope VisiScope TL384M (VWR) type at 40x magnification. The
magnetic separation experiments were performed with a commercial NdFeB magnet.

Results and Discussions
The first effect of sand annealing was the sand colour change. The color of annealed samples for
24 h at various temperatures ranging from 120 °C up to 600 °C is presented in Fig. 1.

120°C/24h 200°C/24h 300°C/24h
400°C/24h 500°C/24h 600°C/24h

Fig.1. Color change observed in silica sand grains after heat treatment.
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Fig. 1 shows a color change of the sand with the increase of the temperature from yellow to
pink-orange. Similar color change upon annealing was observed in [9].

Color change with temperature rise suggests that changes occur in the crystalline structure or
impurity phase of sand beyond loss of pores moisture content and dehydration of iron deposits [9].
At temperatures above 250-300 °C, the color changes correspond to the dehydration of the iron
compounds as indicated in [10]. The samples observed by eye, were analyzed by optical
microscopy, and the recorded images at a magnification of 40X are presented in Fig. 2 for the
samples annealed for 24h at different temperatures and in Fig. 3 for samples annealed at 600 °C at

different durations.
.'A'-.
Eea? " " .' -

TT 400C°/24h TT 600C°/24h

Fig. 2. Color change of grain sand with temperature rise during heat treatment (24h annealing
time). Optical microscopy images, x40.
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In the images presented in Figs. 2 and 3, it is observed a change in the color of the sand grains
upon increasing temperature and annealing time. For samples treated at 600 °C is observed the
most intense pink-orange color. The change of sand color to red suggests the formation of Fe,O3
in sand from additional iron phases. X-ray diffraction (Fig.4) confirm the appearance of the Fe;0Os
phase. The color change is observed for samples heated more than 300 °C. For temperatures
smaller than 300 °C no color change is recorded. Later in our discussion the occurrence of this
color change for high temperature relates to calorimetric measurements and some structural
changes upon heating.

TT 600C%/12h

Fig. 3. Change in the color of sand grains
depending on the annealing time at TT of 600
°C.

TT 600C°/24h
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As concerning the annealing time, the color change is more visible after 12 h of heating as can
be seen for the heat treatment at 600 °C (Fig. 3). Such behavior can be connected with the time
needed for iron phase to transform under the temperature influence.

For confirming the possible structural changes in the quartz sand, X-ray diffraction studies were
performed for samples annealed 24h at different temperatures, Fig. 4.
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Fig.4. X-ray diffraction of sand after heat treatments at different annealing temperatures for

24h.
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Fig.5a. Detailed view of the Fe,O3 peaks
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The Fig. 4 shows that the main phase present in all diffractograms is quartz. X-ray diffraction
patterns on sand heat treated at different temperatures show that both iron oxides and other silicon
minerals phases changes when temperature rise. This affirmation is sustained by the pattern study
in the angular range 30 — 45 ° (Fig. 5 a and b). Due to the presence of a small amount of iron
(about 0.6%), the iron oxide signal is weak, but visible for samples annealed more than 6 h at 600
°C. The occurrence of the Fe,O3 peak is an indication of this phase quantity increase upon
annealing in air.

The formation of iron oxide (Fe;Os) is highlighted in the samples treated at 600°C (Fig. 5a)
with a hold time longer than 6h at the 2theta diffraction angle of 38°. However, an analysis at
smaller angles indicates the presence of other phases, as shown in Fig.5b. Concerning the
annealing temperature, the Fe,O3 phase is visible only for the samples annealed at 600 °C. It is
believed that at lower temperatures the iron phases receive less energy and is difficult to form
Fe,Os3 in large quantity. Other minor phases are, albite, and other complex phases containing Al,
Si, K, Ca and O. To clarify the behavior in temperature, DSC experiments were carried out, and
the results are shown in Fig. 6. In Fig. 6 are presented the DSC curves for the non-annealed
sample and for a sample firstly annealed at 600 °C for 24h.

—— non annealed
—— annealed 600°C/24h
20—
18
S 16
1 4
E/ 18] T
3 ]
L 121
§ ]
10
I 4
8- -
1 |
6 T T T T T T T T T 1
100 200 300 400 500 600

Furnace temperature (°C)
Fig. 6. DSC analysis of sand treated thermally for 24 hours. The heating was done at 600 °C.

In the DSC experiments an endothermic transformation peak is recorded at 575 °C. In order to
explain this thermal event two hypothesis can be considered: (a) the presence of ferrimagnetic
phase Fe3O, magnetite which has the ferrimagnetic to paramagnetic transition at about this
temperature; (b) the formation of FeO wistite type phase by the reaction of the magnetite with the
iron contained in the other phases in the sand or hematite Fe,O3 successive reduction. The reaction
possibility is argued by the iron — oxygen phase diagram [11].
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Fig. 7. X-ray diffraction patterns recorded after DSC experiments.

The formation of the FeO phase and the modification of the Fe-O phases ratio is sustained by
the presence of different phases containing iron in the sand. However, the X-ray diffraction
patterns recorded after DSC experiments shows no Fe,O3 peak or other iron-oxide phases (Fig. 7).
This behavior is understandable if we consider the fact that the FeO phase formed at high
temperature is not stable upon cooling in normal condition, but it can be encountered alongside
other iron oxides. In the DSC experiment, the cooling take place in inert atmosphere and the FeO
phase does not further oxidize, and the remains in the samples alongside of Fe,O3; and Fe3O,.
Since the iron quantity is very small, the formation of the phases in DSC is smallest than the XRD
experiment resolution. Another aspect than must be taken into account the non-stoichiometry of
the FeO phase. This phase can occur in a large variety of Fe;«O. This hypothesis does not explain
the occurrence of the Fe,O3 peak for the annealed samples. But a notable difference is between the
two experiments the annealing is performed in air and the DSC is performed in argon gas. In air
the FeO phase is further oxidized at cooling and forms in the presence of oxygen the Fe,O3 phase.
Similar can happen with Fe;O,. In air cooling, the formed quantity of Fe,O3 exceeds the minimum
quantity required for phase peak to be observable in the diffraction patterns.

To check the morphological changes induced by annealing, the SEM images were recorded for
samples heated at 600 °C for different durations. The images are shown in Fig. 8.
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Fig. 8. Scanning electron images of the sand annealed at different temperatures up to 24 h. SEM
images of sand treated at: (a)- 600 °C/ 3h, (b)- 600 °C / 12h, (c)- 600 °C / 24h. In (d) is presented
an image of the un-annealed sample.
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24h). sand with annealing time (TT 600 °C).

As the annealing time increase, the surface of the particles became smoother. The surface
change can be an indication of the phase modification inside the particles.

Performing an EDX analysis on multiple samples from the same annealing conditions, the
quantity of iron was extracted and plotted in Fig. 9 versus annealing time (a) and versus annealing
temperatures (b). In the same time, a magnetic separation was performed on the samples, and the
iron quantity after separation is also shown for both experiments.

As expected during the annealing, the quantity of iron atoms remains almost constant in the
samples. But a basic magnetic separation induces modifications. If we consider first the annealing
temperature (Fig. 9a), the iron quantity removed variation is in connection with the color of the
samples: up to 300 °C the removed quantity is either higher, either lower than before magnetic
separation. Such variation can be the effect of sampling and low magnetic fraction of the iron
oxide. Once the color of the sample is changed, for temperatures larger than 400 °C, the quantity
of iron after magnetic separation is lower than before. Such modification is the effect of iron-
oxygen phase change in this temperature range, as discussed for DSC measurements.

If we look at the annealing duration, at 600 °C, for all the annealing times, the iron quantity in
the samples after magnetic separation is lower than before separation. The maximum difference
occurs at low annealing times (3 h). Once again, the origin of this effect is connected with the Fe-
O changes observed in the DSC measurements.

Summary

The quartz sand was studied from the point of view of phase and phase relation versus annealing
at various temperatures and durations. The sand annealed at 600 °C is enriched in Fe,O3; annealed
at lower temperatures the quantity of Fe,O3 is not visible by X-ray diffraction. The Fe,O3 phase is
visible at annealing times larger than 6 h (at 600 °C). For lower temperatures, the Fe,O3 phase is
not visible in the X-ray patterns. The DSC measurements indicates the occurring of an
endothermic transition at 575 °C, with two possible cause: Curie temperature of Fe;04 and FeO
wustite phase formation. At cooling, in the DSC sample Fe,O3 phase is not visible in the X-ray
diffraction patterns. The sample enrichment in Fe,O3 phase in air annealing is favored by oxygen
presence and the reduction of high temperature Fe-O phases. This phenomenon does not occur in
DSC experiments, performed in inert gas. The removal of iron is more efficient upon heating
above 400 °C and for low annealing times.
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Abstract. The weldability of the steels represents a problem of great interest in order to achieve
welded structures that satisfy the high requirements on quality, imposed by the nowadays
applications. In this paper has been proposed a more advanced model that has considered more
factors of weldability influence, thus allowing a more detailed analysis based on the main welding
process variables.

Introduction

Weldability is a general technological property commonly used in engineering, but very difficult
to be defined and quantified in an exact manner. The American Welding Society has defined the
weldability as being: “The capacity of a metal to be welded under the fabrication conditions
imposed with a specific suitability designed structure and to perform satisfactorily in service” [1].
According to DIN 8528, Part 1 the weldability is seen as the output of the interaction of three main
group factors, given in Table 1 [2].

Table 1. The weldability’s factors of influence.

MATERIAL MANUFACTURE DESIGN

WELDING SUITABILITY WELDING POSSIBILITY WELDING SAFETY

e Chemical composition e Welding preparation e Design

e Metallurgical properties e Welding execution e Stress condition

e Physical properties e Heat treatments

e Tendency to hardening e Welding technology e Material thickness
e Tendency to ageing e Groove shape ¢ Notch effect

e Tendency to hot cracking ¢ Preheating o Stiffness differences
e Weld pool behaviour e Susceptibility to cracking | e Joint geometry and
e Segregations e Heat input control displacement

e Inclusions e Welding position e Type and level of strains
e Grain size e Welding sequence e Temperature

e Anisotropy e Weld penetration e Corrosion

e Expansion coefficient e Pool shape e Loads and stress

e Thermal conductivity e Post weld heat treatment distribution

e Melting point e Grinding e Weld bead shape

e Mechanical properties e Pickling

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
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From this definition it can observed that one should consider many factors in order to assess the
weldability, like: filler and parent material properties, chemical compositions, metallurgical
compatibility between them, metallic structure design, service conditions (load, temperature,
environmental corrosion), welding parameters and manufacturing technology, but also the
structure resistance to the service degradation in time. The welded structure performance is direct
related to these factors that are controlling the weld mechanical properties, the nature and size of
the imperfections produced in the weld and heat affected zone (HAZ), respectively the behaviour
and life span of the welded structure in service.

In the literature can be found several methods for weldability assessment, based on the indirect
methods, like: carbon equivalent formulae [3], peak hardness in HAZ [3, 4], or susceptibility
cracking in HAZ due to hardening effect [4-6]. None of these methods have considered the
simultaneous influence of different parameters in the proposed mathematical models, like it
happens in the real phenomena. As a consequence, the validity of each method is limited priory,
because there are many significant factors of influence, that have been ignored from the very
beginning. In the paper it has been proposed a new weldability model, that takes into account the
influence of the main factors, like: tg.s cooling time, carbon equivalent, material thickness, parent
material hardness and its microstructural features, respectively the mean grain diameter size.
Thereby, the weldability estimated by this model can make a difference for the same materials,
with the same chemical composition (Cech), but having different microstructural features or welded
with different technologies or welding parameters.

In this model, the weldability has been expressed by a single number between 0 and 1, the latter
being assumed for an ideal weldability situation. Between the two extreme limits, there are
unlimited intermediates values, corresponding for the real welding situations, the transitions
between them, being made continuously. The weldability number calculated by the model
proposed in the paper, can be used further in the estimating preheat temperature or for predicting
mechanical properties of the welded joints.

Carbon Equivalent Formulae

In welding applications, carbon has a strong effect on the steel’s weldability, reducing the ductility
and material toughness. In order to assure high strength required in the many welded applications,
new materials with very low carbon content has been developed lately, like the TMCP or HTUFF
steels [7]. In the same time, beside the carbon equivalent index, the section size of the welded
metallic structure plays a very important role, being related to the cooling rate, material properties
and heat input. Hence, the carbon equivalent formula Ceq(s) compensated from the material
thickness perspective of view, is given in the eq (1), where the thickness material s is given in mm,
[7]. For the carbon equivalent relation Ceq we have considered a Japanese formula that is
evaluating the hardening of the welds, given in eq(2), [9].

Ceq(s)= Ceq + 0.00425's 1)
Ceq=C+24Mn M o Mo v )
24 6 40 5 4 14
The compensated carbon equivalent formula is used in the weldability assessment as a direct
parameter of influence, but also in the estimating hardness in HAZ, accordingly to the heat input,

material properties and cooling rate tg.s. The later are direct related to the strength and toughness
in the HAZ and deposited metal.
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Cooling Time tgs and Hardness

The cooling time between 800 and 500°C has a very important significance over the HAZ
maximum hardness and cracking susceptibility in this area [3 - 6]. For this reason, the weldability
models based on the cooling time are frequently used in practice. There are two opposite effects
related to the thermal history of the welding cycle. A low heat input lead to excessive hardness and
increased risk of cold cracking in the HAZ or even in the weld, accordingly to the specific
properties of the parent and filler materials, but also on the welding technology and stress
distributions. On the other part, a heat input too high, lead to low mechanical properties due to
grain coarsening effect in HAZ, but also toughness depreciation or other inconveniences, related
to the welding quality and performance.

450 (=== AR B —— —=S690QT
—8—S890QT
—O=S500MC
400 |--—--—+-——d-—-—
>
T
L T A T S . LT B S B
(3]
c
°
@00 Lo
300
250 F-—-———f-——f-—f-— SIS
1
1
200 :
1 10 100
At ¢ 5 (sec)

Fig. 1. HAZ hardening for different materials as a function of cooling time tg.s after
welding, calculated after [8].

From the Fig. 1, it can be observed the sigmoid evolution of the hardness in the HAZ based on
the cooling time tg.5 for different steels used commonly in welded applications. The weldability
can be related to this kind of evolution, but with considering other parameters of influence as well.
The hardenability of material in the HAZ and also cracking susceptibility depends directly on the
cooling time tgs. In another paper, these aspects have been analysed in the detail [8], the
microstructural characteristics being essential for the most properties envisaged in welded
applications. However, for the simplicity of the model, it has been considered only the cooling
time tgs as essential variable from the thermal cycle related variables, the microstructure being
considered as an output of all the factors involved from this point of view.

Based on the data extracted from the Fig. 1, it has been expressed the hardness HV vs. cooling
time using the logistic functions with five parameters (5PL). The logistic function has the
expression given in the eq(3), and the vector parameters p[a,b,c,d,e] has been given for each kind
of material in the Table 2.
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F(x;p)=a+ —
X
1+ —
C
3)
Table 2. Parameter vector for the 5PL functions used for HV hardness modelling.
No. Vector parameters p[a,b,c,d,e]
crt.
Parent a b ¢ d ¢
material Minimum Hill Cooling speed | Maximum | Asymmetry
horizontal | slope | for inflection horizontal factor
asymptote point asymptote
1. | S500MC 250 2.4 10.5 455 1.2
2. | S355N 240 2 7 390 1
3. | S690QT 285 3 17.5 435 1.2
4. | S890QT 308 4 20 450 1

The maximum hardness in the HAZ can constitute a parameter for weldability assessment. As
can be seen in the Fig. 2, the maximum HAZ hardness increases as the Ceq increases, between
them existing a linear correlation, given in the eq(4), [9].

Hmax = (666Ceq + 40) * 40 4)

U H ;
S50 L A
Ss00 - Hmax=(666:Ceq &
2o (-
PA00 P i

o s s s s s
S S
G300 e oo s
T | ‘

| MY

= 1 Ay A :

2200 ‘ i | | |

'5150 1 ; i i

= ° 02 carbbh equivdlent °® !
Ceq=C+Si/24+Mn/6+Ni/40+Cr/5+M...

Fig. 2. Maximum HAZ hardness vs. Ceq of 20-mm thick mild steel, calculated after [9].
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Microstructure

The thermal welding cycle plays a key role in the microstructure characteristics in the HAZ and
deposited metal. Different microstructural constituents can result, under different cooling
conditions, accordingly to the chemical composition and former austenite grain size. Inclusions or
inhomogeneity present in the parent material can also contribute significantly to the new product
phases or constituents, resulted after austenite transformations during cooling.

Complex microstructures are formed, containing mixtures of upper bainite, lower bainite,
granular bainite, ferrite laths, martensite, martensitic/austenitic (M/A) islands. For instance, in
many rolled steels, bands reach in C and Mn can be found. Mn is a strong austenitizer element,
decreasing the austenite decomposition temperature. If cooling conditions lead to an undercooling
phenomenon, is very likely that in such cases the microstructure will be dominated by the bainite
and martensite microstructural constituents. High cooling rates, very often meet in practice
associated with low heat inputs, are reducing the time required by the diffusion-controlled
processes. As result, the microstructure will be formed predominantly by martensitic and lower
bainitic structures. It’s very important to control the austenite grain size growing effect during
heating cycle, because is in direct relation with the material hardenability.

Non-metallic inclusions play also a very important role in the nucleation process and resulting
microstructure in the weld and HAZ, contributing to a grain refinement process. From these facts,
it can be concluded that is essential for the weldability mathematic model to consider the influence
of the parent initial microstructure, through the mean grain size of the ferritic matrix.

Weldability Mathematic Model

As has been stated before, the model is considering a continuously evolution of the weldability, that is
expressed by a single number comprised between 0 and 1, existing a direct proportional variance between
the weldability and its associated number.

As result, 0 means absolute no weldability, while 1 means an ideal weldability. The weldability
variation must present saturation effect towards to the both limits. For this purpose, it has been
considered a 5PL function that can be shaped very easily using a 5-parameter vector. Those
parameters have been designed in order to account the influence of the main weldability factors,
like: the tg5 cooling time, carbon equivalent, material thickness, parent material hardness and the
mean grain diameter size for the parent material. The function for the weldability proposed model,
has the following equation:

d-a
b
1+ (Ceqj
C
where:

WN = weldability number (0-1).

a = minimum horizontal asymptote (a=0). Minimum theoretical weldability.

b = Hill slope, is expressing how fast the weldability changes around the inflection point.

¢ = weldability speed related to Ceq. Locates the inflection point.

d = maximum horizontal asymptote (d=1). Maximum theoretical weldability.

e = asymmetry factor for the weldability curve. (e=1, weldability curve is symmetrical in relation
to the inflection point).

WN =a+

: (5)
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Because of the very numerous factors that affect the weldability, instead a single weldability
curve should be considered two curves, that are determining a weldability band, very likely to a
hardenability band. Thus, for a specific material and welding conditions, the weldability falls
within the weldability band illustrated in the Fig. 3.
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Fig. 3. Weldability band for steels fusion welding processes.

For the upper and lower weldability curves, the parameters vector p is as it follows:
Upper weldability curve Lower weldability curve

a=0; b=8; ¢=0.7; d=1; e=0.5 a=0; b=7; c=0.45; d=0.8; e=0.4

The weldability can be improved if the grain size of the parent material is reduced. This effect
has been considered by the parameter vector c, that determine the inflection point position. Lower
values for dg which stand for the ferritic mean grain size, is improving the weldability curve that is
shifted to left or to right, accordingly to the eq.(6), for the ¢ parameter, Fig. 4 and Fig. 5, where u
represent the optimum tg.s cooling time and o is the standard deviation.

C = Cmax " €XP [—0.5 : (

t85—u

)2]+0.1-%
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Fig. 4. Parameter vector ¢ and b for the 5PL weldability function.

The Hill slope given by the parameter b of the 5PL weldability curve is controlled by the
cooling time tgs. As can be seen in the Fig. 1, for each material can be determined an optimum
interval for the tg5 cooling time, if we consider the maximum HV hardness in the HAZ. Shorter
times will lead to hardening effect in the HAZ, while longer times will lead to insufficient weld

toughness due to coarsening effect in the HAZ.
increasing b

---0--- HVmax

0.9
HVmartensite
0.8 . .
HVferrite-perlite
s 0.7 b=4
2 0.6 o= =:C N R = = b=5
E 0.5 ”””””””””””” ¥ R :::”” — -b:7
E 04 - Increasing ¢ — \\i ———————— K== Tweggs-mooomoooooe- 2N 1 ‘ e=mmms Reference
= \ 3 -
S 03 R T e=0.3

o1 | crackingsusceptibility v incredsiogh " -+ =c=0.4

- - -

0.2 \\\ ,,,,,,,,, S Q ,,,,,,,,,,,,,,, 3 =0 =e=0.4

S,
e/ -

0 0.2 0.4 0.6 0.8 1
Carbon equivalent [%]

Fig. 5. The shape of the 5PL weldability curve vs. parameter vector p[a,b,c,d,e], the
reference curve has p[a=0, b=5.6, ¢=0.5, d=1, e=0.5].

By modifying the Hill slope (b parameter), we can adjust the weldability curve accordingly to
the tg5 cooling time, Fig. 5. The parameter b is calculated using the eq. (7) and illustrated in the

Fig. 4.
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4

= (7)

The asymmetry factor e has been determined based on the hardness HV of the parent material
influence, that is related to the Ceq, carbon equivalent formulae. The asymmetry factor is
stretching the weldability curve, accordingly to the e value, calculated with eq.(8), Fig. 5.

b=5+

e =0.4+0,2- Ceq (8)

Table 3. Weldability classification systems.

Observation Conventional weldability classification New weldability classification based on
based on the Ceq the 5PL function
Excellent No preheating Faster cooling is possible
weldability Ceq < 0,40% required WN > 0.8 in order to achieve a good
' ' balance between

toughness and strength.

Good Preheating of 200 0.7<WN < 0.8 | No preheat required

weldability 0,40% <Ceq< | o250 °C for wall (WN>0.7), but very

0,50% thickness > 25 mm | g g<WN < 0.7 | Namow welding range

parameters available.

i i Preheat required,
Possmlfe_ 0.50% < Ceq < Preheatl?g of 250 q _
weldability . to 300 °C for wall | 0.4<WN < 0.6 | calculated accordingly to

0,60% thickness > 15 mm DIN EN 1011-2:2001
Poor Preheating of 300 The welding can be
weldability Ceq > 0,60 % to 400 °C for wall | 5 oc\WN < 0.4 possible by §electing
’ thickness > 15 mm proper welding
parameters and Tp(°C).
No No weldability No weldability or very
weldability Ceq > 0,80 % WN<0.2 poor weldability

Beside the Ceq values, it can be made a new classification of the steels weldability based on the
weldability number, calculated with the 5PL formula. Comparative to the conventional Ceq
weldability classification, the weldability number is containing the influence of others main
factors of influence for the steels weldability, allowing a more advanced analysis. With the new
weldability model, for a given material with a particular Ceq, has been obtained a weldability
range accordingly to the welding conditions, thus the weldability property being more precise
evaluated. In the previous cases, when only one parameter was considered at a time, this was not
being possible. For the very same material it could be used or obtained different tgs cooling times,
grain size diameters, heat treatment conditions, thickness or welding parameters, that can make a
difference in material weldability. Finally, for d parameter has been used the relation given in
eq.(9), that determine a range of variation for this parameter between 1 and 0.8 for 0 < Ceq < 1% :
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d=1- 5" 9)

In the Table 3, are presented comparatively the weldability classification in both systems, one
based on the Ceq and the other one, on the 5PL weldability function. Also, for each case scenario
are given the recommended measures for welding.

