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I. ABSTRACT

1. English version abstract

The doctoral dissertation entitled "Investigation of properties of cobalt-based alloys with
high glass-forming ability developed by selective laser melting and plasma spraying" concerns
research on the development of amorphous structures in cobalt-based alloys using advanced
manufacturing technologies such as selective laser melting and atmospheric plasma spraying. The
aim of the research is to obtain an amorphous structure from cobalt-based alloys using these
technologies, while achieving mechanical properties comparable to those of samples obtained
by well-established casting methods. This aim has enabled a deeper understanding of the
manufacturing of these modern alloys, which has so far been limited to casting methods such as
die casting or vacuum casting and continuous casting on a wheel (melt spinning). Selective laser
melting and plasma spraying offer the possibility of manufacturing more complex shapes with
larger surface area or volume than those developed by casting, making them an area of research
interest.

The research contained in the doctoral dissertation is organized around two main
hypotheses. The first hypothesis states the possibility of obtaining an amorphous structure from
a cobalt-based alloy using selective laser melting or atmospheric plasma spraying. The second
hypothesis concerns the mechanical properties of the manufactured samples, which should be
comparable to those manufactured using conventional manufacturing methods, namely casting.
To confirm these hypotheses, the doctoral dissertation includes the following chapters: Literature
Review, Research Methods, Results, Discussion, and Conclusions. The Literature Review chapter
provides a comprehensive overview of the definition and types of amorphous metals, along with
an overview of the technologies used to manufacture them and their applications. The Literature
Review also provides insight into the unique properties of cobalt-based alloys and knowledge
of their manufacturing, enabling the execution of the plan of experimental studies. The next
chapter, Research Methods, describes in detail the research plan carried out as part of the doctoral
dissertation. The results of these studies are collected and presented in the Results chapter. The
analysis of the research results is included in the Discussion chapter, and finally, the conclusions,
summary, and confirmation of the hypotheses are presented in the Conclusions chapter.

In the Research Methods chapter, based on the literature review, two cobalt-based alloys
were selected and described:  Cos76F€204B219SisiNbs and  Co42BaesFexTas sSisCus.
The experimental part of the work includes a description of the development of reference samples
by casting, and then atomization to prepare powder for selective laser melting and plasma
spraying. As a result, samples such as cast plates and ribbons, gas-atomized powders, printed bulk
samples, and plasma-sprayed coatings were obtained. Subsequently, analytical technigues such
as digital microscopy, scanning electron microscopy, X-ray diffraction, calorimetric studies, and
nanoindentation were used to assess the structure and mechanical properties of the
manufactured samples.