Summary
1. The steels weldability remains a problem of great interest, due to the higher requirements

regarding the quality and performance of the welded structures.

2. The proposed model in this paper is evaluating more accurate the steel’s weldability. In
this model has been considered the influence of the main parameters: tg.s cooling time,
carbon equivalent, material thickness, parent material hardness and the mean grain
diameter size of the parent material.

3. The weldability is confined between two limits, from the ideal weldability characterized by
WN = 1, to the hypothetical case with zero weldability (WN = 0). The weldability is
varying continuously between the two extremes limits, accordingly to the welding process
parameters and materials properties.

4. One material can present different weldability values, according to welding parameters.
The shape of the 5PL weldability function can be easily adjusted accordingly to the
parameter vector p[a,b,c,d,e] that is set based on the main process variables.

The weldability number can be used further for preheat temperature calculus.

7. The model can be improved further by considering the influence of other factors, related to
the welding process or material properties.

8. The influence of parameter vector p[b,e] over the 5PL shape weldability function is more
important for steels with higher Ceq (Ceg>0.4). The steels with Ceq<0.4% (or WN > 0.7)
can be welded with more flexible welding parameters, without affecting the weldability
steel in a significant manner.

o

o
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Abstract. This paper is a study on three metallic thin films usable for manufacturing optical
MEMS. The films were deposited by thermal evaporation on glass substrates. They were
characterized from the topographical, tribological and mechanical point of view at nanoscale. The
results pointed out that the silver thin films present higher values of the tribological and
mechanical properties than the other two films when testing at room temperature. Increasing the
testing temperature from 20 to 100 °C caused a decreased of both hardness and Young’s modulus
with about 30 up to 55 %.

Introduction

The optical microelectromechanical systems (MEMS) are formed in general by multi-layers of
metallic thin films characterized by good optical properties. Over the last decades, the attention of
the researchers was focused on developing different devices known as microelectromechanical
systems (MEMS) that are satisfying the demands of the customers. The properties of the materials
employed for manufacturing such devices determine its properties and its performance [1]. The
optical MEMS are a category of MEMS devices that are combining the optical, mechanical, and
electronic properties in a single device. They are used in the manufacture of optical sensors,
attenuators, micro-lenses, micro-mirrors, displays and so on [2-5]. Aluminum [6, 7], gold [8, 9]
and silver [10, 11] are one of the most used materials for manufacturing optical MEMS due to
their physical, chemical, mechanical, and optical properties. These materials can be obtained as
thin films by different methods such as thermal evaporation [6], magnetron sputtering [7-9],
electron beam deposition [12], and so on.

Arrazat and his colleagues reported their results concerning the evolution of gold thin films
deposited by sputtering on silicon substrates. They investigated the deposited films by electron
back scatter diffraction analyses that allowed them to study the reliability of micro-switches
manufactured using gold thin films [13]. The growth of aluminum thin films and the interfacial
precipitation between such films and the silicon substrates were studied by Dutta and his co-
workers. They pointed out that at the interface between the aluminum thin films and the silicon
substrate during the heat treatment, some silicon precipitates are formed. According to them, these
precipitates are supplying the driving force necessary for the deposit of the aluminum thin films
[14]. Hojabri and his team worked on determining the influence of substrate temperature on the
morphological and structural characteristics of silver thin films deposited by direct current
magnetron sputtering on silicon substrates. Their results showed that the substrate temperature

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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strongly influence the growth of the silver thin films, their surface roughness, as well as their grain
size [15].

This research is an experimental study regarding the deposition and characterization of
aluminum, gold, and silver thin films deposited by thermal evaporation on glass substrates, these
films being suitable for manufacturing optical MEMS.

Materials and Experimental Procedure

Aluminum, gold and silver targets with purity of 99.99 % were employed for the deposition of the
three metallic films by thermal evaporation. The films were deposited on glass substrate. The
substrates were cleaned in high purity alcohol (99.9 %), in an ultrasonic bath in order to remove
any possible impurities. Further they were blown with compressed air. We used resistance heated
tungsten sources (“boat” type) and a vacuum atmosphere (5-10° torr). A current of 60-80 A was
applied. A distance of 50 mm was kept constant between the substrates and the resistors. The
deposited thin films have a thickness of about 70 nm that was determined using a JEOL JSM 5600
LV scanning electron microscope from the Materials Science and Engineering Department,
Technical University of Cluj-Napoca.

The so-obtained thin films were characterized from the topographical, tribological and
mechanical point of view at nanoscale. The tests were performed on a XE70 atomic force
microscope (AFM) from the Micro and Nano Systems Laboratory, Technical University of Cluj-
Napoca, in a clean environment. An n-type silicon NSC35C cantilever was used for studying the
topography and the tribological characteristics of the three metallic thin films. Its characteristics -
as the manufacturer mentioned - are: length of 130 pm, thickness of 2 um, width of 35 pum and
force constant of 5.4 N/m. The set point used during tests was of 10 nN. The determination of the
adhesion parameters was realized using a PPP-NCHR cantilever by spectroscopy in point. The
relative humidity was 31 % and the testing temperature was varied between 20 and 100 °C,
increasing it with 20 °C per testing. As the manufacturer indicated, the characteristics of this
cantilever are: tip radius smaller than 10 nm, cantilever thickness of 4 um, its width of 30 um and
length of 125 pm, tip height between 10 and 15 nm, force constant of 42 N-m-1. A TD21464
nanoindentor was employed for determining the mechanical characteristics (hardness and Young’s
modulus) of the deposited films. The tests were carried out at a relative humidity of 31 % and at
different temperatures namely 20, 40, 60, 80 and 100 °C. The characteristics of this nanoindentor
— as given by the manufacturer are: cantilever stiffness of 156 N/m; tip thickness of 19 pm; tip
height of 103 um; tip radius smaller than 25 nm and cantilever length of 581 um. The tests were
performed at a force limit of 50 nN. The obtained curves were interpreted using the XEI Image
Processing Tool for SPM (scanning probe microscopy) data by both the Oliver and Pharr (for
determining the values of the hardness) and the Hertzian (for determining the values of the
Young’s modulus) methods [16].

Theoretical formula
Based on the data obtained for the deflection of the tip when scanning a probe by contact mode,
the friction force between the AFM tip and the deposited films was calculated using the equation

) [l
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where F; represents the friction force between the tip and the tested films, dz is the deflection of
the tip, r is a constant (r=0.33), G is the shear modulus (for silicon: G=50.92-10" N-um™ [18]), s
is tip height (s=15 um) while h, b and 1 are the dimensions of the cantilever that are specified in
the previous section.

The data obtained from the spectroscopy in point tests allowed us to determine the work of
adhesion, W,, using the following formula [17]:

Wa = I:adh ’ (C T R)71 (2)

where Fqn represents the adhesion force between the AFM tip and the investigated thin films, c is
a constant and R is tip radius. There are two models that help us to calculate the work of adhesion
namely the JKR (Johnson-Kendall-Roberts) and the DMT (Derjaguin-Miuller-Toporov) models
respectively. The difference between these two models is given by the value of the “c” constant.
Thus, the JKR model considers that c=1.5 while the DMT model considers that c=2 [19]. The tip

used for testing the deposited titanium nitride films has a radius of 10 nm.

Results and Discussions

Once the films were deposited, they were characterized from topographical, adhesion, tribological
and mechanical point of view, these characteristics being very important in the operating of an
optical MEMS device. The average roughness, friction force, adhesion force, work of adhesion,
hardness and Young’s modulus were determined, and we pointed out the influence of testing
temperature on the adhesion and mechanical properties.

Topography and adhesion

The values of the topography parameter were determined to validate what we have found out from
the 3D images. The values of the R, (average roughness), Rq (room mean square roughness), Rsk
(skewness roughness) and Ry, (kurtosis roughness) are given in Table 1. The average values
determined for aluminum, gold and silver thin films were about 5.7 nm, 2.7 nm, and 4.8 nm
respectively.

Table 1. Topographical parameters of the deposited thin films

Material Ra (nm) Rq (nm) Rsk (-) Riu ()
Aluminum 5.68 7.14 -0.381 2.948
Gold 2.68 3.47 -0.477 4.031
Silver 4.83 5.55 0.001 1.882

Adhesion is considered to be the major failure mechanism that affects the reliability of a
MEMS device. In this regard, the adhesion force between each deposited thin film and the AFM
tip was determined by spectroscopy in point. At room temperature, the smallest adhesion was
marked out on the aluminum thin films (78.4 nN), while the highest is specific to the silver thin
films (304.4 nN). We also studied the fluctuation of the adhesion force in terms of testing
temperature. This fluctuation is graphically given in Fig. 1. In general, an exponential increase of
the adhesion parameter with the increase of temperature from 20 to 100 °C can be observed. The
most significant increase in adhesion force is specific to the gold thin films where the adhesion
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force increases from 110.2 nN (at 20 °C) to 991 nN (at 100 °C). The work of adhesion was
calculated based on the average values that we’ve determined for the adhesion force. This
characteristic was calculated using the two models: DMT and JKR (see section 3). The fluctuation
of the work of adhesion is given in Fig. 2. In both cases, the silver thin films present the highest
value of this property (9.69 J-m™ for the DMT model and 12.93 J-m™ for the JKR model). Instead
the aluminum thin films are characterized by the smallest work of adhesion (2.5 for the DMT
model and 3.33 J-m™ for the JKR model). The values for the work of adhesion of gold thin films
are slightly higher (about 0.7 times) than those specific to the aluminum thin films. These results
are in accordance with the results that we’ve obtained for the friction force of these metallic thin
film. Further research will aim at determining the experimental values for this parameter and to
compare them to the theoretical values that are presented in this study.
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Fig. 1. Temperature influence on the adhesion force of the deposited aluminum, gold and silver
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Fig. 2. Work of adhesion of the deposited aluminum, gold and silver thin film determined using
the DMT and JKR models.
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Tribological characterization
The tribological characterization implied the determination of the friction force between the AFM
tip and the surface of the deposited thin films.

The change in this friction force at room temperature is graphically given in Fig. 3. The average
value if the friction parameter for the aluminum, gold and silver thin films is 0.87, 3.80 and 8.60
nN respectively. The fluctuation of friction force is, in general, of 5 % for each film. We must
highlight that the friction force is strongly influence, at nanoscale, by the adhesion force. This
claim confirms our previous results regarding the adhesion force of the three metallic films.

The friction force is strongly influenced at nanoscale by the adhesion force that occurs between
the sample and the AFM tip. Besides the friction coefficient, this friction parameter is also directly
proportional to the sum between the loading charge and the adhesion force.
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Fig. 3. The friction force between the AFM tip and the deposited aluminum, gold and silver thin

films.

Mechanical characterization

The hardness and the Young’s modulus were determined for each film to characterize them from
the mechanical point of view. The determination of the hardness was realized using the Hertzian
model while the force vs. Z scan curves were interpreted using the Oliver and Pharr model for
determining the Young’s modulus. The difference between these two models is that the Hertzian
model assumes there is no plastic deformation after the nanoindentation of the sample. Instead, the
other model assumes that the sample undergoes both plastic and elastic deformations.

This fluctuation of hardness according to the testing temperature is given in Fig. 4. As can be
seen, the silver films are characterized by the highest hardness not only at room temperature (6.72
GPa) but also at 20, 40, 60, 80 and 100 °C. Although it must be pointed out that the variation in
this mechanical parameter is more pronounced for the same silver films when the hardness varied
from 6.72 GPa at 20 °C to 3.63 GPa at 100 °C. In particular, the values of the hardness at
nanoscale for the aluminum and gold thin films are relatively closed especially when testing at 60
°C. The gold thin films are characterized by the best stability of this mechanical property, its
values varying between 1.43 GPa at room temperature to 0.99 GPa at 100 °C.
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The fluctuation of Young’s modulus is presented in Fig. 5. At room temperature, the aluminum,
gold, and silver thin films were determined to have a Young’s modulus of 21.4, 44.3, and 52.03
GPa respectively. Concerning the change in this property with the increase in temperature, the
silver thin films presented a gradually decrease from 52.03 to 36.26 GPa. Conversely, the
aluminum and gold thin films show between 40 and 60 °C a relative conservation of the elasticity
followed by a drop in this mechanical property.

The obtained values for the mechanical characteristics of thin films determined at nano scale
are smaller than the reported values for the bulk materials. This trend was also marked out by
Chang-Wook Baek and his co-workers [20]. The determined values are in good agreement with
the values reported in the scientific literature [12, 13, 21-23].
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Conclusions

Aluminum, gold, and silver thin films were deposited by thermal evaporation on glass substrates.
The deposited films were characterized by the topographical, tribological, adhesion and
mechanical point of view at nanoscale. The gold thin films are characterized by the smallest value
of average roughness (2.68 nm) while the highest value of this parameter (5.68 nm) was
determined for the aluminum thin films. The increase of the testing temperature caused an increase
of the adhesion force about 3.2 times for silver, 4.5 times for aluminum and 9 times for gold. The
smallest and the highest work of adhesion was calculated for the aluminum thin films (2.5 to 3.33
J-m-2) and silver thin films (9.69 to 12.93 J-m™) respectively. The friction force between the
deposited thin films and the AFM tip varied between 0.87 (aluminum) and 8.60 uN (silver). The
silver thin films present the highest values for both the Young’s modulus (52 GPa) and hardness
(6.72 GPa) at room temperature. Increasing the testing temperature from 20 to 100 °C caused a
decrease of the two mechanical characteristics but the decrease was more pronounced for the
aluminum thin films (hardness) and gold thin films (Young’s modulus).
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Abstract. Titanium nitride applicability covers different industries such as microelectronics,
biomedicine and so on. This paper presents the analysis of the structural and optical properties of
titanium nitride thin films for different deposition conditions. The samples were deposited by
direct current magnetron sputtering on silicon substrates. The deposition was done at room
temperature, on substrates preheated at 300 °C or on substrates that were polarized at -40 V and -
90 V respectively. The results indicate a dependency of the structural orientation with respect to
the deposition process when this takes place at room temperature. When the deposition was done
on a preheated substrate there was no structural orientation. A negative polarization of the
substrate leads to the formation of small sized crystallites. Regarding the optical properties, the
films showed good semiconductor properties and a low reflectivity.

Introduction

Titanium nitride (TiN) thin films were studied by many researchers due to their excellent
properties, especially mechanical and tribological properties, corrosion resistance, wear resistance
and thermodynamic stability [1-3]. Due to these properties, titanium nitride thin films can be used
in a wide range of applications like: diffusion barriers for micro-electric devices, optical coatings
with antireflection and antistatic properties, electrodes, biomedicine and hard coatings for tools
and so on [4-9].

The most often used methods to obtain titanium nitride films are: reactive magnetron
sputtering, laser ablation, ion beam deposition or plasma assisted chemical vapor deposition and
so on [10-14]. The physical-chemical and mechanical/tribological properties of titanium nitride
films depend on the deposition parameters. In this regard, different researches present the
influence of some deposition parameters such as the deposition rate, deposition time, substrate, the
heating or the polarization of the substrate on the topographical, mechanical, tribological, adhesion
properties for titanium nitride thin films deposited by DC (direct current) magnetron sputtering.
All the results are pointing out a change in these properties with the change in deposition
parameters. A possible explanation for this change can be the growth of the deposited films after
different preferential orientations.

The present paper is a study concerning the deposition of titanium nitride thin films by DC
magnetron sputtering on silicon substrates at different deposition parameters (substrate

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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temperature, substrate bias voltage, deposition time) and the structural and optical characterization
of the obtained thin films.

Materials and Methods

Deposition of titanium nitride thin films

The deposition of titanium nitride films was done by direct current reactive magnetron sputtering
method, using 99.99 % purity titanium target and silicon Si (100) substrate. The experimental
procedure details are presented in previously published work of the authors [4]. The parameters
for titanium nitride films deposition were: (i) deposition time (10, 20 and 40 minutes) with the
substrate (RT) at room temperature, (ii) deposition time (20 minutes) with the substrate at a
temperature of 300 °C and (iii) deposition time (20 minutes) and polarization of the substrate at -
40 V and -90 V. These studies were conducted in order to determine the influence of the
deposition conditions on the structural and optical properties of titanium nitride films destined for
MEMS devices applications.

Characterization of titanium nitride thin films

X-ray diffraction analysis was carried out with an Inel Equinox 3000 diffractometer using a cobalt
radiation (1,=1.7889 A, 1,=1.7928 A). The patterns were evaluated using JPCDS 87-0633. The
mean crystallite size and lattice strain were calculated using the Williamson-Hall method.
According to this method, the broadening of the diffraction line, B, is given by the sum of the
broadening introduced by the crystallite size, By, and the broadening introduced by the internal
strain, f3; (equation (1)). These two parameters can be calculated using the equations (2) and (3) as

follows [15]:
B = Ba+ B 1)
bt = o @
Pe=4-¢-tgh ©)

Where K is Scherrer’s constant, A is the wavelength of the X-ray radiation, D is the mean
crystallite size, 0 is the Bragg angle while € represents the internal strain. Starting from the
equations mentioned above and the graphical plotting of the dependency B-cos® = f(4-sinf), the
mean crystallite size and the internal strain can be determined. Thus, the internal strain is given by
the line’s slope while the mean crystallite size is given by the intersection between the line and the
Y axis (B-cosH).

UV-Vis spectroscopy studies were conducted in order to determine the optical properties of the
films. Using an aluminum mirror as reference, the diffuse reflectance spectra were measured at 8°
with a Lambda 35 Perkin-Elmer spectrometer equipped with an integrated sphere. The energy
band gap of the titanium nitride films was determined based on the Kubelka-Munk function [16].

Results and discussions

XRD patterns of the titanium nitride films deposited at different deposition time are presented in
Fig. 1. The crystalline phase of titanium nitride was identified based on JPCDS standard
diffraction no. 87-0633. Based on the results obtained using the Williamson-Hall relation, it was
observed that the increase in deposition time tends to decrease the structural parameters, i.e.
crystallite size, lattice strain and cell volume (Table 1). It was also observed that for a deposition
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time of 10 minutes, the titanium nitride film has a textural orientation in the (111) crystalline
plane, while when increasing the deposition time to 40 minutes, the preferred orientation of the
deposited titanium nitride film changes to the (220) crystalline plane.

—— TaN/S1/10 min/RT
TIN/S1/20 min/RT
TIiN/S1/40 min/RT

Intensity (a. u.)

2 Theta (degree)

Fig. 1. XRD patterns of titanium nitride thin films deposited at different deposition time on a
silicon substrate at room temperature.

The change in the preferred orientation, confirmed by other authors like [10, 14, 17], can be
attributed to the increased energy of the bombarding particles from titanium target. Another cause
for the change in the structural parameters with the increase in the deposition time can be the
change in the preferred orientation, which can deform the cell parameters and to the increased
thickness of the film [10]. According to the theoretical calculation, titanium nitride films thickness
increased (0.27 pum, 0.55 pm and 1.10 um) with the deposition time (10, 20 and 40 minutes).
However, the change in lattice strain can be explain due to the presence of the (TiN) 76 (JCPDS file
no. 01-087-0626), (TiN)gs (JCPDS file no. 01-087-0630) and TiN (JCPDS file no. 01-087-0633)
compounds in the structure of the deposited films. For instance, the presence of the TiN 7¢ leads to
the change in 20 angle from 50.68 ° (specific to the stoichiometric compound TiN) to 49.97 ° in
the case of the (200) crystalline plane. The values of the lattice strain given in Table 1 are the
average values obtained for each film and they are influenced by the quantity of non-
stoichiometric compounds. The presence of non-stoichiometric compounds was also reported by
other researchers [18, 19].

Fig. 2 presents the XRD patterns for the titanium nitride film deposited on the silicon substrate
preheated at 300 °C and the titanium nitride film deposited on the silicon substrates negatively
biased at -40 V and -90 V respectively, when the deposition time was kept constant at 20 minutes.
It is obvious that the deposition parameters have a strong influence on the chemical composition
and, implicitly, on the properties of the investigated thin films. As mentioned above, non-
stoichiometric compounds exist in the deposited thin films. Their existence determines a shift to
the left of the peaks. We assume that the shift is more significant in the case of titanium nitride
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thin films that are containing higher quantities of non-stoichiometric compounds. When the silicon
substrate was polarized at -40 V and -90 V for a deposition time of 20 minutes, compared to the
un-polarized film, it was observed a decrease in crystallite size titanium nitride films (Table 1)
from 21 nm for the un-polarized titanium nitride film to 16-17 nm for titanium nitride film for the
polarized substrate. According to Benegra et al. [20] a decrease of crystallite size with the increase
of negative bias can be explained by the fact that the pulsed power may not only increase the
impinging atom energy, but it may also increase the ion current densities.

Table 1. Structural parameters of titanium nitride thin films

Samples Average Lattice Cell volume
crystallite size strain [A%]
[nm] [%0]
TiN/Si/10 min 37 0.379 12.73
TiN/Si/20 min 21 0.272 12.70
TiN/Si/40 min 17 0.160 12.69
TiN/Si/20 min/300 °C 17 0.210 12.70
TiN/Si/20 min/-40 V 17 0.585 12.73
TiN/Si/20 min/-90 V 16 0.930 12.73

TiN/JPCDS 87-0633 -

12.73

(200)

Intensity (a. u.)

TIN/S120 min/RT/~-90V
TIN/S120 min/RT/-40V
——— TiIN/S1/20 min/300 'C

2 Theta (degree)
Fig. 2. XRD patterns of titanium nitride films deposited on substrates heated at a temperature 300
°C and polarized at -40 V and -90 V for 20 minutes.
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Fig. 3 shows the specular reflectance of titanium nitride films deposited on silicon substrates at
room temperature at different deposition times. All the films exhibit a low reflectivity, between
300 nm and 500 nm, but as the wavelength increases to the infrared region, the reflectance also

increases, especially for the titanium nitride film deposited for 20 minutes which has a of
reflectance nearly 60 %.

62.5 |- | f==—=dTiN/Si/10 min/RT
e TiN/Si1/20 min/RT
e TN /S1/40 min/RT

37.5

Specular reflectance (%)

0.0 L 1 1 1 I 1 1
300 400 500 600 700 800 900

Wavelength (nm)

Fig. 3. Reflectance spectra of titanium nitride films deposited at different deposition time on a
silicon substrate at room temperature.

90
| | =——{TiN/Si/10 min/RT: E =2.54 eV
75 | | =====TiN/Si/20 min/RT; E =2.14 eV
e TiN/Si/40 min/RT; E =2.83 eV
r:;\ E
= 60
*
)
% 45
30
15
0 F
10 15 20 25 30 35

hv(eV)
Fig. 4. Energy band gap of titanium nitride films deposited at different deposition time on silicon
substrate at room temperature.
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The energy band gaps suggest that the titanium nitride films deposited at different deposition
times are semiconducting materials (Fig. 4). The titanium nitride film deposited for 20 minutes
exhibit a lower energy band gap (2.14 eV) than the films deposited for 10 and 40 minutes,
respectively (2.54 eV and 2.83 eV).

A red-shifting in the optical energy of titanium nitride film deposited for 20 minutes, compared
to the film deposited for 10 minutes can be attributed to the increase in the film thickness and with
the change in the textural orientation from (111) crystalline plane to (220) crystalline plane, which
also implied an increase in the roughness of the films [4]. According to Kiran et al. [21] the
change in the titanium nitride films thickness causes a shift in the optical edge and therefore a
change in the band structure of the films.

Fig. 5 presents the reflectance spectra of the titanium nitride films deposited for 20 minutes on
a silicon substrate heated at 300 °C and on substrates, at room temperature, to which a negative
bias-voltage of -40 V and -90 V respectively was applied. Compared to the titanium nitride film
deposited on the silicon substrate heated at 300 °C, which have a reflectivity between 300 nm and
500 nm, the titanium nitride films deposited on a substrate with different voltage bias, the
reflectivity increases to between 500 nm and 900 nm.

87.5 -

75.0 | fommmet TIN/Si/20 min/300 °C
- | == TiN/Si/20 min/-40V

62.5 || s TIN/Si/20 min/-90V

Specular reflectance (%)

0.0 | 1 1 | 1 | ]

300 400 500 600 700 800 900

Wavelength (nm)
Fig. 5. Reflectance spectra of titanium nitride films deposited for 20 minutes on a silicon substrate
preheated at 300 °C and deposited on a substrate at room temperature and polarized at -40 V and -
90 V.
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Fig. 6. Energy band gap of titanium nitride films deposited on a silicon substrate preheated at 300
°C and deposited on substrate at room temperature and a voltage bias of -40 V and -90 V.

The crystalline degree of the titanium nitride film deposited on a substrate heated at 300 °C
increases compared to the titanium nitride film deposited on un-heated substrate. The energy band
gap (Fig. 6) also increases due to the blue-shifting of the optical response. The latter is caused by a
decrease in the crystallite size that implies band structure modifications due to cell size and by the
fact that titanium nitride film deposited on a heated substrate do not present a textural orientation
unlike the titanium nitride film deposited on an un-heated substrate [22]. The blue-shifting of the
optical response was also observed for the films deposited at negative bias voltage. This can be
also attributed to the decrease in the crystallite size.

It can be concluded that titanium nitride films exhibit semiconducting properties based on the
structural and optical characterization of titanium nitride films deposited on silicon substrate at
different deposition conditions. As a result, titanium nitride films may have possible applications
in solar cells, optoelectronics or microelectronic-mechanical devices.

Summary

The deposition of titanium nitride films on a silicon Si (100) substrate at different deposition
parameters influences the structural and optical properties of the material. Thus, when the
deposition time increases from 10 to 40 minutes and the deposition is done on silicon substrates at
room temperature, the textural orientation changes from (111) orientation to the (220) crystalline
plane due to increase in both the energy of the bombarding particles of the titanium target and in
the film thickness. Heating of the silicon substrate at 300 °C leads to an increase of crystallinity,
but the titanium nitride film does not present a textural orientation. Applying a negative bias
voltage to the substrate leads to the formation of titanium nitride films with small crystallite size.
By optical means, titanium nitride films exhibit semiconducting properties, with a low reflectivity
(between 300 nm and 500 nm), but they increase for a wavelength in the infrared region. The
energy band gap of the films is also influenced by structural properties (crystallite size and textural
orientation) and film thickness.
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Abstract. Graphene and graphene derivatives are widely used as fillers for polymer composite
materials. The Reduced Graphene Oxide (RGNO) is usually considered as one kind of chemically
derived graphene, just like Graphene Oxide (GO). However, very dangerous chemicals are used
for synthesis of RGNO. Specially, hydrazine hydrate used to form RGNO is highly toxic and
unstable. In this paper, a green strategy was reported for the synthesis of RGNO. To this aim,
firstly GO was prepared from natural graphite by Hummers method and then obtained GO was
reduced by vitamin C. Structural characterization results revealed that GO was successfully
reduced to RGNO. RGNO filled polyvinylchloride (PVC) composites were prepared by colloidal
blending method. The structural changes were observed in RGNO/PVC composites as a function
of RGNO loading and confirmed by FTIR, XRD and SEM analyses. These analyses indicated that
RGNO layers were fully exfoliated and well-dispersed in the PVC matrix.

Introduction

Graphene has recently attracted attention as inexpensive filler in composite materials that can be
used in a wide range of potential applications due to its excellent structural, mechanical, thermal,
and electrical properties [1, 2]. The most common method for producing graphene is chemical
reduction of graphene oxide (GO) [3]. However, negative aspect of the reduction process is the
high toxic nature of the reducing agents (hydrazine hydrate, di-methylhydrazine, hydroquinone,
sodium borohydride, metal hydrides) [4]. These agents are harmful to both humans and the
environment [5]. Specially, hydrazine hydrate is the widely used as reduction agent but it is highly
toxic and dangerously unstable [6]. Therefore, it is very important to find harmless and efficient
reducing agents to reduce GO [7]. Recently, nontoxic or natural products such as non-aromatic
amino acids [3], leaf extracts of natural products [4], ethylene glycol [6], sodium carbonate [8],
ascorbic acid [9], sugar [10], green tea [11] etc. that offer environmentally friendly approaches to
reduce GO have been developed [12]. PVC is a common thermoplastic as a host polymer matrix
for preparing polymeric composite materials because of its low cost and excellent chemical
stability and biocompatibility [13, 14]. But PVC has disadvantageous properties such as poor
processability, thermal stability and weatherability [15]. Recently, the improvement in thermal,
electrical and mechanical properties of PVC matrix with graphene derivatives has been reported in
many literatures [15 - 21]. However, there are no published data concerning the effect of the
different amounts of RGNO that prepared with Vitamin C on the properties of RGNO/PVC
composites. In the present study, we prepared RGNO filled PVC composites by a solution

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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blending method and we are reporting a simple method of preparation of RGNO using Vitamin C.
The effect of RGNO on structural properties has been investigated. This research opens a new
route to fabricate composites with green synthesis of filler which can be a promising material for
many applications.

Material and Method

Graphite powder (GF), concentrated sulfuric acid (98 % - H,SO,), potassium permanganate
(KMnQy), hydrogen peroxide (30 % - H,0,) solution, hydrochloric acid (HCI) and Vitamin C
(L(+) - Ascorbic Acid) were of reagent grade and purchased from Merck. All the reagents were
used without further purification. All solutions were prepared using deionized (DI) water. GO was
prepared from natural graphite (45um nominal particle size) by the Hummers method [22].
Graphite (1 g) was mixed with 69 mL of concentrated H,SO, and the mixture was stirred in an ice
bath for around 30 min. After homogeneous dispersion of the GF in the solution, KMnQO, (8 g)
was added slowly to the solution in an ice bath and the reaction mixture was stirred for 15 min.
under a reaction temperature of 20°C. Then the ice bath was removed and the mixture was stirred
at 35°C overnight to form thickened paste. Afterward 70 mL of de-ionized water was added slowly
into the reaction solutions to avoid the reaction temperature rising to a limit of 98 °C. After 2
hours of vigorous stirring, 12 mL of 30 % H,0, was added and the color turned golden yellow
immediately. Finally, the mixture was then filtered and washed several times with 3 % HCI and DI
water until pH 7 and dried at 65°C for 12 hours to obtain GO powder.

To prepare RGNO, 0.5 g of GO was dispersed in 100 mL of DI water. pH of the GO
suspension was adjusted to ~10 by using ammonia solution. Then 0.75 g of Vitamin C was added
to the mixture and heated at 95°C for 12 hours. After that the mixture was filtered and the RGNO
was obtained as a black powder. This powder was washed with DI water several times.

-0, OH

N=(
HO /“'\..In"z\u):.“o
OH
“ Oxidation . Vitamin C
. NH.OH .
Graphite (GF()} ) Oxide (GO Reduced
raphene Oxide (GO) graphene Oxide (RGNO)
RIS S I ENN
Reduced graphene PVC
oxide/PVC Composite
(RGNO/PVC)

Fig. 1. Synthesis process of RGNO/PVC composites.

RGNO/PVC composites were prepared by a colloidal blending method. PVC (1 g) was first
dissolved in Tetrahydrofuran (THF) at 70 °C and was cooled to room temperature. RGNO powder
was separately dispersed in THF at 25°C. The two solutions were stirred for 2 hours at 60°C. The
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resulting homogeneous dispersion was poured into glass petri dish and kept in an oven at 60 °C for
slow evaporation of the solvent to get RGNO/PVC composite. The synthesis process of
RGNO/PVC composites is illustrated in Fig. 1. The RGNO content in the RGNO/PVC composite
was varied from 0.1 — 1 wt. % (Table 1).

Table 1. Ratios and codes of RGNO in the composites.

Samples RGNO Content (wt. %)
0.1-RGNO/PVC 0.1
0.3-RGNO/PVC 0.3
0.5-RGNO/PVC 0.5
1-RGNO/PVC 1

Structural analyses of the RGNO powders and composites were carried out by FTIR spectra
(Spectrum 100, Perkin Elmer) in the range of 4000-400 cm ™' and X-Ray Diffraction (XRD, PAN
analytical, Empyrean) in the range of 5 — 40°. The surface morphology was examined by a
Scanning Electron Microscopy (SEM, Supra 40VP, Zeiss). EDS analyses were performed on the
same instrument.

Results and Discussion

FTIR spectra for GO, RGNO, neat PVC and RGNO/PVC composites were presented in Fig. 2.
Fig. 2 showed the stretching of hydroxyl group at 3214 cm ', the C=0O carbonyl stretching at
1720 cm™', and the C-O epoxide group stretching at 1160 and 1040 cm™' [6, 8]. These results
suggested that the GO sample was oxidized and presented mainly oxygen-containing functional
groups. After the reduction reaction, no obvious peak could be observed, which means that
successful reduction of GO into RGNO [11].

N ‘WW —l-RGNO/PVC
= W ——0.5-RGNOQO/PVC

0.3-RGNO/PVC
bl VWV" ——0.1-RGNO/PVC
PVC
——RGNO
GO

% T

3400 2400 1400 400

Wavenumber (cm)

Fig. 2. FTIR spectra of GO, RGNO and RGNO/PVC composites.
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Characteristic peaks of carbon-oxygen functional groups of RGNO were just very weak. For
neat PVC and the RGNO/PVC composites, the characteristic C-H in phase and out of phase
stretching vibrations bands can be observed at 2911 cm™ and 2859 cm™, respectively. The peaks at
1426, 1252, 956, 834, 611 cm™ in the FTIR spectra of neat PVC and RGNO/PVC composites
were attributed to the CH, deformation, CH-rocking, trans CH wagging, C-ClI stretching and cis
CH wagging vibration, respectively [18, 23]. As seen from Fig. 2, FTIR spectra of RGNO/PVC
composites showed a decrease in the intensities of the peaks with increase of RGNO loading
content. This result indicated that RGNO prevented intermolecular vibrations with increase of
RGNO loading content.

Fig. 3 showed XRD patterns of the GF and prepared GO and RGNO powders whereas Table 2
showed 26 values and d-spacing data of the same materials.

Table 2. 20 values and d spacing data obtained from XRD results.

Samples 20° | d(nm)

GF 26,4 | 0,337

GO 9,95 | 0,888

The crystalline GF had a strong characteristic peak at 26=26.4°. The corresponding interlayer
distance was observed to be 0.337 nm. Fig. 3 exhibited a sharp peak at 9.95° corresponding to the
(002) plane of GO and inter planner spacing of 0.888 nm, which confirms the successful
preparation of GO from graphite powder by the modified Hummers method [6]. The increase in
the interlayer distance from 0.337 nm to 0.888 nm was due to oxygen-containing functional
groups intercalated within the layered structure (Table 1) [24]. For RGNO in Fig. 3, the diffraction
peak at 9.95° has disappeared, indicating the complete reduction of GO to RGNO by Vitamin C
and a broad peak appears at 24.04°. This indicated that the GO is completely exfoliated to a single
layer of graphene [25, 26]. The XRD patterns of all RGNO/PVC composites were shown in Fig. 4
and no peak was seen for any of the RGNO-containing composites. XRD analysis result
demonstrated that the amorphous structure of the PVC was maintained.

RGNO

>
= .
=
< . A

- — (5 F

e u T P

5 20 35 50

20°
Fig. 3. X-ray diffraction patterns of GF, GO and RGNO powders.
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Fig. 5 presented the micrographs of GO and RGNO powders. It could be seen clearly from the
SEM image of Fig. 5 a that the morphology of GO appeared as a randomly aggregated [27, 28].
As shown in Fig. 5b, the SEM image of the RGNO showed that wrinkle-like structure due to the
rapid removal of oxygen containing functional groups in GO (hydroxyl, carbonyl and epoxy
groups) [25]. According to EDS results of the GO and RGNO, oxygen content decreased from
46.78 atom % to 24.03 atom % (Table 3) which indicated successful reduction of GO.

—1-RGNO/PVC

—0.5-RGNO/PVC

Intensity

—O.3-RGN9/PVC

—0.1-RGNO/PVC

~——
N—
\

—=RGNO

20

35 50

20°
Fig. 4. X-ray diffraction patterns of RGNO and RGNO/PVC composites.

Fig. 5. SEM images of (a) GO, (b) RGNO (magnification 20.000 KX).

Table 3. EDS results of GO and RGNO

Samples Oxygen Content (atom %o)
GO 46.78
RGNO 24.03
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Fig. 6 showed the surface morphologies of the neat PVC and RGNO/ PVC composites. When
compared to the straight surface of neat P\VC shown in Fig. 6a, the PVC composite with 0.1 wt. %
RGNO showed irregular and bumpy with a rough surface (Fig. 6b). The SEM image of the PVC
composite with 0.3 wt. % RGNO showed that compact and highly porous (Fig. 6¢). The PVC
composite with 0.5 wt. % RGNO exhibited slightly lower porosity (Fig. 6d) owing to polymer
growing in the pores and galleries of RGNO [17]. From the SEM image of the PVC composite
with 1 wt. % RGNO (Fig. 6e), it could be seen that the porosity increased as the large-grained. It is
evident that the RGNO led to porosity in the PVC matrix. The same structure was also observed
previously study [29].

Fig. 6. SEM images of (a) Neat PVC, (b) 0.1-RGNO/PVC, (c) 0.3-RGNO/PVC, (d) 0.5-
RGNO/PVC, (e) 1-RGNO/PVC (magnification 40.000 KX)
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Conclusion

In this study, the structural changes were observed in PVC composites with 0.1, 0.3, 0.5 and 1 wt.
% RGNO. To this aim, firstly, GO was prepared from GF by Hummers method and then obtained
GO reduced to RGNO with Vitamin C. FTIR, XRD and EDS results showed that GO and RGNO
were successfully synthesized and SEM images proved their characteristic structures. RGNO/PVC
composites with dispersion in THF had been synthesized by colloidal blending method. No
changes were observed in XRD patterns, but FTIR spectra of RGNO/PVC composites showed a
decrease in the intensities of the peaks with an increase of RGNO loading content. XRD and FTIR
results of all composites indicated the RGNO layers well-dispersed in the PVC matrix. All
composites had a different morphological structure when compared with the neat PVC. The SEM
images confirmed the presence of PVC filling the pores and galleries of RGNO in the composites.
All results of this study revealed that the structural changes of the RGNO/PVC composites must
had influenced their thermal and mechanical properties. Therefore, these properties of these
composites will be examined in a future work.

Acknowledgement
The authors thank the financial support of the research foundation (Project no.: 2015-02.BSEU.07-
01) of Bilecik Seyh Edebali University.

References

[1] S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas, A. Kleinhammes, Y. Jia, Y. Wu, S.
T. Nguyen, R. S. Ruoff, Synthesis of graphene-based nanosheets via chemical reduction of
exfoliated graphite oxide, Carbon. 45 (2007) 1558-1565.
https://doi.org/10.1016/j.carbon.2007.02.034

[2] S. Park, J. An, J. R. Potts, A. Velamakanni, S. Murali, R. S. Ruoff, Hydrazine-reduction of
graphite- and graphene oxide, Carbon. 49 (2011) 3019 -3023.
https://doi.org/10.1016/j.carbon.2011.02.071

[3] D. N. H. Tran, S. Kabiri, D. Losic, A green approach for the reduction of graphene oxide
nanosheets  using  non-aromatic amino acids, Carbon. 76 (2014) 193-202.
https://doi.org/10.1016/j.carbon.2014.04.067

[4] S. Thakur, N. Karak, Green reduction of graphene oxide by aqueous phytoextracts, Carbon. 50
(2012) 5331-5339. https://doi.org/10.1016/j.carbon.2012.07.023

[5] Y.-K. Kim, M. -H. Kim, D.-H. Min, Biocompatible reduced graphene oxide prepared by using
dextran as a multifunctional reducing agent, Chem. Commun. 47 (2011) 3195-3197.
https://doi.org/10.1039/c0cc05005a

[6] Y. Liu, Y. Zhang, G. Ma, Z. Wang, K. Liu, H. Liu, Ethylene glycol reduced graphene
oxide/polypyrrole composite for supercapacitor. Electrochim. Acta. 88 (2013) 519-525.
https://doi.org/10.1016/j.electacta.2012.10.082

[7] S. Gurunathan, J. W. Han, A. A. Dayem, V. Eppakayala, M.-R. Park, D.-N. Kwon, J.-H. Kim,
Antibacterial activity of dithiothreitol reduced graphene oxide, J. Ind. Eng. Chem. 19 (2013)
1280-1288. https://doi.org/10.1016/j.jiec.2012.12.029

[8] Y. Jin, S. Huang, M. Zhang, M. Jia, D. Hu, A green and efficient method to produce graphene
for electrochemical capacitors from graphene oxide using sodium carbonate as a reducing agent,
Appl. Surf. Sci. 268 (2013) 541- 546. https://doi.org/10.1016/j.apsusc.2013.01.004

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. éb49comterms-of-use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 143-151 doi: http://dx.doi.org/10.21741/9781945291999-16

[9] M.J. Fernandez-Merino, L. Guardia, J.I. Paredes, S. Villar-Rodil, P. Solis-Fernandez, A.
Martinez-Alonso, J.M.D. Tascon, Vitamin C is an ideal substitute for hydrazine in the reduction of
graphene  oxide suspensions, J. Phys. Chem. C. 114 (2010) 6426-6432.
https://doi.org/10.1021/jp100603h

[10] A.l. Kamisan, A.-S. Kamisan, R. Md. Ali, T.l. Tunku Kudin, O.H. Hassan, N. A. Halim,
M.Z.A. Yahya, Synthesis of graphene via green reduction of graphene oxide with simple sugars,
Adv. Mat. Res. 1107 (2015) 542-546.

[11] Y. Wang, Z. Shi, J. Yin, Facile Synthesis of soluble graphene via a green reduction of
graphene oxide in tea solution and its biocomposites, ACS Appl. Mater. and Interfaces. 3 (2011)
1127-1133. https://doi.org/10.1021/am1012613

[12] Y. Guo, X. Sun, Y. Liu, W. Wang, H. Qiu, J. Gao, One pot preparation of reduced graphene
oxide (RGO) or Au (Ag) nanoparticle-RGO hybrids using chitosan as a reducing and stabilizing
agent and their use in methanol electrooxidation, Carbon. 50 (2012) 2513-2523.
https://doi.org/10.1016/j.carbon.2012.01.074

[13] P. Li, X. Chen, J.-B. Zeng, L. Gan, M. Wang, Enhancement of the interfacial interaction
between poly(vinyl chloride) and zinc oxide modified reduced graphene oxide, RSC Adv. 6
(2016) 5784-5791. https://doi.org/10.1039/C5RA20893A

[14] X. C. Ge, X. H. Li, Y. Z. Meng, Tensile Properties, Morphology and thermal behavior of
PVC composites containing pine flour and bamboo flour, J. Appl. Polym. Sci. 93 (2004) 1804—
1811. https://doi.org/10.1002/app.20644

[15] J. Hu, X. Jia, C. Li, Z. Ma, G. Zhang, W. Sheng, X. Zhang, Z. Weli, Effect of interfacial
interaction between graphene oxide derivatives and poly(vinyl chloride) upon the mechanical
properties of  their  nanocomposites, J. Mater. Sci. 49 (2014) 2943-51.
https://doi.org/10.1007/s10853-013-8006-1

[16] H. J. Salavagione, G. Martinez, Importance of covalent linkages in the preparation of
effective reduced graphene oxide poly(vinyl chloride) nanocomposites, Macromolecules. 44,
2011, 2685-2692. https://doi.org/10.1021/mal02932c

[17] K. Deshmukh, G. M. Joshi, Thermo-mechanical properties of poly(vinyl chloride)/graphene
oxide as high performance nanocomposites, Polym. Test. 34 (2014) 211-2109.
https://doi.org/10.1016/j.polymertesting.2014.01.015

[18] K. Deshmukh, S. M. Khatake, G. M. Joshi, Surface properties of graphene oxide reinforced
polyvinylchloride nanocomposites, J. Polym. Res. 20 (2013) 286. https://doi.org/10.1007/s10965-
013-0286-2

[19] M. Hasan, M. Lee, Enhancement of the thermo-mechanical properties and efficacy of mixing
technique in the preparation of graphene/PVC nanocomposites compared to carbon
nanotubes/PVC, Prog Nat Sci-Mater Int. 24 (2014) 579-587.
https://doi.org/10.1016/j.pnsc.2014.10.004

[20] S. Vadukumpully, J. Paul, N. Mahanta, S. Valiyaveettil, Flexible conductive
graphene/poly(vinyl chloride) composite thin films with high mechanical strength and thermal
stability, Carbon. 49 (2011) 198-205. https://doi.org/10.1016/j.carbon.2010.09.004

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. éb56)comterms-of-use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 143-151 doi: http://dx.doi.org/10.21741/9781945291999-16

[21] H. Wang, G. Xie, M. Fang, Z. Ying, Y. Tong, Y. Zeng, Electrical and mechanical properties
of antistatic PVVC films containing multi-layer graphene, Compos. Part B-Eng. 79 (2014) 444-450.
https://doi.org/10.1016/j.compositesb.2015.05.011

[22] W.S. Hummers, R. E. Offeman, Preparation of graphitic oxide, J. Am. Chem. Soc. 80 (1958)
1339. https://doi.org/10.1021/ja01539a017

[23] S. Ramesh, K. H. Leen, K. Kumutha, A.K. Arof, FTIR studies of PVC/PMMA blend based
polymer electrolytes, Spectrochim. Acta A 66 (2007) 1237-1242.
https://doi.org/10.1016/j.saa.2006.06.012

[24] S. Gurunathan, J. W. Han, E. Kim, D.-N. Kwon, J.-K. Park, J.-H. Kim, Enhanced green
fluorescent protein-mediated synthesis of biocompatible graphene, J. Nanobiotechnol. (2014)
12:41. https://doi.org/10.1186/s12951-014-0041-9

[25] C. Bora, P. Bharali, S. Baglari, S. K. Dolui, B. K. Konwar, Strong and conductive reduced
graphene oxide/polyester resin composite films with improved mechanical strength, thermal
stability and its antibacterial activity, Compos. Sci. Technol. 87 (2013) 1-7.
https://doi.org/10.1016/j.compscitech.2013.07.025

[26] Y. Wu, , H. Luo, H. Wang, C. Wang, J. Zhang, Z. Zhang. Adsorption of hexavalent
chromium from aqueous solutions by graphene modified with cetyltrimethylammonium bromide,
J. Colloid. Interf. Sci. 394 (2013) 183-191. https://doi.org/10.1016/j.jcis.2012.11.049

[27] M. Safarpour, A. Khataee, V. Vatanpour, Thin film nanocomposite reverse 0smosis
membrane modified by reduced graphene oxide/TiO2 with improved desalination performance, J.
Membrane Sci. 489 (2015) 43-54. https://doi.org/10.1016/j.memsci.2015.04.010

[28] D. Li, B. Zhang, F. Xuan, The sequestration of Sr(Il) and Cs(l) from aqueous solutions by
magnetic graphene oxides, J Mol. Lig. 209 (2015) 508-514.
https://doi.org/10.1016/j.mollig.2015.06.022

[29] F. Mindivan, The Synthesis, Thermal and structural characterization of
Polyvinylchloride/Graphene Oxide (PVC/GO) composites, Mater. Sci. Non - Equilib. Phase
Transform. 3 (2015) 33-36.