The Results chapter is divided according to the alloys studied and then according to the
manufacturing technologies used. The analysis of manufacturing parameters allowed for
obtaining fully amorphous bulk samples and amorphous cobalt-based coatings using selective
laser melting and plasma spraying techniques, respectively. The results of the experiments and
the conclusions drawn from them confirmed both scientific hypotheses regarding the
Co47.6F€20.4B21.9Sis.1Nbs alloy. Samples made of Coaz.sFe20.4B21.9Sis.1Nbs using die casting, selective
laser melting, and plasma spraying showed a range of values for the supercooled liquid region
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from 41 to 50°C. Each of the applied manufacturing technologies with appropriately selected
parameters enabled the development of fully amorphous structures, which was confirmed by the
presence of a glass transition temperature on the graphs of differential scanning calorimetry tests.
These results were confirmed by X-ray diffraction analysis, which did not detect evidence of
crystallization; instead, an amorphous halo was recorded with a maximum for the angle at 46° 26
(Cu Ka irradiation). Additionally, digital and electron microscopy confirmed the presence of only
one phase without the presence of precipitations. Optical microscopy revealed the porosity of
samples prepared using both alternative manufacturing technologies. Although porosity can
affect the strength of the material and reduce the elastic modulus. Another research challenge,
observed in all printed samples, was the cracking of the structure, which requires a solution in
future studies. Suggestions for solving this challenge arising from this research dissertation are
included in the Conclusions chapter. The hardness and elastic modulus of bulk samples and
coatings were lower than those of cast samples; however, this difference was a maximum of 10%.
The hardness of the printed samples was 14.5 GPa, the coatings 14.2 GPa; cast samples showed a
hardness of 15.6 GPa. The elastic modulus for the printed samples was 200.6 GPa, and for the
coatings 213.7 GPa; the cast samples had an elastic modulus of 222.8 GPa. The observed decrease
in hardness and elastic modulus is attributed to differences in cooling rates between technologies
and potential structural relaxation related to the heat-affected zone present in both alternative
manufacturing processes but absent in casting. The literature review and experimental studies of
the Coa7.6Fe20.4B21.9Sis.1Nbs alloy have shown that the optimal energy density using selective laser
melting is in the range of 39 to 68 J/mm?3. The lower limit of energy density provides sufficient
heat to melt the powder particles in order to join them. The upper limit limits the value of residual
stress in the samples, which could lead to their destruction during processing. In plasma spraying
experiments, the energy supplied to melt the powder in the plasma stream was also regulated to
avoid overheating the substrates on which the powder particles were deposited. For this purpose,
argon was used as a plasma-forming gas, which proved effective in limiting heat transfer at
spraying distances between 90 and 110 mm, enabling the development of amorphous coatings.
The coatings thus developed showed a favorably low abrasive wear coefficient of 2.0 - 10°
+/-0.2-10° mm3/Nm.

The analysis of the second alloy revealed significant problems with crystallization in most
samples. The cast plate showed significant crystallization, leading to an additional casting process
to obtain a fully amorphous reference sample. For this purpose, melt spinning was used, which
allowed to manufacture a fully amorphous ribbon with a thickness of about 50 um. X-ray
diffraction and differential scanning calorimetry confirmed the amorphous state of the ribbon,
while scanning electron microscopy imaging did not show any crystalline phases or the presence
of impurities. The hardness of the ribbon was 15.1 GPa, and the elastic modulus was 190.1 GPa.
To obtain bulk samples from Co42B2s5Fe20TassSisCur powder using the selective laser melting
process, the energy density had to be precisely controlled. Experiments have shown that the best
results were obtained in a narrow range from 41 to 50 J/mm?3. Despite these limitations, the
samples exhibited severe cracking problems caused by high stresses during the rapid solidification
of the weld pool. Scanning electron microscope (SEM) observations, confirmed by Rietveld
analysis, showed the presence of crystallization in the printed samples at the level of
approximately 50% volume. The crystals formed nano- and micro-precipitates inside the
amorphous matrix, which was observed using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Diffraction patterns obtained using the mentioned
analysis confirmed the presence of both an amorphous phase and crystalline phases, including
CosSi;B and TaB,. The presence of crystallization at this level led to a significant increase in the
hardness of the material, amounting to 18 GPa. This increase in hardness was attributed to the
hardening of the amorphous material through mechanisms including solid solution hardening by
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nanocrystallization or interactions between phases boundaries (amorphous and crystalline)
boundaries. The elastic modulus of the coatings was 10% higher than in the case of the ribbon
reference and was 225.4 GPa.

The coating developed using plasma spraying from Co42B26.5Fez0Tas sSisCus showed almost
complete crystallization with a residual content of the amorphous phase and a problem with high
porosity. However, a positive effect on the reduction of porosity by approximately 3 percentage
points (from 11.2% to 8.5%) was observed by reducing the spraying distance from 110 to 90 mm.
The obtained coating showed good wear resistance, with a wear rate of approximately 1.9 - 10~
+/-0.20 - 10> mm3/Nm. The hardness of the coating was approximately 14.0 GPa — 7% lower than
in the case of the rolled ribbon reference. The decrease in hardness is typical for crystallized alloys
compared to their amorphous state. The elastic modulus was similar to that in the case of the
ribbon and was 198.2 GPa. The high crystallization of the coatings was attributed to the low glass-
forming ability of the Coa2B6sFexpTassSisCui alloy, which was the result of insufficient
homogenization of the alloy during its development from pure elements and then atomization
of the powder. As in the case of other forms of the Co42B2s.5Fe0Tas sSisCus alloy, the presence of
the TaB; phase was observed in the powder; this phase was characterized by irregular shapes
of precipitates of various sizes. The presence of this phase was attributed to the lack of sufficient
remelting of the pure chemical element, namely tantalum, the melting point of which reaches
3000°C. The insufficiently homogenized liquid phase of the alloy during casting led to a reduction
in the glass-forming ability of the CoaBassFexTassSisCui alloy and, in the case of most
manufacturing technologies (except for those with very high cooling rates), resulted in significant
crystallization of the samples.