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. éb5icomterms-of-use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 152-156 doi: http://dx.doi.org/10.21741/9781945291999-17

Research into the warm compaction of metal powders
Radu MURESAN

Technical University of Cluj-Napoca

Radu.Muresan@stm.utcluj.ro
Keywords: Metal powders, Warm compaction, Sintering.

Abstract. The technological method of warm powder compaction is similar to that of axial die
compaction, except that both the powder and the die must be heated to a temperature between 100
and 160 " C. This temperature range was chosen for two reasons, i.e.: at temperatures below 100°C
the effect is negligible, as the phenomena accompanying compaction are identical to those
accompanying cold compaction. At temperatures above 160 C the risk of particle oxidation
increases, although there also is a positive aspect when exceeding such temperature, which is the
facilitation of the process of lubricant elimination from the powder mass. The method ensures that
the density of the compacts is over 99% of the theoretical density of the used powder mixtures.
This paper intends to present a comparative study of the behaviour of the DensmixTM powder
during cold and warm compaction.

Introduction

The warm compaction technique was proposed by the Hogands Corporation in the U.S. at the
beginning of the ‘90s, and since then it has received more and more attention. This technique can
provide high density as compared to the classical compaction techniques. Generally, raw density
in the case of warm compaction is influenced by a large number of plastic deformations, which are
due to a decrease in the particles’ compressive strength [2, 3]. Nevertheless, the main densification
mechanism in the case of warm compaction is based on the plastic deformation of the particles.
Since it was introduced, a decade ago, warm compaction has become increasingly popular, and it
is now used extensively in the manufacture of high strength components. Besides the increase in
density, it also results in high strength of raw materials and substantially increased lubrication of
the die walls. The subsequent advantages were also used by combining warm compaction with
other operations, such as mechanical processing of raw materials, high temperature sintering,
sinterforging, surface densification, etc.

The main performance of this technology consists of the design of the powder mixture, the
powder heating system and the used equipment. The good properties of the parts made by
compaction at certain temperatures represent the success of mass production; this is also made
possible by the use of adequate lubricants in the mixtures. Densmix™ type powders, which were
especially designed for warm compaction. The subsequent advantages of the properties of such
powders consist in the improvement of certain parameters, such as: dimensional variation, mass
variation and specimen consistency.

Warm compaction is characterized by the heating to a temperature of approx. 150 ‘C. The
mixtures designed for warm compaction may be based on any iron or steel powder, as well as
alloyed steel powder. The lubricant is optimised to work at high temperatures at 0.6% content [1].

Warm compaction was introduced onto the market in 1994 and quickly gained ground as an
effective method for the manufacture of high density parts used in different applications. Over 150
different components are currently developed and produced. The most commonly used parts that
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have been manufactured so far are different types of cogwheels for hand-held power tools and
safety parts for automotive applications. The helical gears for different applications are a fast
growing sector of warm compaction.

The weight of the parts ranges between 5 and 105 grams in Europe and Asia, while auto
components weighing up to 1100 grams are produced in the U.S. The heating system used in
Europe and Asia is the one developed by the Hoganas Company. Within this heating system, the
powder is heated by heated oil.

Since it was introduced, warm compaction has gained much experience both in the laboratory,
and in the part production [4-6]. The obtained advantages are not only the increase in density, raw
strength and the static mechanical properties, but also a number of other favourable factors that
will be important for the future growth in the competitiveness of powder metallurgy.

Fig. 1. The warm compaction system.
Experimental
We conducted experiments on the DensmixTM powder manufactured by the Hogands AB
Company, Sweden, powder which had the following characteristics:

. Iron content, 95.82% ;
. Copper content, min 2.97 %;
. Graphite content, 0.58 %;

. DM120 lubricant, 0.63% ;

. Apparent density during filling (at 120 'C), 3.30 g/cm®;

. Fluidity (at 120 C), 24 s/50 g;

. Density of compacts compacted at 600 MPa (at 120 ‘C), 7.30 g/cm?;

. Theoretical density of the powder mixtures at 0% porosity (at 120 ‘C), 7.41 g/cm?®,

In order to determine the compactibility of the Densmix powder, we made tablets with an area

of 1 cm? by cold compaction and tablets with an area of 0.5 cm?® for warm compaction. Warm
compaction was performed at the following temperatures: 80 'C, 100 'C, 120 'C, 140 C, and 160
“C. For warm compaction purposes, the die and the powder were heated together using an
electrical resistance heating device, Fig. 1. The powder was compacted in the die, and was kept for
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approximately 20 seconds at the chosen temperature at pressures of 100, 200 and 300 MPa,
respectively. For the comparative study, the same powder type was cold compacted at the
following pressures: 200, 300, 400, 500, and 600 MPa.

After sintered at a temperature of 1120 'C, in a belt oven in endogas atmosphere. The
specimens were kept at the sintering temperature for 30 minutes. The density after sintering was
determined by the hydrostatic weighing method. Resilience was determined by the Charpy
method, and hardness was determined by the Brinell method.

Based on the obtained data, we plotted the variation curves of apparent density, density after
sintering, resilience and hardness as functions of the temperature and the compaction pressure; the
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curves are shown in Fig. 2, 3, 4, 5 and 6 respectively.
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sintered.

Due to the complexity of the matter, we chose to study these properties, since they are the most
commonly used in practical applications of warm compacted parts.

The metallographic study was conducted on all the specimens from which microstructures were
selected for the specimens compacted at the temperatures of 80, 120, and 140 'C, and sintered,
shown in Fig. 7, 8 and 9. In Fig. 7 we notice a finer structure, with larger agglomerations of solid
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solution and nonhomogeneous compactness. In Fig. 8 we notice that compactness increases
gradually, the grains become smaller and smaller, and the agglomerates of solid solution become
increasingly larger, while porosity decreases. Fig. 9 shows large agglomerates of solid solution
surrounded by pearlitic structural constituents, isolated pores, but no major change from the
specimens compacted at 120 'C.

Summary

Based on the experimental research conducted on the DensmixTM powder and the processing of
the obtained experimental data, we concluded that the best mechanical properties are obtained by
warm compaction at a temperature of 120 'C and a compaction pressure of 300 MPa.

The main densification mechanism in the case of warm compaction is based on the plastic
deformation of particles. Consequently, the powder mixture intended for warm compaction must
satisfy the following conditions:

» The shape of the particles must be spherical, when the friction is minimal and the rotation of
particles is favourable, but, from the compactibility perspective, the surface of the powder has a
defined rugosity.

* The grain distribution of the powder mixture must be similar in size.

» The basic powder for warm compaction must be a partially alloyed iron powder, which
provides good compactibility to the mixture.

* In order to satisfy the sintering requirements, the lubricant must have a wide decay
temperature range, and the decay must form volatile monomolecular chemicals, which have a
favourable effect on the elimination of defects, such as void spaces, cracks and dimensional
compact expansion during sintering, and last but not least prevent the formation of residual
carbon, which precludes us from controlling the carbon content in the compact.

Particle rearrangement is one of the densification mechanisms in the case of warm compaction.
However, plastic deformation of particles plays an important role in particle rearrangement.
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Abstract. Co-Fe-Ni-M-Si-B (M = Zr, Ti) amorphous alloys were prepared via mechanical
alloying and rapid quenching. The influence of the preparation conditions over the alloy’s
characteristics was investigated in the light of several techniques, such as X-ray diffraction,
scanning electron microscopy, differential scanning calorimetry, magnetization measurements and
in-situ high-temperature X-ray diffraction. It was found that the preparation technique has a
significant influence on the thermal stability, magnetic characteristics and the crystallisation
kinetic of the amorphous phase. Substitution of transition metals (Ti or Zr) for Si is investigated
for the amorphous powders and ribbons. The influence of substitution type over the alloy
characteristics is presented and discussed in this paper.

Introduction

The amorphous materials are widely studied in the last decades due to their potential application
as novel materials in various fields. The amorphous soft magnetic materials are characterised by
low or even zero magnetocrystalline anisotropy and high electrical resistivity. This characteristic
derives from the lack of the long-range atomic order, and imposes them as viable candidates for a
series of modern applications.

Among the techniques that were employed to produce amorphous alloys, mechanical alloying
and rapid quenching are by far the most used ones [1, 2]. The amorphisation via rapid quenching it
is possible if the cooling rates are in the range of 10° — 10° K/s. The amorphisation via mechanical
milling, on the other hand, is possible due to the large amount of crystallographic defects
(dislocations, grain boundaries, stacking faults, anti-site defects etc.) induced in the powder which
destabilizes the crystalline phase [1]. Both techniques have advantages and drawbacks. For
example: mechanical alloying can produce amorphous alloys in powder form which is, from the
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applicative viewpoint, very important considering the versatility of the powder technology. On the
other hand, the milling time required for powder amorphisation (the milling experiment) is far
longer as compared to rapid quenching process. The rapid quenching technique produces
amorphous ribbons that are very difficult to be used in order to create magnetic cores with
complicated 3D geometry [3]. The alloy contamination risk is reduced in the case of using rapid
guenching technique while the contamination with debris from milling bodies must be taken into
account when mechanical alloying is used to induce the amorphisation [4]. Moreover, a suitable
chemical composition, generally close to deep eutectic composition is needed when the alloy is
processed via rapid quenching while the mechanical alloying was proved to induce amorphisation
in alloys with chemical composition farther from eutectic compositions [1, 2].

This paper aims to highlight the influence of the processing technique on the crystallisation
kinetics and magnetic properties of several Co-based alloys.

Experimental procedure

In order to prepare the reference alloy Co;oFesNi,SiisBg (at. %) as well as the CozoFesNiSiioBoZrs
and CozoFesNiySioBgTis (at.%) alloys, a mixture of elemental powders was prepared. The
elemental powders used in this study were: Co (99.8% purity, particle size range 45-150 um), Fe
type NC 100.24 (98.5% purity, particle size < 150 pum), Ni type 123-carbonyl (99.8% purity,
particle size < 7 um), Si (99.9% purity, particle size < 150 um), amorphous B (amorphous
powder, 99.8% purity, particle size < 45 um), Ti (99.5% purity, particle size < 150 pum) and Zr
(99.2% purity, particle size < 45 um). The mixtures of elemental powders were subjected to wet
mechanical alloying (MA). Benzene was used as process control agent (PCA). 1 ml of C¢Hg was
added every time sampling was performed in order to avoid the excessive cold welding
phenomena and to counterbalance the PCA evaporation. The samples were milled up to 40 h in
identical conditions using tempered steel balls and vials. The ball to powder ratio (BPR) was
chosen to be 16:1 and the rotational speed of the disk was set at 350 rpm. Argon atmosphere was
used in order to avoid powder oxidation during the milling process.

The amorphous ribbons were prepared by rapid quenching (RQ) from master alloys that were
subjected to arc melting in an argon atmosphere. The following parameters were used for the RQ
experiments: high purity argon atmosphere, the wheel was manufactured by copper, the crucible
was made from quartz, tangential wheel speed was 32 m/s, the heating and melting of the sample
was made by induction, the diameter of the nozzle was 600 um and the disc — crucible distance
was 200 um. This parameters lead to ribbons of 10-15 mm thickness and 0.9-1 mm width.

The structural characterisation of the powders and ribbons was performed by X-ray diffractions
(XRD) using the Co Ka radiation (A=1.7903 A). An Inel Equinox 3000 diffractometer was used
and the scanned interval was 20 = 20 — 110 °. The high-temperature X-ray diffraction (HT-XRD)
was performed using the same diffractometer and an Anton-Paar high-temperature chamber (HTK
1200 N advanced). The XRD patterns were recorded up to the temperature of 900 °C with a
heating rate of 10 °C/min. One diffraction per minute was the acquisition frequency of the XRD
patterns. Preliminary vacuum (107 Torr) was used as the atmosphere inside the high-temperature
chamber.

The morphological analysis of the powders and ribbons was performed by scanning electron
microscopy (SEM), using a Jeol-JSM 5600 LV electronic microscope. The chemical composition
and homogeneity of the samples were analysed using an EDX spectrometer

The differential scanning calorimetry (DSC) was performed with a Setaram Labsys equipment
in order to investigate the thermal stability of the amorphous powders and ribbons. The
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investigations were performed in the 20-900 °C temperature range under Ar with a heating/cooling
rate of 20 °C/min.

The magnetic characteristics of the samples in the amorphous state were investigated by a
vibrating sample magnetometer (VSM) by recording their hysteresis loops. A VSM equipment,
produced by Lake Shore Cryotronics Inc, was used and the maximum applied field was 800 kA/m.

Results and discussions
The XRD pattern of the CozoFesNi,Si;sBg (at. %) starting sample (the mixture of elemental
powders) and the XRD patters corresponding to the samples obtained by wet milling up to 40
hours are presented in Fig. 1. In the starting sample, the XRD peaks corresponding to elemental
Co, Si, Fe and Ni can be noticed. It worth to be mentioned that in the case of Co, two types of
crystallographic structures can be observed: hexagonal Co- hcp (P63/mmc (#194) space group)
and cubic Co - fcc (Fm-3m (#225) space group). The presence of small quantities of impurities
and the crystallographic stresses lead to partial transformation of elemental hcp Co to fcc Co [5,
6]. The Bragg peaks corresponding to B cannot be noticed in the XRD pattern of the starting
sample due to the amorphous state of the used B powder. After 2 hours of milling, the XRD peaks
corresponding to Fe and Ni are no longer visible and the peaks of Si start to vanish indicating the
progressive dissolution of Fe, Ni and Si into Co. After 10 hours of milling, the only Bragg
reflexions that are clearly visible correspond to a fcc Co based solid solution. In the
experimentally limits of the XRD technique, we can assume that all the elements are dissolved in
Co after 10 hours of milling.
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Fig. 1. XRD pattern of the CozFesNi,SiisBg (at. %) starting sample and the XRD patters
corresponding to the samples obtained by wet milling up to 40 hours.

The XRD pattern of the sample milled up to 25 hours contains a single broad peak situated at the
same position in 2 theta as the most intense peak of the fcc Co based solid solution. Even if the
peak is very broad and with low intensity, its asymmetric shape (towards higher angles) indicate
that the sample contains a mixture of phases. Most probably, after 25 hours of milling, the sample
is formed by an amorphous phase that embeds a nanocrystalline fcc Co based solid solution. The
XRD pattern of the sample milled up 40 hours contains a single peak that is very broad, with low
intensity and with a symmetrical shape. Such an XRD pattern suggests the lack of the long-range
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atomic order indicating the amorphous nature of our sample. In conclusion, we can affirm that 40
hours of wet milling are necessary in order to form the alloy from elemental powders and to

induce its amorphisation.

In the case of samples in which 5 at.% of Si was substituted with the same amount of Ti or Zr,
the evolution of the structure of the alloy versus milling time is similar to the one above mentioned
in the case of CooFesNi,SiisBg (at. %) alloy. Due to this reason, it will not be further presented in
details. The XRD patterns of the samples wet milled up to 25 hours are presented in Fig. 2. For
comparison reasons, the XRD pattern of the CozgFesNi,Si;sBg sample wet milled up to 40 hours is

given in Fig. 2.
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Fig. 2. XRD patterns of the CozFesNiSi;sBg (at. %),
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CozoFesNi,SipBgTis (at. %) alloys obtained after wet milling up to 25 hours

It was noticed that replacing 5 at.% of Si with 5 at.% of Ti or Zr reduce the milling time needed
for the alloy amorphisation. Since the milling parameters were identical with the ones used for the
preparation of CozoFesNi,SiisBg, we assume that the introduction of the new atomic species (large
atoms like Zr or Ti) contribute to the faster structural disordering of the alloy and thus the alloy
amorphisation. It is widely accepted that increasing the dissimilarity between atomic sizes of the

constituents increase the chances to induce the alloy amorphisation [7].

For comparison reasons, we have prepared amorphous ribbons of the same compositions as the
alloys prepared via wet mechanical alloying. The XRD patterns of the ribbons obtained by rapid
quenching are presented in Fig. 3. The shape of the XRD patterns of the ribbons demonstrates the
amorphous structure obtained after rapid quenching. At the angle of 45.2 degrees in two-theta, a
sharp peak can be noticed in all XRD patterns of the amorphous ribbons. This corresponds to the
sample holder (incomplete covering of the sample holder with the ribbon) which, in our case, is

made of aluminium.

The XRD investigations showed that after 2 hours of milling the powder is not homogeneous.
This was also confirmed by the EDX investigations. In the Fig. 4a are presented the distribution
maps for the powder wet milled up to 2 hours. It can be observed that Fe, Ni and Si are not
uniformly distributed on the analysed surface, their distribution maps presenting areas with higher

concentrations.
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Fig. 3. XRD patterns of the CozFesNiSi;sBg (at. %),
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Fig. 4. EDX analysis of the CozoFesNi,Si;sBg sample wet milled up to 2 h (a) and 40 h (b).

Increasing the milling time leads to the homogenisation of powder composition and after 40
hours of milling the EDX distribution maps shows a uniform distribution of the Co, Fe, Ni, Si and
B in the sample. From the SEM images presented also in Fig. 4, it can be noticed that the particle
size decreases upon increasing milling time from 2 hours to 40 hours. According to the literature,
wet milling process favours the fracturing phenomena in detriment of cold welding [1]. Also,
increasing the milling time leads to cold worked particles with a decreased plasticity favouring

Al'l use subject to https://vxww.éb@icomterms-of-use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 157-166 doi: http://dx.doi.org/10.21741/9781945291999-18

thus the fragmentation processes. All the above mentioned leads to the decrease of the particles

size.
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Fig. 5. Thermal stability of amorphous powders (a, c, ) and ribbons (b, d, f) investigated by HT-
XRD and DSC. The symbols indicate the positions of the following phases: ® — hcp Co based
solid solution, A — fcc Co based solid solution, ¢ - Co,B and I - Co,Si.
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The thermal stability and the crystallisation kinetics of the amorphous powders and ribbons
were investigated by DSC and HT-XRD. A comparison between amorphous powders and ribbons
for each composition is presented in Fig. 5.

It is noticeable that in the case of CozoFesNi,SiisBg powders (Fig. 5a), the amorphous phase is
stable up to the temperature of 410 °C. At this temperature, in the HT-XRD plot is visible that the
broad peak characteristic of amorphous phase turns into a series of narrower peaks. At the same
temperature, in the DSC curve, the onset of a large exothermic reaction can be noticed indicating
the primary crystallisation of the amorphous powder. According to the XRD patterns, at this
temperature, a mixture of Co — hcp, Co — fcc based solid solutions and Co,Si is formed. At higher
temperatures, around 530 °C, a new exothermic reaction can be noticed in the DSC curve.
According to the HT-XRD analysis, at this temperature, the peaks corresponding to the Co-hcp
solid solution disappear. The second exothermic reaction observed on DSC curve was attributed to
the allotropic transformation of Co-hcp solid solution. It is known that the pure cobalt presents an
allotropic transformation (hcp to fcc) at the temperature of 422 °C. However, in our case, the
allotropic transformation occurs at higher temperatures due to the presence of Si which stabilise
the hcp phase according to Co-Si phase diagram [8]. At this temperature (530 °C), the sample
consists in a mixture of Co fcc solid solution and Co,Si embedded into an amorphous matrix. At
the temperature of 675 °C, the onset of another exothermic reaction is observed in the DSC curve
of the CozoFesNi,Si;sBg powder. In the HT-XRD plot presented in Fig. 5a, a series of new Bragg
reflexions appear. The new Bragg reflexions correspond to the Co,B phase.

The thermal stability of the CozoFesNi,SiisBg amorphous ribbons investigated by DSC and HT-
XRD is presented in Fig. 5b. It can be observed that the DSC curve of the amorphous ribbon and
the DSC curve of the amorphous powder are quite similar. The onset temperature of the two main
exothermic reactions noticed on the DSC curve are 465 °C and 546 °C. The different onset
temperatures of the two exothermic reactions as compared to the ones corresponding to the
powder can be related to the preparation technique. In our opinion, the amount of stresses induced
by mechanical milling is larger as compared to the amount of stresses induced by rapid quenching.
In such a case, a lower temperature for the transformations (i.e. crystallisation) should be expected
as a result of higher energy stored in the powders as compared to the ribbons. Similar behaviour
was reported in the case of amorphous Fe-based alloys prepared by rapid quenching and
mechanical alloying. During the first exothermic reaction, the crystallisation of an hcp Co based
solid solution occurs according to HT-XRD analysis presented in Fig. 5b. The XRD peaks
corresponding to any Co based solid solution cannot be noticed as was observed in the case of
amorphous powders. It was previously shown that the formation of the fcc-Co based solid solution
is favoured by the presence of large amount of stresses. It is assumed that larger amount of stresses
are induced by milling process as compared to rapid quenching. The second exothermic peak
corresponds to the allotropic transformation of Co and the crystallisation of the Co,Si phase. At
the temperature of 630 °C the crystallisation of the Co,B phase can be noticed. In conclusion, it
can be mentioned that the crystallisation kinetic of the amorphous powder is slightly different as
compared to the crystallisation kinetic of the amorphous ribbons.

The investigations concerning the crystallisation of the amorphous CozoFesNiySipBoZrsr are
presented in Fig. 5c¢. It can be noticed that the DSC curve present a single large exothermic
reaction heaving the onset at the temperature of 480 °C. According to HT-XRD plot, at this
temperature, the crystallisation of an fcc-Co based solid solution and Co,Si occurs. The higher
crystallisation temperature of these amorphous powders as compared to the Zr free amorphous
powders can be explained by the so-called geometrical effects. The random packing of an
amorphous material can be increased by the addition of atoms with different atomic radii [9].
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Naturally, the atomic diffusion in such a structure is slower as compared to the one that occurs in a
less dense random packed structure. In this case, the stability of the amorphous structure is
enhanced. The occurrence of the hcp Co based solid solution cannot be noticed in the case of
CoroFesNi,SioBoZrs powders. This can be explained taking into account at least two factors that
promote the formation of fcc Co based solid solution in detriment of hcp-Co based solid solution:

(i) Diminution of the Si content (5 at.% of Si was replaced with 5 at.% of Zr);

(ii) Stresses induced by milling.

At the temperature of 685 °C, the onset of a small exothermic reaction can be noticed. The HT-
XRD plot revealed that the crystallisation of Co,B phase takes place at this temperature.

The HT-XRD analysis reveals that, in the case of amorphous ribbon of CozoFesNi,SiigBeZrs,
the primary crystallisation leads to the formation of the hcp-Co based solid solution embedded
into an amorphous phase. The separation of the hcp phase is difficult to be noticed on the DSC
curve but is better visible in the HT-XRD plot as a broad peak on the right side (higher angle) of
the amorphous halo. This hcp structure is stable up to the temperature of 692 °C. At this
temperature, the transition hcp-Co to fcc-Co occurs and it is accompanied by the formation of the
Co,Si phase. At the temperature of 692 °C, in the DSC curve, a large exothermic reaction can be
noticed.

In the case of CozgFesNi,SipBgTis amorphous powders, the HT-XRD analysis evidenced that
the fcc-Co based solid solution is the main phase that is formed when the powder is heated up to
900 °C. Is worth mentioning that, the hcp-Co based solid solution is not formed in the case of
CozoFesNi,SiBgeTis amorphous powders. The reason for this can be the Ti addition and the high
level of stresses induced by milling, both favouring the formation of the fcc-Co based structure.
According to the Co-Ti phase diagram, Ti stabilises the fcc phase, reducing the temperature range
(with about 100 °C) in which the hcp structure is stable [8]. A small amount of Co,Si was detected
by the XRD analysis. However, it seems that the Ti addition hinder the crystallisation of Co,B
phase when the powder is heated up to 900 °C.

Regarding the CozoFesNi,Si1oBgTis amorphous ribbon, it can be noticed that its crystallisation
is different from that of amorphous powders of the same composition suggesting once again the
influence of the preparation technique over the sample characteristics. At the temperature of 435
°C, a small exothermic reaction began as can be seen on the DSC curve of this sample. At the
same temperature in HT-XRD plot, the crystallisation of the hcp-Co based solid solution is
noticed. The hcp structure is stable up to the temperature of 625 °C. At this temperature, takes
place the hcp — fcc transition as can be noticed in the HT-XRD plot. Also, at this temperature, a
large exothermic reaction can be observed in the DSC plot. At 756 °C, a new set of XRD peaks
can be noticed in the HT-XRD plot, indicating the crystallisation of Co,Si phase. As in the case of
powders, the crystallisation of the Co,B phase cannot be detected.

The influence of the preparation technique and the substitutions on the magnetic characteristics
of the amorphous powders and ribbons is presented in Fig. 6. It can be generally noticed that the
saturation magnetisation of the amorphous powder is lower than the saturation magnetisation of
the amorphous ribbons. Also, the coercive field of the amorphous ribbons is about one-third of the
coercive field measured on amorphous powders. The lower saturation magnetisation of the
amorphous powders as compared to saturation magnetisation of the ribbons can be explained
taking into account several aspects as follow:

(i) The large number of structural defects and high level of stresses induced by milling [1];

(i) The presence of a certain amount of superparamagnetic particles. Wet milling route
promotes the fracturing phenomena leading to the decrease of the particles size. For long milling
duration, the occurrence of particles with superparamagnetic behaviour is plausible [10].
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(iii) Powder contamination. It was previously proved that during wet milling the powder
contamination takes place in two ways as follows: (1) surface contamination — the PCA is
adsorbed on the particles surface; (2) chemical composition alteration — atoms resulted from the
decomposition of the PCA are incorporated into alloy during milling [4, 11]. The above mentioned

will lead to a decreased magnetic moment per unit mass and thus a decreased saturation
magnetisation
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Fig. 6. Hysteresis loops corresponding CozoFesNizSiisBg (at. %), CozoFesNizSiygBeZrs and
Co7oFesNizSipBgTis (at. %) amorphous powders (black curves) and ribbons (red curves).The 0x
axis in the insets of each graph (6a, 6b and 6c) is in KA/m.

According to the literature, larger coercive field is expected for powders as compared to
amorphous ribbons due to the increased number of domain wall pining centres. Mechanical
alloying route induces a larger amount of free volume content as compared to rapid quenching
[12]. Also, it was above mentioned that mechanical alloying leads to samples with a large number
of structural defects and high level of stresses as compared to rapid quenching that naturally

increases the coercivity.
Summary

Co-Fe-Ni-M-Si-B (M = Zr, Ti) amorphous alloys were successfully prepared via wet mechanical
alloying and rapid quenching. The alloy CozoFesNi,SiisBg is obtained in an amorphous state after
40 hours of wet mechanical alloying. Substitution of Si with Zr or Ti leads to a significant
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reduction of the milling duration for the alloy amorphisation. It was shown that the alloys prepared
in powder form via mechanical alloying crystallise at a lower temperature as compared to their
counterpart in form of amorphous ribbons. Substitution of Si with Zr or Ti leads to increased
thermal stability of the amorphous phase. Also, it was evidenced by HT-XRD and DSC
measurements that the preparation technique and the substitution made (Si for Zr or Si for Ti)
modifies the crystallisation kinetic of the alloys. Magnetic measurements revealed that the
saturation magnetisation of the amorphous powder is lower than the saturation magnetisation of
the amorphous ribbons. Also, it was noticed that the coercive field of the amorphous ribbons is
about one third of the coercive field measured on amorphous powders and was explained based on
the particularities of the wet mechanical alloying process.
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Abstract. In the present work the effect of zirconium doping (1.5 at.%) on the structural and
optical properties of indium zirconium oxide was studied. Zr-doped indium oxides were prepared
by using two different methods, solid state reactions and sol-gel technique. The compositions with
bixbyite structure have been synthesized by two different methods, solid state reactions in air and
sol-gel process. X-ray powder diffraction (XRPD) used for phases analysis confirm the validity of
the cubic bixbyite-type structure of In,O3. The optical properties of the prepared composition were
considered in terms of their diffuse reflectance spectra (DRS). The morphology of crystals was
evidenced by SEM analyses and reveal agglomeration of particles with their size ranges in the
micrometer domain.

Introduction

Transparent conducting oxides (TCOs) are an important class of materials which have attracted
much attention in the last years due to their main properties, low resistivity and high optical
transparency. The dominant TCOs are mainly zinc oxide (ZnO), indium oxide (In,O3) and tin
oxide (SnOy), as well as subsequent mixtures of these, such as well-known indium tin oxide (ITO)
[1]. In,O3, a wide-bandgap n-type semiconductor, is widely used in various applications due to
their properties including solar applications, the transparent electrodes in various optoelectronic
devices, the flat panel liquid crystals displays, the barrier layers in tunnel junctions, the active
layers of gas sensors or the material for ultraviolet lasers [2]. Therefore, the physical properties of
the In,03, like high electrical conductivity and optical transparency in the visible range, strongly
depend on the preparation method. For this reason there are many investigations which are
studying their properties in dependence on the synthesis methods. These methods include physical
methods such as sputtering, evaporation, pulsed laser deposition, spray pyrolysis, as well as
chemical methods like chemical pyrolysis, chemical vapor deposition, sol-gel, bath deposition and
electroplating [3-8]. On the other hand electrical properties of In,O3 can be improved by doping
with metallic donor impurity. For this reason the system ZrO,—In,O3; was mostly investigated [8-
10].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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In the present paper we comparatively investigated the structural evolution, optical and
morphological properties of indium zirconium oxide prepared by two methods, solid state
synthesis and sol-gel route.

Materials and Methods

Synthesis

Two different preparation methods were employed in the synthesis of zirconium-doped indium
oxide: solid state synthesis and sol-gel method.

Compositions belonging to In,«ZrkO3 (0.025 < x < 0.15) system with the bixbyite structure
were prepared by solid state reactions from mixtures of pure In,O; (Alfa Aesar 99.995%) and
ZrO, (Alfa Aesar 99%) at 1400 °C, in air.

In the sol-gel synthesis indium (I11) nitrate hydrate (In(NO3),-xH,0) was used as a precursor
and zirconium (1V) chloride (ZrCl,) as a doping source at the molar ratios required to obtain In,03
doped with 1.5 at % ZrO,. Aqueous solutions of the two salts were stirred on a warming plate at
80 °C in order to mix the solution uniformly. The sol was prepared using isopropyl alcohol as
solvent and ethylene glycol or sucrose as polymerization agent. The sucrose solution was added
gradually into the aqueous solutions under stirring until colloidal suspensions were obtained. The
sol continuously transformed into wet gel and then dried gel under heating at 100 °C during 24h.
The resulted dried materials were annealed at 600 °C in air for one hour to form the required Zr-
doped indium oxide. Fig. 1 presents schematic flow chart of indium zirconium oxide obtained by
solid state synthesis.

Indium oxide Tin oxide

Dosage Dosage

Homogenization

Thermal treatments

Indium zirconium
oxide

Fig. 1. Schematic flow chart of indium zirconium oxide
obtained by solid state synthesis.

Characterization Methods
The X-ray powder diffraction (XRPD) data were collected in the 26 = 10-80° angular domain with
a Bruker D8 Advance diffractometer, using CuKal radiation (40 kV; 40 mA).
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Optical properties were investigated using a Jasco V-650 spectrophotometer (Japan) equipped
with an ISV-722 Integrating Sphere. The diffusse reflectance spectra (DRS) were recorded in the
range 200-800 nm with a scan rate of 400 nm/min.

The samples morphology was investigated using a Hitachi SU8230 Scanning Electron
Microscope (SEM).

Results and discussion

X-ray powder diffraction (XRPD) analysis

The X-ray diffraction patterns of zirconium doped In,O3 prepared by solid state reaction with
different concentrations are shown in Fig. 2. All samples showed similar XRPD patterns,
indicating the high crystallinity of our bulk materials. No extra peaks are observed due to the
addition of zirconium in indium oxide films which indicates the absence of an impurity phase in
the prepared samples.
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Fig. 2. XRPD patterns of In,xZr03(0.025 < x < 0.15) system prepared by solid state reaction.
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Fig. 3. XRPD patterns of x = 0.075 composition prepared by solid state reaction (a) and sol-gel
method using (b) isopropyl alcohol, (c) sucrose or (d) ethylene glycol.
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There are four prominent peaks as shown in Fig. 2, which can be indexed to the (222), (400),
(440) and (622) crystal planes of the In,O3 cubic structure. XRPD of x = 0.075 sample prepared
via sol-gel route and solid state reaction are presented comparatively in Fig. 3. From the figure, it
was clear that the intensity of peaks is increased in the x = 0.075 composition prepared by solid
state reaction. The increase in intensity of the peaks is due to the improvement of sample
crystallinity.

UV-VIS spectroscopy analysis

Fig.4 show the difusse reflectance spectra (DRS) of zirconium doped In,O3 prepared by sol-gel
method using isopropyl alcohol as solvent and ethylene glycol or sucrose as polymerization agent.
The maximum percent reflectance around 450 nm, observed for sample prepared using sucrose, is
increasing for samples prepared using isopropyl alcohol as solvent and ethylene glycol as
polymerization agent. Simultaneously, a shift of the optical bandgap to higher wavelengths occurs.
The reflectance spectra of x = 0.075 composition prepared by solid state reaction and sol-gel
method using sucrose are displayed comparatively in Fig. 5. One indeed observes that sol-gel
preparation of zirconium doped indium oxide decreases the maximum percent reflectance around
450 nm, by approximately 20%, with respect to same composition prepared by solid state reaction.

(a)

el

B

201

Wawslenath inm

Fig. 4. Measured DRS in the compositions x = 0.075 prepared by sol-gel method using (a)
isopropyl alcohol, (b) sucrose or (c) ethylene glycol.

WR(au)

200

Wavalknaoth fnm

Fig. 5. Measured DRS in the composition x = 0.075 prepared by solid state reactions (a)
and sol-gel method using sucrose (b).
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SEM microscopy analysis

Scanning electron microscopy (SEM) was used to study the particle morphology of the studied
samples. SEM images of the samples recorded for x = 0.075 composition prepared by solid state
reaction and sol-gel route are shown in Fig. 6. Smooth surface and uniform distribution of grain
are observed for composition synthesized by solid state reaction (Fig. 6 a).

Fig. 6. SEM images at x100 (up) and x10.0k (down) magnification of x = 0.075 composition
prepared by solid state reaction (a) and sol-gel method using (b) isopropyl alcohol, (c) sucrose or
(d) ethylene glycol.
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Particles with an angular shape are observed for the sol-gel synthesized samples using sucrose or
ethylene glycol, as seen in Fig. 6¢ and 6d. The micrographs of zirconium indium oxide prepared
by sol-gel with isopropyl alcohol as solvent (Fig. 6b) showed agglomeration of the particles. In all
the cases the size of grains is situated in the micrometer range.

Conclusions

Structural evolution of the bulk materials in the candidate TCOs zirconium-doped indium oxide
prepared by solid state reaction at high temperature and the sol-gel method were investigated.
XRPD analysis shows that cubic bixbyite structure was confirmed with pure phases obtained in all
the prepared samples. Measured diffuse reflectance spectra (DRS) show a decrease of max. %R
for compositions prepared by the sol-gel method; moreover the sucrose addition as polymerization
agent improve the optical properties. The surface morphology of the all prepared samples appears
homogeneous and consists of small grains with size ranges in the micrometer domain.

References

[1] D. S. Ginley, H. Hosono, D. C. Paine, “Handbook of Transparent Conductors”, Springer,
Berlin, 2010.

[2] J. Xu, Y. Chen, Y, J. Shen, Ethanol sensor based on hexagonal indium oxide nanorods
prepared by  solvothermal methods, Mater. Lett. (2008), 1363-1365.
https://doi.org/10.1016/j.matlet.2007.08.054

[3] S.M. Rozati, S. Mirzapour, M. G. Takwale, B. R. Marathe and V. G. Bhide, Influence of
annealing on evaporated indium oxide thin films, Mater. Chem. Phys. 36 (1994) 252-255.
https://doi.org/10.1016/0254-0584(94)90038-8

[4] Z. Yuan, X. Zhu, X. Wang, X. Cai, B. Zhang, D. Qiu, H. Wu, Annealing effects of In,O5 thin
films on electrical properties and application in thin film transistors, Thin Solid Films, 519
(2011) 3254-3258. https://doi.org/10.1016/j.tsf.2010.12.022

[5] R.K. Gupta, N. Mamidi, K. Ghosh, S.R. Mishra, P.K. Kahol, Growth and characterization of
In,03 thin films prepared by pulsed laser deposition, J. Optoelectron. Adv. Mater., 7 (2007)
2211-2216.

[6] M. Girtan , G. Folcher, Structural and optical properties of indium oxide thin films prepared by
an ultrasonic spray CVD process, Surf. Coat. Technol. 172 (2003) 242-250.
https://doi.org/10.1016/S0257-8972(03)00334-7

[7] J. Joseph Prince, S. Ramamurthy, B. Subramanian, C. Sanjeeviraja, M. Jayachandran, Spray
pyrolysis growth and material properties of In203 films, J. Cryst. Growth, 240 (2002) 142-
151. https://doi.org/10.1016/S0022-0248(01)02161-3

[8] S. Jana, P. K. Biswas, Effect of Zr (IV) doping on the optical properties of sol-gel based
nanostructured indium oxide films on glass, Mater. Chem. Phys., 117 (2009) 511-516.
https://doi.org/10.1016/j.matchemphys.2009.06.038

[9] S. B. Qadri, H. Kim, H. R. Khan, A. Pique, J. S. Horwitz, D. Chrisey, W. J. Kim, E. F.
Skelton, Transparent conducting films of In,O3~ZrO,, SnO,—ZrO, and ZnO-ZrO,, Thin Solid
Films 377-378 (2000) 750-754. https://doi.org/10.1016/S0040-6090(00)01328-6

[10] Y.C. Liang, Surface morphology and conductivity of zirconium-doped nanostructured indium
oxide films with various crystallographic features, Ceram. Int. 36 (2010) 1743-1747.
https://doi.org/10.1016/j.ceramint.2010.03.004

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. ébgzzcomterms-of-use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC
Materials Research Proceedings 8 (2018) 173-181 doi: http://dx.doi.org/10.21741/9781945291999-20

Obtaining of W/Cu nanocomposite powders by high energy
ball milling process

Claudiu NICOLICESCUY?2", Victor Horia NICOARA?®, Florin POPA®®, Traian
Florin MARINCA*¢

Y2yniversity of Craiova, Faculty of Mechanics, Department of Engineering and Management of
the Technological Systems, Drobeta-Turnu Severin, Romania

34Technical University of Cluj-Napoca, Faculty of Materials and Environmental Engineering,
Department of Materials Science and Engineering, Technical University of Cluj-Napoca, Cluj-
Napoca, Romania

®nicolicescu_claudiu@yahoo.com, bvictorczh@gmail.com, “florin.popa@stm.utcluj.ro,
dtraian.marinca@stm.utcluj.ro

Keywords: Powder metallurgy, Tungsten nanopowders, W/Cu nanocomposite powders,
Mechanical milling

Abstract. The morphology of the particles is important in the process of obtaining alloys based on
W/Cu, thus this investigation is focused on the influence of the copper content on the properties of
W/Cu nanocomposites powders obtained after 20 hours of high energy ball milling. The
experimental results regarding the obtaining of Wig-x/Cuyx nanocomposites (x between 20 and 45
wt. %) are presented. Composition of the mixtures influenced the particle size distribution namely,
the higher is Cu content the larger dimensions of the particles will be attained. After 20 hours of
high energy ball milling the crystallites size was about 30 nm for copper respectively 12 nm for
tungsten and Cu atoms entered in the W structure.

Introduction

One of the specific classes of materials which are suitable for elaboration by Powder Metallurgy
(PM) consists in pseudo-alloys based on W-Cu due to their mutual insolubility. These materials
are very important due to their wide field of applicability such as: welding electrodes, nozzle liners
for rockets and missiles, heat sink materials, high power electrical contacts, fission reactors and so
on, applications that require high mechanical properties conferred, in this case by tungsten,
combined with high electrical and thermal conductivity which are conferred by copper [1-6]. The
properties of these materials are in correlation with their composition and morphology and
because of that is very important to choose the right composition function of the application [7]. In
the field of high power electrical contacts, W-Cu materials must have high arc erosion resistance
high temperature strength and high tribological properties to ensure an as long as possible lifetime
[8, 9]. Particle size of the component elements plays an important role in the final properties of W-
Cu alloys [10]. One of the techniques used for fabrication of the W-Cu materials is the infiltration
one, which consists in the formation of a porous skeleton by tungsten which will be filled with
molten copper. Vacuum pulse carburisation was reported [11] to be an infiltration method that
leads to the formation of W-30wt.%Cu material with core-shell structure which presents high
electrical conductivity (46.55%IACS) compared to the national standard (GB/T8320-2003 -
42%IACS) and a friction coefficient p=0.64. To improve the sinter ability of W-Cu materials it
can be introduced some activators such as Ni, Fe or Co which can be grain growth inhibitors [12].
Using of this activators can lead to a decreasing of electrical and thermal conductivity of W-Cu

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
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materials [13, 14].

A technique used for mass production which is suitable to produce W-Cu complex shape parts
is Metal Injection Moulding (MIM) [15].

Another method to produce W-Cu materials is Mechanical Alloying (MA) which ensures
obtaining of the nanocomposite powders and structural homogeneity which leads to an
improvement of the sintering process by reducing the sintering activation energy [16-19].
Compared with micron powders, by using submicron powders (400nm) in the case of infiltrated
W-25wt%Cu alloys can be obtained better properties such as: microstructural homogeneity,
relative density (98.9%), hardness (230 HB) [10]. By MA, in the case of W-Cu system, Cu phase
can dissolute in the W phase [20]. In most of cases the MA process is carried out at room
temperature [21, 22].

In the present work nanocomposite powders Wigox/Cux (x=20-45 wt. %) were prepared by
mechanical milling (MM) process having as starting powders W nanometric and Cu micrometric
powders. The influence of the MM times and composition of the mixture on the morphology,
phase transformations and particle size distribution were investigated.

Experimental work

As raw materials were used tungsten nanopowders prepared by MM (35 hours of milling) and
copper micrometric powders (type SE Pometon). The morphologies of the initial powders at the
same magnification (1500x) are presented in (Fig. 1).

Fig. 1. SEM images of initial powders: a) W nanopowders; b) Cu powders.

For MM process of the six mixtures Wioox/Cux (Xx=20, 25, 30, 35, 40, 40 and 45 wt. %) a
Pulverissete 4 Vario planetary ball mill made by Fritsch was used. The parameters used for MM
were: bowls volume - 250 ml; material of the bowls - stainless steel; balls diameter - 10 mm; balls
material - stainless steel; milling type - dry; milling medium — argon (type 5.0, purity 99.999%);
material/ball weight ratio - 1/2; speed: 400 rpm for the main disk and -800 rpm for the planets;
milling time - 20 hours; from 5 to 5 hours were taken samples to be analysed.

In order to establish the cycles for MM, which means to not have higher temperature and
pressure inside the grinding bowls, a GTM system made by Fritsch was used. In (Fig. 2) is
presented the evolution of temperature and pressure for a MM of 10 minute with a break of 2
minutes.
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Fig. 2. Evolution of temperature and pressure inside the grinding bowl

As it can be seen in (Fig. 2), the temperature didn't exceed 50 °C and the pressure is almost
constant due to the dry milling type. These parameters must be controlled because if the
temperature is higher, it can be damage the bowl and the equipment too.

For morphological aspects of the powder mixtures was used a JEOL microscope JSM-5600
LV.

Evolution of particle size distributions and polydispersity were studied by dynamic laser
scattering (DLS) using a 90Plus particle size analyser, Brookhaven Instruments Corporation,
USA, equipped with 35 mW solid state laser, having 660 nm wavelength. The temperature was 25
°C and the scattering angle was 90°. The dilutions of the powders mixtures were made in water
and the solutions of each sample were subjected to ultrasonic treatment for 5 minutes to avoid
flocculation of the particles.

The investigation by X-ray diffraction has been performed using an Inel diffractometer, model
Equinox 3000 working in reflection and using Co radiation. The 2theta investigated interval was
20-110 degree.

Results and discussion

In (Fig. 3) are presented morphologies of the as initial homogenous mixture and for the samples
milled for 20 hours, respectively. From (Fig. 3 a, c, e, g, i, K) it is obvious that the initial
homogenised mixtures have tungsten particles with lower particle size (nanoscale) compared with
those of copper. Also, in (Fig. 3 k) it is observed higher covering degree of tungsten nanopowders
on the copper particles, which is in accordance with composition of the mixture (80W/Cu). After
20 hours of MM (Fig. 3 b, d, f, h, j, ) all the samples elemental individual morphology is changed
to a homogenous state. Most probably a mixing and welding of different particles being realized.
Also the powders tend to agglomerate.

Fig. 4 shows the XRD pattern of the mixtures in different stages. In the figure are presented the
X-ray diffraction patterns of the W-Cu mixtures not milled samples and samples milled for 5, 10,
15 and 20 h. Alongside of these patterns, in the same figure are presented the evolution of the
mean crystallite size of the W and Cu upon increasing the milling time. In the X-ray diffraction
patterns of the not milled samples on can observe the peaks characteristic for the W bcc structure
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from Im-3m space group and Cu fcc structure from Fm-3m space group according to JCPDS files
04-0806 and 04-0836 respectively.

- & ¥ E o ]

Fig. 3. SEM images of the: a) 55W/Cu homogenised mixture; b) 55W/Cu after 20 hours of MM;
c) 60W/Cu homogenised mixture; d) 60W/Cu after 20 hours of MM; e) 65W/Cu homogenised
mixture; f) 65W/Cu after 20 hours of MM; g) 70W/Cu homogenised mixture; h) 70W/Cu after 20
hours of MM; i) 75W/Cu homogenised mixture; j) 75W/Cu after 20 hours of MM; k) 80W/Cu
homogenised mixture; 1) 80W/Cu after 20 hours of MM,;

The ratio of the W and Cu peaks intensities differ upon varying the amount of W and Cu in the
mixtures, as expected. One can also observe is the broadening of the tungsten diffraction peaks
due to the nanocrystalline state of the tungsten powder used in the mixture. The mean crystallite
size of the tungsten powder (computed with the Scherrer method) is at 12 £ 2 nm. After 5 h of
milling it can be noticed that the diffraction peaks of the copper are also broadened indicating the
copper crystallite decreases. Further increase of the milling time lead also to the enlargement of
the diffraction peaks of the copper and up to the final milling time no other peaks are identified in
the diffraction patterns for all the ratios between W and Cu. It can be observed that independent on
the amount of Cu in the material its peaks are observed in the diffraction pattern. The fcc Cu-based
structure is present in the material after 20 h of milling. Known that in equilibrium condition there
IS no solubility between W and Cu and known also that by mechanically milling solid solution
between immiscible elements can be obtained, it can be assumed that after 20 of milling some Cu
atoms entered in the W structure. At the end of milling time independent on W to Cu ratio
according to X-ray investigation the material is a nanocomposite one consisting in a W-Cu solid
solution and Cu nanocrystallites. It can be remarked that the tungsten crystallites does not have
significant variation upon milling together with copper. It remains at about 12 + 2 nm. The mean
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crystallite size of the copper present a significant variation upon increasing the milling time. It can
be noticed that during milling from 0 to 5 h a decrease from micrometer up to 65 = 2 nm occurs.
Further increase of the milling time lead to a further refinement of the copper crystallites size up to
56 = 2 nm after 10 h of milling and reach 32 £ 2 nm after 15 h of milling. At 20 h of milling the

copper crystallite size is at about 30 £ 2 nm.
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Fig. 4. X-ray diffraction patterns of the W-Cu mixtures: a) not milled - homogenised samples, b)
samples milled for 5 h, ¢) samples milled for 10 h, d) samples milled for 15 h, e) samples milled
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In (Fig. 5) are presented the histograms of the number distribution versus particle size for all
the mixtures after 20 hours of MM.
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Fig. 5. Histograms of the particle size distributions of the mixtures after 20 h of MM: a) 55W/Cu;
b) 60W/Cu; ¢) 65W/Cu; d) 70W/Cu; e) 75W/Cu; f) 80WI/Cu;

In the case of 80W/Cu, (Fig. 5 f), according to the DLS measurement the particles after 20 h of
MM are in the range of (161-613) nm. The distribution presents the following structure: highest
percent from the total number of the particles (31.15%) is reported at 161 nm; 16.63% - 210 nm;
13.08% - 275; 10.28% - 359 nm; 25.55% - 469 nm; 0.31% - 613 nm. The presence of highest
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values of the distribution can be explained by the flocculation of these and to resolve this is better
to find the proper time for ultrasonic treatment respectively to find anti flocculation agents in order
to introduce them in the solution. For the mixture 75W/Cu, according to (Fig. 5 e) the particle size
distribution presents three space-bars as following: one having small particles (119-143) nm,
second between (243-346) nm and the third between (704-1004) nm. According to (Fig. 5 d) the
particle size distribution of the 70W/Cu is a bimodal one composed from small particles (262-353)
nm and large particles (862-1077) nm. The percent of the number for large particles is under 3%.
The mixture 65W/Cu, (Fig. 5 c), presents a bimodal particle size distribution with small particles
(275-340) nm respectively large prticles (800-991) nm. The large particles are under 5%. In the
case of 60W/Cu, (Fig. 5 b) the DLS shows a bimodal particle size distribution with small particles
(152-238) nm respectively large prticles (583-1232) nm. The DLS analysis of the mixture
55W/Cu, (Fig. 5 a) shows that the particles size is in the range of (488-821) nm. Compared to the
diameter of the particles from SEM analysis, the hydrodinamic diameter measured by DLS can be
a little larger due to the fact that by DLS it is measured the diameter of a sphere which has the
same average diffusion coeficient as the particle which is measured. According to Stokes-Einstein
equation the hydrodynamic diameter is inversely proportional to the diffusion coefficient and it
depends on the size of the particle core, its surface structure, concentration and type of ions in the
medium [23, 24]. The polydispersity index decreases with particle size decreasing.

Summary
Based on the results it can be underline the following conclusions:
e Nanocomposite powders based on W/Cu were obtained after 20 hours of MM process
having homogenous compositions, consist in W/Cu solid solution and nanocrystaline Cu;
e Copper crystalite size decrease from micronic size in the initial homogenous mixture up to
about 30 + 2 nm after 20 hours of MM. This process was very fast in the first 10 hours;
e The mixtures with higher concentration of Cu present larger particle size at each time of
MM;
By using these nanocomposite powders, according to [10] the sintering treatment can be improved
leading to better properties of the final products.
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Abstract. This paper is focused on the elaboration of some W/Cu functionally graded materials
(FGM) by spark plasma sintering (SPS) process, as well as on their characterization, from the
wear behavior and microhardness point of view function of composition and sintering
temperature. The raw materials used for the research were W/Cu mechanically alloyed powders
for 20 hours, which were subjected to consolidation in three layers of compositions Wigo-xCuy,
where x is 25, 30 and 40 % wt. by SPS. The evolution of tribological parameters and
microhardness function of the chemical composition and SPS temperature were investigated.
Microhardness is influenced by the SPS temperature and composition of the layers namely, the
highest value was attained for the sample sintered at 950 °C and layer 1 which consists in
W-5Cuzs. The wear behavior is influenced by the composition of the layers and by ball testing
material (L00Cr6 and alumina).

Introduction

Copper alloys are frequently used in applications that require high electrical and thermal
conductivity. In some applications that require strength and wear resistance it is necessary to alloy
copper with others metals. Alloys based on copper and tungsten attract the attention due to the
combination of properties such as low thermal expansion coefficient, high melting point, high
strength and wear resistance conferred by tungsten with a high electrical and thermal
characteristics conferred by copper [1-6].

The researches in the field of W/Cu alloys are focused on the controlling the microstructure by
optimizing the composition or processing techniques [7-11]. Due to their insolubility and high
differences between densities and melting points it’s very difficult to produce W/Cu composite.
There are different methods to produce W/Cu composite/nanocomposite namely: copper
infiltration and liquid phase sintering [10, 12] which are considered classical methods, respectively
new methods as mechanical alloying (MA), mechano-chemical processes (MCP) [13], mechano-
thermochemical processing (MTP) [14], the thermo-mechanical method [15], wet-chemical
methods [16] and spray drying [17].

Functional graded materials (FGM) based on W/Cu represent a new category of materials
consisting in two or more layers, in which the microstructure and the composition vary from the

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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top layer to the bottom layer and vice versa. This class of materials presents some advantages
comparative to the single layer materials, namely: the properties are different in each layer,
residual and thermal stresses are reduced and the fracture strength is optimized [18-20]. The main
fields of applications of W/Cu FGM are: electrical contacts, plasma facing materials, heat sink
materials, etc. [21]

In recent decades, Spark Plasma Sintering (SPS) became a popular sintering method which is
widely used in fabrication process of different materials as: ceramics, cermets, metals, hard
materials, composite materials and FGMs [22-31]. The SPS process is different by conventional
sintering in that, the cold pre-pressed powder is sintered by discharge impact, spark plasma, Joule
heat and intrinsic field effects produced by additional strong pulse currents through the powders.
The SPS is assisted by a vertical uniaxial load in order to accelerate the process. The main
advantages of the SPS process are: rapid heating (over 200 °C/min), short dwell times, lower
temperatures and fine microstructures [32, 33].

The present work is focused on the elaboration of three layers W/Cu FGM by SPS process. The
composition of the layers consisting in Wig0xCuy, Where x is 25, 30 and 40 %weight. The
influence of the SPS temperature and layers composition on the wear behavior and microhardness
were studied.

Experimental work

Raw materials

Tungsten nanopowders (Fig. 1a) obtained by mechanical milling for 35 hours with particle size
about 50 nm (according to Dynamic Laser Scattering analysis) and copper micrometric powders
(type SE Pometon) with particle size around 10um (Fig. 1b) were used as raw materials in order to
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Fig. 1. SEM images of the starting powders: a) tungsten nanopowders; b) copper powders

Tungsten nanopowders are agglomerated and have irregular shape (Fig. 1a) comparative with
copper powders (Fig. 1b) which have dendritic shape, corresponding to electrolytic process.

Three types of mixtures with the following concentrations (% weight): 75W/25Cu, 70W/30Cu
and 60W/40Cu were subjected to mechanical milling process for 20 hours in order to obtain
composite powder. For mechanical milling (MM) process planetary ball mill Pulverisette 4 made
by Fritsch was used. The milling parameters were: material of vials: stainless steel, vials volume:
250 ml, materials of balls: stainless steels, balls diameter: ®=10 mm, balls to powder ratio: 2/1,
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rotational speed of the main disk: 400 rpm, rotational speeds of the vials: -800 rpm, milling
medium: argon, milling type: dry.

The SEM images and element distribution maps obtained by EDX analysis show that inside of
particles of all mixtures, the component elements are homogenous dispersed (Fig. 2).

&

Tungsten ba1 Copper kat Tngaeabat o Caeer urgstzn My Copp bat

Fig. 2. SEM images and EDX analysis of the mixtures used for the research: a) 75W/Cu; b)
70W/Cu; ¢) 60W/Cu

Elaboration of functional graded materials
The mixtures obtained after MM process was used in order to obtain three layered functional
graded materials (FGM) by spark plasma sintering (SPS) according to the flow chart presented in

(Fig. 3).

RAW MATERIALS
W, Cu, (x=25,30,40)
mechanically alloyed 20 hours

g

SPARK PLASMA SINTERING
(SPS) - 950, 850, 750, 650 °C

Fig. 3. Experimental flow chart

A thin graphite paper was put into the inner part of the die for lubrication and other two papers
were put on the bottom and upper of the part in order to prevent the powder to stick on the
graphite punches. The samples were sintered at four temperatures (950, 850, 750 and 650 °C)
without dwell time and a pressure equal to 20 MPa using a SPS homemade system from Technical
University of Cluj-Napoca. The heating rate was about 300 °C/min. After SPS the density of the
samples was measured by the Archimedes’ method. The samples were cut and polished in order to
study the microstructural aspects and microhardness. The optical microscopy was made using an
NIKON microscope with NIS ELEMENTS image software. SEM characterisation was performed
using a JEOL JSM5600LV microscope equipped with EDX spectrometer (Oxford Instruments,
INCA 200 software). The micro hardness was measured using a Namicon tester with a load of 9.8
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N and a dwell time of 15 seconds. The investigation of wear behavior was performed using a CSM
Instruments tribometer TRB 01-2541 and a Taylor Hobson Surtronic 25+ profilometer. The
parameters for wear testing were: type: ball on disk; load — 2N; testing method - linear; amplitude
- 6mm; speed - 10cm/s; distance - 60 m; ball material — 100Cr6 and alumina; temperature - 25 °C.

Results and discussion
The relative density function of the SPS temperature is plotted in (Fig. 4).

[ I RELATIVE DENSITY |
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Fig. 4. Relative density function of the SPS temperature

The highest value of the density is attained at 950 °C and it is observed that it decrease with the
decreasing of the sintering temperature.

Fig. 5 presents optical microscopy images of the samples (not etched) at the four sintering
temperatures. The microstructures of the samples are homogenous and present structural gradient.
The dark grey colour corresponds to the layer 1 with 75%W and so on. The thickness of the
middle layer increases with the decreasing of the SPS temperature. The lowest value of the
thickness (1216.85 pm) was attained for the sample sintered at highest temperature 950 °C. Higher
density lead to lower thickness as expected.

Length = 1216.85 pm

Length = 1253.00 pm

e e o o

Fig. 5. Optical microscopy aspects of the three layered samples (75X): a) 950 °C; b) 850 °C; c)
750 °C; d) 650 °C

The EDX line distribution on the three layers, (Fig. 6) shows the distribution of W and copper
function the scanning distance. It is observed that the content of W decrease from left (first layer —
75%W) to the right (third layer - 60%W). In the same time a slight increase in Cu is recorded,
according the layer composition change. In (Fig. 7) are presented the interfaces of the three layers.
Analysing (Fig. 6, 7) it is obvious that the graded structure was attained. The interfaces seems to
assure continuity from one layer to another as it can be seen in (Fig. 7). The composition
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differences between the layers are small, probably due to the powder superficial mix at the
interface. In (Fig. 8) is plotted the evolution of the microhardness.

WA

Fig. 6. SEM image (left) and EDX line distribution of W and Cu elements of the three layered
W/Cu FGM obtained by SPS at 950 °C

Mag= 100KX Mag= 500X

Fil= 2725
EHT=2000

Fig. 7. SEM images of the interfaces of W/Cu FGM obtained by SPS at 950 °C: a) between layer 1
and layer 2; b) between layer 2 and layer 3.
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Fig. 8. Evolution of microhardness as a function of sintering temperature

The measurements of the microhardness were performed in all the three layers, even if only the
layer 1 and 3 are important from this point of view, because only these are in contact with other
materials. The bonding between W and copper particles influences the microhardness of the
layers. The highest value of the microhardness was attained in the layer 1 (75W/Cu) sintered at
950 °C and it decreases with the decreasing of the W content.
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The results on the wear tests are presented in (Table 1) and the optical light microscopy of the
worns resulted after the tribological tests (with 100Cr6 ball) are presented in (Fig. 9 and 10). In
(Fig. 11) are presented optical images of the two balls after tribological tests.

Table 1. Wear test results

Mean friction Worn track Worn cap Sample wear rate Partner wear rate
Trc] Layer coefficient p section [um®] | diameter [um] [mm%n/m] [mm%n/m]
Ball material Ball material Ball material Ball material Ball material
100Cr6 Alumina L00Cr6 | AluminaflO0Cr6 |Alumina| 100Cr6 | Alumina | 100Cr6 |Alumina
gsp |Laverl| 0.463 | 0311 | 2735 88 | 459.7 - 136.7*10°| 4.4*10°] 6.101*10°] -
Layer3| 0430 | 0.275] 936.5| 31.4[392.3 - 46.82*10°| 1.57*10°] 3.233*10°| -
gso |Laverl| 0.370 | 0.268 [2153.5] 74.5|4463 - 107.7*10°| 3.727*10°| 5.421*10°] -
Layer 3| 0.498 | 0.285 | 2426| 50.6 [ 473.3 - 121.3*10°| 2.528*10°| 6.858*10°| -
25 |Layerl| 0423 | 0295 | 2090| 29.6 |473.8 - 104.5*10°| 1.48*10°| 6.889*10°] -
Layer3| 0461 | 0.287 | 457| 59.1[151.4 - 22.85*10°] 2.955*10°| 7.158*10°| -
gso |Laverl| 0472 | 0342 | 91.5] 641 271.3] - 4572*10°] 32.05*10°| 7.393*10"| -
Layer 3| 0.485| 0.313 | 240.5] 108.8 [221.2 - 12.03*10°] 5.438*10°| 3.268*107| -
— - ‘ 5
1k $ | R
Fig. 9. Worn of the samples (75x): a) 950 °C layer 1; b) 950 °C layer 3; ¢) 850 °C layer 1; d) 850

°C layer 3

Fig. 10. Worn of the samples (75x): a) 750 °C layer 1; b) 750 °C layer 3; c) 650 °C layer 1; d) 650
°C layer 3

The tribological measurements were made only in the layer 1 and layer 3 because the material

obtained is used for the fabrication of electrical contacts so, the middle layer is important only
from the electrical and thermal point of view. The friction coefficient presents values in the range
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of 0.370-0.498 for the samples which were tested with 100Cr6 ball which are higher than the
friction coefficients obtain in the case of alumina ball (0.268-0.342). These values are lower
compared with the case of W-30wt%Cu which reported friction coefficient about pu=0.64 [34]
respectively p=0.78 and p=0.56 in the case of W-25wt%Cu [35]. As it can be seen from (Fig. 11),
the worn cap of the 100Cr6 ball is larger compared with that of the alumina ball in all the cases.

N

B il v T .a
>y ¢ N . ey .

100 pm

Fig. 11. Worn cap images of the balls after the test for the sample sintered at 950 °C, layer 1: a)
100Cr6 ball (150X); b) alumina ball (300X)

From (Fig. 9, 10) it can be observed that the wear is abrasive due to the presence of the ball
material on the sample. The worns of the samples are in accordance with the partner worns (balls).
The samples sintered at 650 °C present micro cracks after the wear testing (Fig. 10 c, d)

Summary
The experimental results obtained in this research lead to the following conclusions:

e it can be obtained materials with functional and structural gradient by stacking layers and
using spark plasma sintering;

e the microhardness is influenced by the sintering temperature and composition of the layers
namely, it increasing with the increasing of W content and SPS temperature;

e regarding the tribological tests, in the case of sintered materials because the presence of the
pores which tend to fill with material of the ball, the wear rates aren't in accordance with
the microhardness. Because of that, the sample sintered at 650 °C presents the lowest
values for the worn track sections and wear rates.
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Abstract. Three types of commercial powders have been deposited on the inlet and outlet valve
plates in order to increase their lifetime, but especially the temperature in the combustion chamber.
The layers were coated by atmospheric plasma spray method. The coatings morphology was
analysed using two complementary methods: scanning electron microscopy and X-ray diffraction.
The mechanical characteristics analysed were: microhardness, modulus of elasticity and adhesion /
cohesion of coatings using scratch tests. Following those tests it was observed that the coatings are
physically suited for further tests as thermal barrier coatings (TBC) on the valve discs of internal
combustion engines.

Introduction

The distribution system (especially the intake/evacuation areas) of the internal combustion engine
is subjected, during its operation, to a series of very complex loads involving: mechanical impact
and high frequency micro-slipping, high temperatures with a very large variation, presence of
microparticles, etc. Another very important stress factor is the working pressure, which often in
combination with other stresses causes damage to the valve disc and implicitly change the contact
geometry of the seat of the valve. Taking into account all this, but also that the new regulations
related to the emission of combustion gases will become more and more strict, we come up with
the proposal to cover the valves discs with layers as thermal barrier.

Thermal barrier coatings have initially been used for gas turbine elements protection
applications, in the specialized literature being available multiple studies on this type of use. [1-5]
Starting from these studies, the range of applications has been expanded so that over the past 20
years, TBCs have found many other applications, one of which is covering the components of
diesel engines in order to improve their thermal efficiency, to reduce weight by removing the
cooling system, to increase the efficiency by lowering the amount of energy lost through thermal
effect and to improve the durability of components [6,7].

Depending on the working conditions, different mechanisms of wear and destruction of TBCs
become dominant. These coatings are in fact complex systems formed of the top layer of TBC, the
intermediate layer with bonding function that supports the upper layer and the substrate, so that
the properties of the whole system influence its lifetime in operation. By analysing the
components, it is observed that in the case of the TBC top layer these properties are the
microstructure, density, thickness, distribution of the micro-cracks and cohesion in the layer

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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(between splats that form it). In the case of the bonding layer, it is the oxidation resistance, the
density of the layer, its thickness and the surface roughness [8]. An equally important role for
lifetime in operation is the difference in thermal expansion, the residual stresses of the system, but
also its geometry. [9,10]

The most commonly element used and studied for this type of application is zirconia, because it
exhibits a high coefficient of thermal expansion and low thermal conductivity, the last one due to
the presence of micropores according to the studies of Zhou et al. [11] The most successful
material used is currently yttrium-stabilized zirconia (YSZ) [12].

Thus, in the present study, three types of TBCs were deposited on the discs of the intake and
exhaust valve are analysed by the atmospheric plasma jet deposition method (APS) and studied in
order to observe their properties: the morphology - analysed by two complementary methods:
scanning electron microscopy and X-ray diffraction, and the mechanical characteristics -
microhardness, modulus of elasticity and adhesion / cohesion of coatings.

Materials and methods

The three types of coating systems with TBC role proposed for study were deposited on the discs
of the intake and exhaust valves by the atmospheric plasma jet deposition method (APS) using the
following materials (all of them are commercial powders, manufactured by Metco Oerlikon):

- the bonding layer, common for all samples was produced from Al,O3s-NiAl powder;

- the top coat for sample 1 (S1), was produced from Cr,Cz — NiCr powder;

- the top coat for sample 2 (S2), was produced from MgZrO - NiCr powder;

- the top coat for sample 3 (S3), was produced from ZrO - CaO powder.

There were used as substrate discs of intake or exhaust valves, organized as 3 sets of four
intake valves and four exhaust valves. The coatings were produced using the facility
SPRAYWIZARD 9MCE for atmospheric plasma spraying.

The coating morphology was analysed using two complementary methods: scanning electron
microscopy with the Quanta 200 3D microscope (FEI, The Netherlands, 2009) using the Low
Field Detector at 1000x/5000x magnification or Z contrast and X-ray diffraction with the XPERT
PRO MD (Panalitycal, Netherlands, 2009) diffractometer.

The mechanical characteristics analysed were: microhardness, modulus of elasticity (by
indentation) and adhesion / cohesion of coatings using scratch tests, all tests being carried out with
the UMTR 2M-CTR Microtribometer, using an indenter with diamond tip Rockwell type, and a
force of 20N (for indentation), respectively 10N for scratch (Progressive Load Scratch Test mode).

Results
As mentioned before, the microstructure of the top coat is one of the elements that influence the
lifetime and the functionality of the coating system. The secondary electron images of the samples
surfaces realised at different magnification are presented in Fig. 1, 2 and 3.

In the case of all three samples, the specific structure of the coatings made by thermal
deposition formed by splashes (resulted from the partial or total melting of the powders used),
micro-cracks and pores of different sizes is observed.
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o b)

b)5000x.

Fig. 3. Typical SEM images of S3 (ZrO - CaO) coatings surface morphology: a)1000x; b)5000x.

Fig. 4 presents the XRD patterns resulted for the three types of thermal barrier coatings studied
in the present article.
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Fig. 4. XRD patterns: a) S1 (Cr,C3 — NiCr); b) S2 (MgZrO — NiCr); ¢) S3 (ZrO - Ca0).

The following phases are observed on the XRD patterns:

e for the Cr,C; — NiCr coating: chromium carbides (orthorhombic Cr3C, and Cr,C3) and
intermetallic compound (tetragonal 5-Cr7Ni3). The chromium carbides in Ni matrix are used with
success at temperatures higher than 540 °C [13] and are sustained for the thermal barrier role from

the intermediate layer based on Al,Os3;

EBSCChost - printed on 2/14/2023 2:22 PMvia . Al use subject to https://ww. éb95c0m1erns-of-use



Powder Metallurgy and Advanced Materials — ROPM&AM 2017 Materials Research Forum LLC

Materials Research Proceedings 8 (2018) 192-199 doi: http://dx.doi.org/10.21741/9781945291999-22

e for the MgZrO — NiCr coating: metallic and intermetallic compound of cubic structure

(Cr, MgeNi, Ni, B-Zr);

e for the ZrO — CaO coating: oxides (tetragonal CaO, and ZrO, and monaoclinic ZrO,).
There were observed also some iron-oxide contaminants (Fe,Os3, Fe3O,4) on the samples, caused
by handling and storing the samples after dismantling them from the coating devices.

Table 1. Coatings microhardness and modulus of elasticity

Coating  E value for 3 points Average E Microhardness value g\ils:gﬁ:r dness
type (GPa) value (GPa) in 3 points (GPa) value (GPa)

1 69,06 53,57 67,88 63,50 1,297 0,938 1,306 1,180

2 61,03 53,74 51,13 55,3 0,817 0,711 0,721 0,749

3 72,94 82,29 55,12 70,11 1,369 1,515 1,038 1,307
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Fig. 5. ”Load — depth” indentation curves for three points (1, 2 and 3): a) S1; b) S2; c) S3.
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The microindentation results are presented in table 1 and in Fig. 5. In Table 1 are synthesized
the measurements of coatings microhardness and modulus of elasticity resulted from the micro-
indentation tests. Comparatively, the smallest value of the microhardness is observed in case of
the sample 2 — the MgZrO — NiCr coating, which can be explained in terms of the lamellar and
porous structure specific to the thermal spray coatings.

It is obvious that the ”load — depth” indentation curves are not following a similar path, thus we
can conclude that the microstructure is not perfectly homogenous and uniform, presenting surface
variations.

Fig. 6. SEM images of the Cr,Cs - NiCr coating aL the final (a, 100x) and start point (b, c, 1000x)

* )

.S

a) | ) )
Fig. 8. SEM images of the: ZrO — CaO coating at the final (a, 100x) and start point (b, ¢, 1000x)

Fig. 6, 7, 8 presents the scratch mark aspects resulted after the scratch tests, observed at the
beginning and at the end of the scratch marks, for each of the three layers. It is observed that in the
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start points, where the applied force is maximum, the coatings exhibited some plastic deformations
in case of samples 1 and 2 and some delaminations in case of sample 3.

Summary

The structure of these coatings is lamellar, specific to layers made by thermal deposition in the
plasma jet, and the component phases in the three cases can provide both the resistance to thermal
and mechanical stresses,

On the basis of the SEM images, we can state that in the case of samples 1 and 2 only slight
deformation of the layer deposited as thermal barrier occurred; the bonding layer was not exposed.
The same cannot be said in case of sample 3, where we observe on both the secondary electron
images (a and ¢) and those made in phase contrast (b and d) that the bonding layer was exposed
after the type test scratch. Following those tests it was observed that the coatings are physically
suited for further tests as thermal barrier coatings on the valve discs of internal combustion
engines.
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Abstract. Because of their great properties titanium and titanium alloys have been used in
automotive industry, biomedical applications, aerospace industry, computer components,
emerging applications, architecture of buildings, etc. In the last decade there has been revived
interest in the utilization of the Powder Metallurgy (PM) route as a low-cost way for obtaining
components from this alloys. This research presents the experimental results concerning the
processing of Ti based alloy by Two-Steps Sintering and Multiple-Steps Sintering, techniques
belonging to PM technology. The initial powder mixture consists in TiH, powder particles that
have been combined with some metallic powders (Al, Mn, Sn, Zr) for improving the final
mechanic-chemicals and functional properties for using in the automotive industry. As a result it
was studied the physical-mechanical properties after sintering, the influence of the sintering
temperature and time on the microstructural changes of the composite material based on titanium.

Introduction

Titanium alloys have multiple applications in diverse fields such as industrial and medical fields
[1-4]. This is due to their excellent performances such as: low density, good corrosion resistance,
non-magnetic properties, high specific strength, high chemical stability, resistant to high
temperatures, etc. [5, 6]. The basic advantages of titanium alloys in terms of the automotive
industry are the high strength to density, their low density, the outstanding corrosion resistance [7,
8]. In the automotive field, one of the greatest applications of titanium-based materials is for
components of the internal combustion engine area that equip the vehicle (pistons, valves,
connecting rod, crank caps, bolts, etc.) [9, 10]. Also, for modern jet turbine engines titanium
alloys usually represent approximately 30% of the used materials, especially in the forward zone
of the engine [11]. However, compared to other traditional materials, the major impediment
represents the high cost of titanium [12]. Another disadvantage of titanium for applications in the
automotive industry is its low tribological properties because of poor plastic shearing resistance
and work hardening ability [13, 14].

Using inexpensive alloying elements (such as Sn, Mn, Fe, Cr, etc.) instead of expensive
alloying metals (V, Nb, Mo, Zr, etc.) to improve the strengthen alloys is one of the methods to
reduce the cost of manufacturing titanium alloys [15].

Due to the properties they possess, by alloying Ti with small amounts of aluminium percentage
a Ti-Al (y Ti-Al) alloy is obtained with excellent mechanical properties and corrosion resistance at

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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temperatures above 700°C, which allows the replacement for traditional Ni based superalloy for
turbine engine components [16].

Due to the very good wear behaviour of tin, by adding small amounts of Sn percentage based
Ti-alloys are obtained, such as Ti-5Al-2.5Sn which is a medium-strength all alpha alloy, used for
gas turbine engine and other applications that request oxidation resistance, good weld fabric ability
and intermediate strength at temperatures up to 4800 °C [17].

Manganese is a metal that has Fe-like properties, being a good substitute for it, and improves
wear resistance giving plasticity and good alloy elasticity, so adding small percentages of Mn to a
Ti-based alloy gives remarkable properties [18, 19]. According to Wang [20], a novel near-a
titanium alloy Ti-6.0Al-4.5Cr-1.5Mn was designed and prepared by the water-cooled copper
crucible and present better mechanical strength compared other Ti-alloys which has been
presented, but worse elongation because of the presence of Cr2Ti phase which may cause alloy's
poor plasticity.

Carbon has Van der Waals bonds and has good wear behaviour, so, according to [21] the
incorporation of a small amount of Al and C into the TiIAIVSICN will improve the hardness, wear
and erosion resistance, and, also, lower production cost. Also, due to similar properties of Zr with
those of Ti, in the last years, Ti-Zr alloys with zirconium contents ranging from 10 to 40 wt% have
been investigated by melting process and were reported characteristics as excellent corrosion
resistance with obvious applications in the automotive industry [22].

Another way of reducing the cost price in making alloys based on Ti is the use of Powder
Metallurgy (PM) techniques [23, 24]. Accordingly to [25] a Ti-6Al-2Sn-4Zr-2Mo alloy produced
by arc melting and powder metallurgy processes presents excellent mechanical properties and high
resistance, in sections exposed to high temperatures. Toyota uses sintered titanium alloys Ti-6Al-
4V/TiB and Ti-Al-Zr-Sn-Nb-Mo-Si/TiB in the intake and exhaust engine valves, respectively, are
used from Toyota for own cars [26].

Among the PM method that appears to offer the greatest opportunity for real cost reductions it

is considered that Two-Steps (TSS) and Multiple-steps (MSS) Sintering Techniques allow to
obtain different compositions and  microstructures of Ti  products [27] for automotive
components.
Conventional methods used for obtaining titanium alloys require special conditions of controlled
atmosphere which result in a high cost of obtaining these alloys [28]. For this reason, in the last
decade, many studies have focused for the producing of Ti-alloys by Powder Metallurgy using
TiH2 powder [29-34]. According to [35] a Ti-6Al-2Sn-4Zr-2Mo alloy was obtained by Powder
Metallurgy using titanium hydride powders. This alloy based on TiH, powders proved an
improvement of the mechanical properties and high corrosion resistance on high temperatures.

For this study, was proposed to obtain a titanium hydride alloy by adding small percentages of
Al, Sn, Mn, Zr and C in order to improve the mechanical and tribological properties of this alloy,
and further processing to be achieved by compacting and sintering, using the TSS and MSS
techniques.

Experimental Procedures

Materials

For this research, titanium hydride (TiH,) produced by Chemetall GmbH, has been used as initial
material. The following chemical elements are present in TiH, composition: Titanium (min 95%),
Hydrogen (min. 3.8%), Al (max.0.15%), Si (max.015%), Nitrogen (max.0.3%), Fe, Ni, Cl, Mg, C,
Ni (all the last component are under 0.1%). In order to improve the mechanical and tribological
characteristics in the initial powder were introduced by mixing for 60 min the following
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components: Mn powder, Sn powder, Alumix 321, 8% powder, Zr powder, and graphite powder.
The mixing and homogenization of the mixture was carried out in a ball mill Planetary Mono Mill
PULVERISETTE 6 classic line from Fritsch with ball: powders ratio 1:1, 250 ml grinding bowl,
argon atmosphere, balls material stainless steel — 1.3541 ISO/EN/DIN codeX47Crl4, B50,
rotational speed of main disk of 200 rpm. The weight ratio between the components is: 80%wt.
TiH,, 8%wt., Mn, 3%wt. Sn, 2%wt. Zr, 6%wt. Alumix321, and 1%wt. C. Particle size
distributions, Fig. 1, was studied by dynamic laser scattering (DLS) using a 90Plus particle size
analyser, Brookhaven Instruments Corporation, USA, equipped with 35 mW solid state laser,
having 660 nm wavelength. The temperature was 25°C and the scattering angle was 90°. The
dilution of the powders was made in water and the solution was subjected to ultrasonic treatment
for 5 minutes to avoid flocculation of the particles.
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Fig. 2. SEM image of the mixture.
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Fig. 1. Particle size distribution of the mixture.

In Fig. 2 a SEM image of the mixture is shown. The mixture presents a bimodal particle size
distribution, having particles with dimensions between (188-294 nm) respectively (1110-1730
nm). The highest number of particles (28% from the total number) have the dimension equal to
225 nm. The percent of the particles with higher size is lower than 1.5%. The mean hydrodynamic
diameter is 291 nm. In Table 1 sub-micron dimensions and percentages of the powder particles
accordingly with the grain-size distribution presented in Fig. 1 are shown.

Methods and Techniques

The homogenized mixture has been pressed by unilateral cold compaction at 600MPa compaction
pressure, as cylindrical specimens with 12,05 mm diameter. An A009 electromechanical-
computerized testing machine 100 kN equipped with TCSoft2004Plus software was used for
unilateral cold compaction. The green density of each part has been determined as has been
presented in a previous study [27]. The next step was the sintering of the green compacts. They
have used four different sintering regimes using Powder Metallurgy techniques as following:

- V1 regime, using classical sintering at 1050 °C for 90 min dwell time;

- Two-steps sintering (TSS) regime, V2, at 1050 °C with dwell time of 15 min and, then, at 1000
°C for 75 min;

- TSS regime, V3, where the sintering was done at 1050 °C for 15 min and at 950 °C, for 75 min,
Fig. 3;
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- Multiple-steps sintering (MSS), V4, in three steps at 1050 °C for 15 min dwell time, 1000 °C for
20 min dwell time and 900 °C for 55 min dwell time, Fig. 4.

Table 1. Grain-size distribution and percentages of the powder particles

Dimension [nm] Particle size distribution [%]
189 11.8%
206 23.6%
225 28%
246 19.6%
269 9.2%
294 1.9%
1110 1.1%
1213 0.8%
1326 2%
1448 1.4%
1583 0.3%
1729 0.3%
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Fig. 3. TSS cycle for 1050 °C and 950 °C.
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Fig. 4. MSS cycle at 1050 /1000/ 900 °C.
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The sintering treatments was done in Ar 99,9% sintering atmosphere. The samples were heated
into a Nabertherm L3/11/C6 furnace with 6 °C/min heating rate for all four sintering cycles. For
all 4 sintering cycles, the maximum temperature that was achieved was 1050 °C and the total
cumulative dwell time was the same for all the specimens, 90 minutes, but, with different steps
and sintering dwell times [36].

Results and discussion

The cylindrical sintered specimens were analysed by scanning electron microscopy (SEM) using a
5th generation Phenom desktop SEM platform. Superficial surface analysis has highlighted the
specific porosity of particle parts and the roughness has values between 3.77-5.24 um for Ra
roughness parameter, as shown in Fig. 5.

Fig. 6. Type of sintering sample for all the studied cases.
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The sample structures was physically examined with an integrated spectrometer for EDS
analysis. This device has an optical magnification from 20x to 135x, SEM magnification from 80
up to 150.000x, resolution: < 10 nm and digital zoom: maximum 12x. Fig. 6 presents the type of
sample which was analysed by SEM in this study.

Fig. 7. Scanning electron microscopy (SEM) of the sample obtained after version V1
(sintering temperature 1050 °C/90 min): a — x200 um; b — x10 pm.
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Fig. 8. Spectrometry elemental analysis of the sample obtained after version V1 (sintering
temperature 1050 °C/90 min).

Fig. 7, 9, 11 and 13 present SEM images for all four studied cases, with two orders of
magnitude for each sample. Also, the spectrometry elemental analysis for all versions are
presented in Figures 8, 10, 12, 14. The shown structures are in nonchemical etching
metallographic state. At the sintering temperature used titanium forms solid solutions type B-Ti
with all the alloying elements used, as shown in the equilibrium diagrams. The finishing structure
is influenced by de sub-micron dimensions of the particles, like is presented in Fig. 1. The
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resulting structures are due of this phenomenon and highlight compact structures with some mass
agglomerations of carbon, Fig. 15 spot 3 and 4.

Fig. 9. Scanning electron microscopy (SEM) of the sample obtained after version V2
(sintering temperature 1050 °C/15 min — 1000 °C/75 min): a — x200 um; b — x10 pm.
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Fig. 10. Spectrometry elemental analysis of the sample obtained after version V2 (sintering
temperature 1050 °C/15 min — 1000 °C/75 min).
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a) b)
Fig. 11. Scanning electron microscopy (SEM) of the sample obtained after version V3
(sintering temperature 1050 °C/15-950 °C/75 min): a — x200 um; b — x10 pum.
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Fig. 12. Spectrometry elemental analysis of the sample obtained after V3 (Sintering temperature
1050 °C/15-950 °C/75 min).

a) b)
Fig. 13. Scanning electron microscopy (SEM) of the sample obtained after version V4
(sintering temperature 1050 °C/15-1000 °C/20 min-900 °C/55 min): a — x200 pm; b — x10 pum.
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Fig. 14. Spectrometry elemental analysis for version V4 (sintering temperature 1050 °C/15-1000
°C/20 min-900 °C/55 min): a — x200 um; b — x10 pm.

SEM analysis reveal that the volume of surface pores is reduced during the sintering process
and the space between the particles shrinks during the sintering process. Due to this phenomena,
the contacted particle surfaces fuse together during sintering. Also, the spectral analysis used has
identified the presence of all alloying elements, as well some traces of oxygen are visible. A
further reduction process probably is needed [38].

&" )
Hardness, HRB
93.92
86.94 8510
83.75 &
V1 V2 V3 V4

Fig. 15. SEM analysis with indication of Fig. 16. HRB Hardness of the sintered
spots investigated by spectral analysis. samples.

The density and HV micro-hardness were also determined. It has been observed that the density
of the sintered parts ranged between 3.59-3.65 g/cm® [36], reached over 90% of the theoretical
density of the titanium hydride-based alloy, which means that it has been produced the
densification process. This fact, according to [24, 39] allows the use of Ti-based alloy in the
manufacture of components in the automotive field. The hardness of the specimens was measured
after sintering by the Vickers method and the results were equated in HRB units. The samples
were metallographic prepared and were analysed with a Nikon Eclipse MA 100 microscope which
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is equipped with NIS ELEMENTS acquisition data software. The Vickers microhardness HV1
was determined using an NAMICON 400-DTS tester. The dwell time was 15 seconds. As shown
in Fig. 16, the average values of microhardness exceed 80 HRB, which is comparable to the
known hardness values of pure titanium and 6AIl-4V titan alloy very used in automotive and
aerospace applications [37]. The maximum value is 93.92 HRB in regime 1 (sintering 1050 °C
with 90-minute hold), followed by 86.94, 85.19 and 83.75HRB for regime 2 (1050°C/15 min-
1000°C/75 min), V4 (1050°C/15 min-1000°C/20 min-900°C/55 min), V3 (1050°C/15 min-
950°C/75 min). As with the behaviour of this sintering alloy, where the density increases were
higher for the regime 4 than for the regime 3, the same type of behaviour is found in terms of
material hardness. The explanation lies in the fact that the intermediate dwell at 1000 °C in the
regime 4 helps to increase the hardness even if the final 900 °C dwell is lower, in this case the 950
°C range used in the regime 3.

Summary

The time for mixing powder in mechanical mill (1 hour) allows for the mixture to have sub-
micron mean hydrodynamic diameter (291 nm). The 600MPa mechanical pressure is good enough
to have a compact samples with a good green density. Sintering temperature of 1050 °C combined
with different smaller dwells allows the samples to improve their density. The structures of
sintered titanium alloy are influenced by the sub-micron dimensions of powder and the time of
mechanical alloying time too. The HRB hardness has a maximum value equal with 94 HRB then
the sintering temperature is 1050 °C with 90 minutes hold. Alloying elements such as Sn and
graphite improve the wear resistance of titanium based alloys that are destined for the automotive
industry [26]. Also, by using TiH; as initial material the densification process seems to be
achieved at 1050 °C, the density and hardness of the sintered alloy are comparable to those
presented in [37, 39] for materials used in the field of automotive components.
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Abstract. This paper focuses on determining the adhesion force for four samples of niobium
nitride thin films using the atomic force microscope, samples which were deposited by reactive
magnetron sputtering on silicon substrates. The main objective is to investigate the influence of
the deposition parameters on the adhesion force and other important parameters. Hence, the
nitrogen flow rate was varied in order to identify its influence for this type of thin films. Several
tests were performed in multiple points of each sample using the spectroscopy in point mode of
the atomic force microscope. Using the obtained experimental values and two existing
mathematical models for the adhesion force, the surface energy of the niobium nitride thin films
was estimated.

Introduction

Adhesion forces at micro- and nano- scale have been the focus of many researchers’ work due to
their influence on failure mechanisms in Micro-Electro-Mechanical Systems (MEMS). Due to the
intensive growth of MEMS, issues such as reliability and long-term durability have gained
importance. At micro-scale such aspects are influenced by the fact that the surface forces become
more significant than the body forces. Therefore, it is vital to study characteristics such as
roughness or adhesion force, that lead to permanent surface attachment, also known as stiction.
Along the years several thin films have been investigated in order to determine the adhesion force
and other properties (mechanical, tribological, etc.) [1-2]. Due to their applicability in MEMS
industry, thin films still present interest for researchers [3-4] and several methods have been used
to deposit niobium nitride (NbN) thin films [5-7].

One of the high-resolution methods that allows to measure the adhesion force is the atomic
force microscopy (AFM). The procedure consists in moving the tip of the AFM cantilever close to
the sample surface. Due to the existing attraction forces they come in contact (the snap-in
phenomenon occurs). The loading phase continues and the cantilever is deflected. During the
unloading when the cantilever goes back to its initial position the contact between the tip and the
sample is broken (the pull-off phenomenon occurs). The AFM software provides a curve that
allows to determine the adhesion force (a representative example is given in Fig. 1).

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Fig. 1. An example of the force vs. z scan curve for the contact between the AFM tip and the
sample surface.

In the open literature there are investigations regarding the influence of fabrication parameters
on crystallization, microstructure, and surface composition of NbN thin films [8] and methods
such as scratch tests have been used to determine the adhesion [9]. In contrast with the existing
research, the present paper encompasses the research regarding the influence of the nitrogen flow
rate on the adhesion and other characteristics of NbN thin films. The experimental investigations
were conducted using the spectroscopy in point mode of the AFM.

Materials and experimental procedure

Materials

This paper is focused on studying four samples consisting in solid thin films of niobium nitride.
They were obtained by depositing one layer of niobium nitride on a silicon Si (100) substrate by
reactive magnetron sputtering using a Nb target with a purity of 99.95%.

The deposition was conducted in a high vacuum chamber containing a mixture of argon and
nitrogen. Using a constant discharge current Iy, a constant argon flow rate Qar and a constant
pressure P, all samples were deposited for the same period of time at ambient temperature. The
obtained thickness of the deposited thin films was around 0.32 um and it was determined using a
JEOL 5600LV electron microscope. As shown in Table 1, the nitrogen flow rate was varied
between 0.25 cm*/min and 1.75 cm®/min.

Table 1. Deposition conditions for investigated samples.
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sample 2 23 20 2.2 300 40 0.75
sample 3 23 20 2.2 300 40 1.25
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Motivated by the applicability of niobium nitride thin films experimental tests were conducted
in order to determine the adhesion force. The software of the AFM used to find the adhesion
forces provides several important characteristics that present interest such as roughness together
with its characteristic statistics (see for example Fig. 2), the snap-in force or the adhesion energy
(see for example Fig. 3 where the results are presented for the third conducted measurement).

Experimental procedure

The experimental procedure regarding the four thin films at nano-scale was conducted in the
Micro & Nano Systems Laboratory from the Technical University of Cluj-Napoca using a XE 70
AFM. The investigations were performed at a temperature of 23 °C, a relative humidity of 35 %
and a scanning frequency of 0.75 Hz. The cantilever used for the tests is a NSC35C cantilever
which, according to the specifications provided by the manufacturer has a width of 35 um, a
length of 130 um, a thickness of 2 um, a force constant of 5.4 N/m and a resonance frequency of
150 kHz. The tip radius of the cantilever is smaller than 20 nm. The XEI Image Processing Tool
for SPM (Scanning Probe Microscopy) Data was used for data interpretation.

L2181 ooopraphyuul
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Region Min(nm) Max(nm) Mid(nm) Mean(nm) Rpv(nm) Rg(nm) Ra(nm) Rz(nm) Rsk Rku
M Whole -1.913 3.661 0.874 0.000 5574 0.580 0.456 4992 -0.512 3.579

Fig. 2. The surface of Sample 3 and the statistical parameters provided for its roughness by the
AFM software.

The technique used to determine the adhesion force (the pull-off force) between the AFM tip
and the NbN thin films, as well as other parameters of interest such as the snap-in force and
adhesion energy is the spectroscopy in point mode of the AFM. This technique returns as output
together with values for different parameters, some AFM experimental curves similar to the one
presented in Fig. 3 which present both the loading and the unloading phases of the procedure. The
values of the adhesion forces between the AFM tip and each of the four NbN thin films were
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obtained based on these curves and determined automatically by the software (see in Fig. 3 the
value for the pull-off force). The measurements of the adhesion force were conducted in 5 random
points for each sample and the average value was computed. The points were chosen by studying
the 3D image of each sample (see for example Fig. 4) so that any defects are avoided. This
procedure was repeated for roughness, snap-in force and adhesion energy.

Force v | vs. |ZScan v Point: 3
@ Maximum Load (N)
o 204,929
L=
T sepin
o
0 22.5432E-9
<o | Y. v Pull-Off (N)
/\[ 4 46.3381E-9
[ =4
l‘? - ‘ 1 | 2
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S | 374.567E-18
0 200 400 Add Data
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Cursors
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M Trace 153.697 12.331 66.851 -22.096 220.549 -9.765 Add Trace
M Retrace 382.180 36.720 87.482 -46.656 469.662 -9.936 Add Retrace

Fig. 3. The force vs. z scan curve together with the charactristics provided by the AFM software
for an experimental test conducted on Sample 3.

Fig. 4. 3D image of the third sample.
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Theoretical models

One of the main factors that influence the adhesion is the type of contact between the surfaces.
This contact has been modelled in different ways along the years of research in order to accurately
estimate the adhesion force. Two of the most known and used models are the JKR (Johnson-
Kendall-Roberts) model and the DMT (Derjaguin-Miller-Toporov) model. These models were
established due to the need to remove the differences between the values when applying
experimental tests and when applying the Hertz theory for low loads. In both models the adhesion
force is expressed as a function of the surface energy [10]:

Fae =2 mR (1)

FoMT =2myR (2)

where y is the surface energy and R is the radius of the AFM tip. These models are used for the
contact between the AFM tip and a surface with low roughness.

Results and discussions

The main objective of this paper is to study the influence of the nitrogen flow rate on the adhesion
force and other important characteristics. Therefore, for each sample the experimental
measurements were repeated five times and the average of the obtained values is presented in
Table 2 for roughness, attraction forces and adhesion energy, respectively. For the adhesion
energy all five measurements together with the average and standard deviation are included in

Table 3.
Table 2. Average experimental values for all investigated samples.
Thin film Roughness | Attraction Adhesion energy
(nm) forces (NN) (J-10%)
Sample 1 0.531 33.25 630
Sample 2 0.679 12.80 838
Sample 3 0.456 21.62 362
Sample 4 1.252 14.42 223
Table 3. Experimental values for the adehsion force.
Measurement 1 2 3 4 5 Average ggi?gg;ﬂ
Thin film (nm) | (nm) | (nm) | (nm) | (nm) (nm) (nm)
Sample 1 75.61 | 86.21 | 89.53 | 69.94 | 77.92 79.84 7.97
Sample 2 57.34 | 62.38 | 68.41 | 76.95 | 70.14 67.04 7.51
Sample 3 40.13 | 46.84 | 43.17 | 49.26 | 48.97 45.67 3.94
Sample 4 40.13 | 37.66 | 35.45 | 29.05 | 34.15 35.29 4.16
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As it can be seen the first sample has the highest value for the adhesion force. The adhesion
force is strongly influenced by the surface free energy which is specific for each sample, therefore
influenced by the nitrogen flow rate used at deposition. We believe that a decrease of the surface
free energy of the thin films occurs with the increase of the nitrogen flow rate. Hence, it can be
noted that using the same deposition parameters the adhesion force decreases up to almost 56%
with the increase of the nitrogen flow rate.

By analyzing the data presented in the same table it can be seen that the other studied
parameters do not follow a strictly increasing or strictly decreasing trend. The roughness values
first increase, then a drop can be noted for the third sample and in the end for the sample obtained
at the highest nitrogen flow rate, the highest average value for the roughness was obtained.

The attraction forces (snap-in forces) for the second sample are lower than for the first one, then
the values increase to a higher value for the third sample and then decrease again for the fourth.
The adhesion energy is characterized by an increase in values when comparing the first two
samples, followed by a dramatic decrease for the last two samples.

Table 4. Surface energy for all investigated samples.

7 (3Im?) Sample 1 Sample 2 Sample 3 Sample 4
Minimum value 0.706 0.593 0.404 0.312
Maximum value 0.941 0.790 0.538 0.416

Using the average values obtained experimentally for the adhesion force and the two mathematical
models presented above, the surface energy was estimated and the computed values are presented
in Table 4.

Summary

The elaboration using in general different deposition parameters such as in this case the nitrogen
flow rate determines different material properties possibly due to the preferential orientation of the
atoms planes. The results of this study concerning the influence of the nitrogen flow rate on the
properties of NbN thin films deposited by reactive magnetron sputtering on silicon substrate have
shown it influences all studied parameters. The obtained results allowed even to quantify the
degree of influence on the adhesion force.

The conducted experimental work has not indicated a certain direct correlation such as direct
proportionality or inverse proportionality or even the same or inverse trend between the nitrogen
flow rate and the other investigated parameters besides the adhesion force. However, the results
show that the studied parameters are influenced by the increase of nitrogen flow rate when the
other deposition parameters were kept constant. The roughness and the attractive forces have an
inverse trend variation. Moreover, the tests proved a direct correlation for the case of the adhesion
force values which decreased with the nitrogen flow rate increase.

The XE 70 AFM used for the experimental investigations and the XEI Image Processing Tool
for SPM data used for the interpretation of the data allowed to determine the roughness of each of
the four samples. Due to the low roughness values mathematical models suitable for the contact
between a sphere and a plane were used to model the contact between the AFM tip and the sample
surfaces. Based on these models the surface energy of the NbN thin films was computed. The
obtained values indicate that it can vary up to three times depending on the nitrogen flow rate.
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Abstract. We report on the preparation and the atomic disorder reduction by annealing in Mn,.
xCoxVAI Heusler alloys. The degrees of the B2 and L2; atomic ordering for the as-cast samples,
obtained from intensity ratios of (200) and (111) peaks respectively related to (220) peak of the X-
ray patterns, are significantly improved after annealing at 700 - 800 °C for 72 h. The diminution of
the substitutional disorder is essential in these types of compounds, as the half-metallic character
and the magnetic properties are primarily influenced by this factor.

Introduction

Heusler alloys are ternary intermetallic compounds of the L2; structure with stoichiometric
composition X;YZ, where X and Y are usually two different transition metals and Z is a
nonmagnetic element [1]. Earlier studies have shown that Mn,VAI Heusler alloy is a half-metallic
ferrimagnet [2-5]. This compound is characterized by an antiparallel coupling between the Mn and
V magnetic moments, the total spin moment being 2 uB per formula unit [2, 3]. The high Curie
temperature of 760 K [3] makes it interesting for spintronic applications. The spin compensation
in Mn,—,CoxVAI alloy was induced by progressive substitution of Co for Mn and a fully
compensated ferrimagnetic behavior has been experimentally obtained for the MnCoVAI alloy [4].
The presence of a considerable atomic disorder in the Mn2VAI compound due to the intermixing
of the V and Al atoms has been reported [5]. Previous studies have shown that the magnetic
properties and the half-metallic character of these Heusler alloys are strongly influenced by the
crystallographic disorder [1, 3, 6, 7]. The aim of the present work is to reduce the substitutional
disorder by heat treatments in Mn,—CoxVAI Heusler alloys. For the evaluation of the atomic
ordering in the full Heusler alloys, the Takamura’s model has been used [8]. In order to determine
and to adjust the ordering parameters defined in this model, X-ray diffraction (XRD), differential
scanning calorimetry (DSC) and neutron diffraction studies have been performed.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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Experimental details

The Mn,_,CoxVAI (x= 0, 0.2, 0.6, 1) ingots were prepared by induction melting under a purified
Ar atmosphere of the starting components Mn (99.95 wt %), Al (99.999 wt %), V (99.99 wt %)
and Co (99.99 wt %). An excess of 3 wt % of manganese was added to the stoichiometric mixture
in order to compensate for preferential Mn evaporation during the melting processes. The samples
were turned and remelted repeatedly in order to ensure homogeneity. The water-cooled copper
crucible ensured a rapid cooling of the alloys after melting. The samples were wrapped in tantalum
foil, sealed in quartz tubes and subsequently annealed in an Ar atmosphere for 72 hours. The
stoichiometry of our as-cast samples was investigated using the energy dispersive X-ray analysis
(EDX). The crystal structure of the alloys was investigated at room temperature by using a Briker
D8 Advance diffractometer using Cu Ko radiation. The structural transformations in the 50 — 1000
°C temperature range were identified from differential scanning calorimetry under Ar atmosphere
with a temperature ramp rate of 20 °C/min. The cooling was performed at 20 °C/min controlled by
forced air cooling (Q600 TA Instruments). The neutron diffraction investigations have been
performed at the Institute Laue-Langevin, Grenoble, France, using the high intensity powder
diffractometer D1B [9] exploiting the wavelength of 0.128 nm and 0.252 nm respectively, which
were selected by Ge and pyrolytic graphite monochromator respectively. The diffraction patterns
were indexed by using the FULLPROF program [10].

Results and discussions

The EDX measurements on the as-cast MnCoVAI sample are shown in Fig. 1. The quantity for
each element is given in atomic percent which, for ideal MnCoVAI alloy stoichiometry, should be
25 at % for each element. The previous studies showed that 5 wt % excess of Al should be added
in order to compensate the weight loss due to the evaporation of Al [11].

_||||||||||||||||||||||||||||||.___T'|||||||||

Fig. 1. EDX spectrum of the as-cast MnCoVAI alloy.
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By using no additional Al and by adding 3 wt % Mn, in our samples the weight loss of the final
materials is less than 1 wt %. As can be observed in Fig.1, the stoichiometry of our sample is in
good agreement with the desired Heusler-type structure, taking into account the measurement

errors.

The Mn,«CoxVAI alloys crystallize in an ideal full Heusler (L2;) structure (Fig. 2), were the
Mn/Co atoms occupy the 8c positions at (1/4 1/4 1/4) and (3/4 3/4 3/4), V occupy the 4a positions
at (0 0 0) and Al occupy the 4b positions at (1/2 1/2 1/2) [3].

e

&

N

Fig. 2. X,YZ L2;-type crystal structure of Heusler alloys.
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Fig. 3. Room temperature X-ray diffraction pattern of the as-cast Mn,xCoxVAIl samples. The
data are normalized to the intensity of the (220) reflection.
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The X-ray diffraction patterns at room temperature of the as-cast Mn,—,CoxVAI (x =0, 0.2, 0.6
and 1) alloys are shown in Fig.3. The XRD patterns prove that the as-cast alloys crystallize in a
single phase, corresponding to X,YZ Heusler type structure, cubic space group Fm3m (spatial
group no. 225), where the Mn and Co atoms occupy the 8c Wyckoff sites (X), while V and Al
atoms are placed on the 4a (Y) and 4b (2) crystal site, respectively (see Fig.2.). The (111) and
(200) superlattice diffraction lines from the XRD patterns prove that all the Mn,«CoxVAI alloys
exhibit a stable L2; structure of full Heusler alloys. The extinction of the reflection from the (111)
plane indicates an intermixing between the V and Al atoms. Also, if all Mn, V and Al atoms get
intermixed, both super-latttice reflections (111) and (200) would disappear [1, 4, 8].

We employed the Takamura’s model to investigate the substitutional disorder in our
Mn,—CoxVAI (x =0, 0.2, 0.6 and 1) alloys. In this model, two types of ordering parameters have
been defined to describe the intermixing between the atomic positions. The Sg, order parameter
describes the probability of Mn atoms to occupy the X sites (8c) in the X,YZ full Heusler alloys,
being defined:

n _,random
MnonX ‘MnonX

SBZ = fullorder _ random (l)
MnonX ~—"™MnonX

The second order parameter Sy»; describes the probability of V to occupy the Y position in the
XoYZ full Heusler alloys:

random
TlV on y_nV onyY

SLZ 1= fullorder _ random (2)
VonY “Nyony

Table 1. Structural parameters including Sg, and S, »; ordering parameters unit cell constant and
the site occupation for the as-cast Mn,_CoxVAI samples.
Co content (x) | Atoms | X site | Y site | Z site | Sg> Si21 | @t (NM)

Mn 1.84 |0.08 |0.08

0 \Y 0.08 |0.14 |0.78 |0.847 | 0.60 | 0.59087
Al 0.08 |[0.78 |[0.14
Mn/Co | 1.96 |0.02 |0.02

0.2 V 002 1084 |0.14 |0.953|0.68 | 0.58880
Al 002 |014 |0.84
Mn/Co | 1.80 [ 0.10 [0.10

0.6 \ 010 |0.74 10.16 |0.807|0.52 | 0.58533
Al 0.10 |0.16 |0.74
Mn/Co | 1.86 | 0.07 |0.07

1.0 v 007 |0.75 [0.18 |0.855|0.52 | 0.58115
Al 007 |0.18 [0.75
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The Sgy and Sy, ordering parameters are related to the site occupation in the L2; structure.
Using the Takamura’s extended order model for Heusler compounds [8] the Sg, and S, , ordering
parameters are calculated from the peaks ratios of the XRD patterns as follows:

Ifull—order

I
1200 = (SBZ)Z ?%%l—order (3)'
220 1220

ull-order

I111 S 3-5p2\]? 1{11 (4)

I - L24 2 full-order
220 1550

I200

and 21 are the experimental intensity ratios obtained between (200), (111) and (220)

I220 I220

where
full-order full-order

diffraction peaks respectively and 5200 Ay are the diffraction intensity ratios for the

full-order '  full-order
0 220

22

ideal structure. The calculated values of Sgy and S, »; ordering parameters together with the lattice
parameters and the site occupation for the as-cast Mn,_,CoxVAI samples are given in Table 1.
Previously we have shown that any changes of these parameters will significantly influence the
magnetic and electronic properties of Mn,.xMxVAI (M = Co or Cu) Heusler systems [6, 7]. As can
be seen in Table 1, a substantial degree of mixing between the V and Al is present in all our
samples. Also, a smaller but non-negligible intermixing between Mn, V and Al is present on the
8c sites.

In order to decrease the substitutional disorder in our samples, we performed heat treatments.
The temperature for the annealing has been settled using the differential scanning calorimetry
(DSC) investigations shown in Fig. 4. The DSC curve of Mn,VAI sample indicates the presence of
two new reversible phase transitions (endothermic peaks shown by arrows on heating curve and
exothermic peaks on the cooling curve respectively) around 800 ° C. The ordering degree was
improved by heat treatment at 700 °C avoiding the above two phase transitions. The DSC curve
of MnCoVAI sample doesn’t show any phase transitions up to 900 °C, so the heat treatment at 800
°C results in an improving of the ordering parameters for this sample.

1.04 1.0
t

0.8 - 0.8
3 ©
:°1]  MnaVvAl §
ES )
E n2 2 MnCoVAI !
T 0.4 $ 041
2

0.2 T exo 0.2 1 xS

0.0 0.0

R - TR T 0 200 400 600 800 1000
0 200 400 600 800 1000
T (nc, T (oc)

Fig. 4. DSC curves for the Mn,VAI (left) and MnCoVAI (right) samples.
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The (111) and (200) superlattice diffraction lines from the XRD patterns at room
temperature of the annealed Mn,_,CoxVAI (x =0, 0.2, 0.6 and 1) alloys are shown in Fig.5.
For comparison are given the XRD patterns of as-cast samples. All the annealed samples
crystallize in a Heusler type structure (Fm3m space group no. 225). The increase of 20 angle
for the diffraction peaks shows the decrease of the lattice parameters after annealing.

200 200

{x=0 ‘ 1 x=0.2

A !
- ” -
11 f 111 )

1 fl V\ ] ‘ | |

7 W‘ TT 700 °C 72h J \ 1 TT800°C72h | \
- | \ _
3 V| f {\‘ (W T
S 'w\ H\ Wi Pt ,M N \f\ LT YT (S S AN | wla/\ N N TN
3 Vel W“ LT I *v‘w'W T
2 i 2

1 as-cast
T T T T T T T T T T T T T T T T T T T T T T T T T T
25 26 27 28 29 30 31 32 25 26 27 28 29 30 31 32
29 (deg) 20 (deg)
x=0.6 x=1
1 200 i 200
f\ 111
i ‘; - \
[\ I

3 | 3 /\
G TT800°C72h | | Sttt i
2 W Yy \"*‘“"w"ﬂr’”“w‘M\Me‘"‘\/\“’”y"\ﬂ"‘v’“v,J'M~/\KJ‘MVIJ V‘V\w Wy -E 1 ""‘: [ W‘ ' wl e y.‘h,
= £

T as-cast T as-cast

T T T T T T T T T T T T T v T T T T T T T T T T T T
25 26 27 28 29 30 31 32 25 26 27 28 29 30 31 32
20 (deg) 20 (deg)

Fig. 5. X-ray diffraction patterns of Mn,.xCoxVAI as-cast and annealed samples.

The Sgz and Sy 2; ordering parameters, lattice constants and the site occupation for the annealed
Mn,_CoxVAI compounds are shown in Table 2. A substantial increase of the Sg, ordering
parameter compared with the as-cast samples is observed. Also, the S,»; ordering parameters are
improved for all the Mn,—,CoxVAI samples. Accordingly, the probability of Mn and Co atoms to
occupy the 8c sites is close to 100%, whilst an intermixing between Al and V atoms is still present
for all investigated samples. Therefore, the annealing of the as-cast samples leads to an
improvement of the order parameters. The evolution of the lattice constant vs. Co content in the
Mn,_CoxVAI compounds, both as-cast and annealed samples, is shown in Fig. 6. The variation of
the lattice constant vs. Co content in the Mn, ,CoxVAI alloys is in agreement with the relationship
between the Co and Mn metallic radii (rc,=0.125 nm, ry,=0.127 nm). The monotonous decrease
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of the lattice constant proves that the Co for Mn substitution occurs in the 8c site. The lattice
constant follows the same trend for both cases (as-cast and annealed samples) by decreasing with
increasing of the Co content. The contraction of the lattice parameter for the annealed samples
suggests that the heat treatment increases the order in our samples and reduces the internal stress.
Also, the values of the lattice parameter are in agreement with others results reported in literature
(5.92 A) [3,12,13].

Table 2. The lattice parameters, Sg> and Sy ; ordering parameters and the site occupation for the
annealed Mn,_Co,VAI samples.
Co content (x) | Atoms | X site Y site Z site Se2 St21 | & (Nm)

Mn 1.99 0.005 0.005
0 \Y 0.005 0.83 0.165 0.995 | 0.66 | 0.58967

Al 0.005 0.165 0.83
Mn/Co | 1.99 0.005 0.005

0.2 Vv 0005 |090 |0.095 |0.997| 0.77 | 0.58765
Al 0.005 |0.095 |0.90
Mn/Co | 1.99 | 0.005 | 0.005

0.6 v 0.005 |0.79 0.205 | 0981 | 0.59 |0.58304
Al 0.005 |[0.205 [0.79
Mn/Co | 1.98902 | 0.00549 | 0.00549
1.0 v 0.00549 | 0.97918 | 0.01533 | 0.989 | 0.959 | 0.58003
Al 0.00549 | 0.01533 | 0.97918
0.590 - an_xCoxVAI —l— as-cast

—@— annealed

0.588 —

0.586 -

0.584 <

0.582 <

latice parameter (nm)

0.580 <

Fig. 6. The lattice constant vs. the Co content in the Mn,_CoxVAI Heusler compounds.

The neutron diffraction experiments have been employed in order to investigate the
crystallographic structural properties of our samples. The powder neutron diffraction patterns
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measured at 300 K for Mn,VAI (x = 0) for the as-cast sample is given in Fig. 7 as example. The
experimental data and the calculated fitting curves are indicated by red dots and solid black lines,
respectively, while the blue lines at the bottom show the difference between them. The fitting
curves of the Mn,VAI and MnCoVAI alloys have been calculated by considering the full Heusler
structure in cubic space group Fm3m (spatial group no. 225). From these preliminary results we
may conclude that the neutron diffraction measurements confirm that our samples have a single-
phase structure without any impure phases as can be observed also from XRD measurements.

* MnZVAI as-cast

Intensity (a.u.)
|

0.01 0.02 0.03 0.04 0.05 0.08 0.07

1/d (nm™)
Fig. 7. Room temperature neutron diffraction pattern for the as-cast Mn,.xCoxVAI sample (x = 0)

Summary
Bulk Mn,xCoxVAI (x = 0, 0.2, 0.6 and 1) alloys have been prepared by induction melting. The

crystal structure investigated by XRD and neutron diffraction shows that all the analyzed samples
are single phases belonging to the stable L2, (spatial group no. 225) structural order. The degrees
of L2; and B2 order have been calculated from the peaks ratios of the XRD patterns using the
Takamura’s extended order model for Heusler compounds. Annealing of as-cast samples leads to
an increase of the order parameters, which could also be inferred from the reduction of the lattice
parameters.
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