The doctoral dissertation successfully confirmed the hypotheses regarding
Cou7.6Fe20.4B21.9Si5.1Nbs alloy. This alloy showed a high ability to produce an amorphous structure,
enabling pioneering research on the use of cobalt-based alloys with an amorphous structure using
selective laser melting and plasma spraying. In addition, studies of the second alloy
Co42B26sFexTas sSisCui, which in the doctoral dissertation was partially amorphous and partially
crystalline, contributed to a deeper understanding of the group of alloys with a composite
structure and their behavior during manufacturing. The achievements documented in this
doctoral dissertation represent a significant advance in the field of mechanical sciences, which
have also been published to make the findings available to a wider scientific community. This
dissertation makes a significant contribution to expanding knowledge in the field of amorphous
metals and their composites and the use of selective laser melting and plasma spraying
technologies, confirming research hypotheses and providing insight into the behavior of cobalt-
based alloys under various manufacturing conditions. The work sets a promising path for future
research on the development of cobalt-based amorphous metals using innovative technologies
such as selective laser melting and plasma spraying.

2. Polish version abstract

Rozprawa doktorska zatytutowana "Badania wtasciwosci stopow na bazie kobaltu o wysokiej
zdolnosci do zeszklenia wytworzonych za pomocq selektywnego stapiania laserowego oraz
natryskiwania plazmowego" dotyczy badan nad rozwojem struktur amorficznych stopdw na bazie
kobaltu przy uzyciu zaawansowanych technologii wytwarzania, takich jak selektywne topienie
laserowe i natryskiwanie plazmowe. Celem badan jest otrzymanie struktury amorficznej ze stopdw
na bazie kobaltu przy uzyciu wspomnianych technologii, przy jednoczesnym uzyskaniu wtasciwosci
mechanicznych na poziomie podobnym do prébek uzyskanych przez odlewanie. Cel ten umozliwit
pogtebienie wiedzy na temat wytwarzania tych nowoczesnych stopéw, ktére dotychczas byty
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wytwarzane za pomocg metod odlewania, takich jak odlewanie cisnieniowe lub prézniowe oraz
odlewanie ciggte na bebnie. Selektywne topienie laserowe i natryskiwanie plazmowe oferujg
mozliwos$é wytworzenia elementdw o bardziej ztozonych ksztattach, o wiekszej powierzchni lub
objetosci od elementéw wytwarzanych za pomocg odlewania, co czynie je interesujgce
w kontekscie badawczym.

Plan badawczy, zawarty w rozprawie doktorskiej, miat na celu walidacje prawdziwosci
postawionych dwdch hipotez badawczych. Pierwsza z hipotez dotyczy mozliwosci uzyskania
struktury amorficznej ze stopu na bazie kobaltu przy uzyciu selektywnego topienia laserowego
i natryskiwania plazmowego. Druga z hipotez dotyczy wiasciwosci mechanicznych wytworzonych
probek, ktére powinny by¢ poréwnywalne z wtasciwosciami probek wytwarzanych przy uzyciu
konwencjonalnych metod wytwarzania, tj. odlewania. W celu potwierdzenia hipotez, rozprawa
doktorska zostata podzielona na nastepujgce rozdziaty: Przeglqd literatury, Metody badar, Wyniki,
Dyskusja i Whnioski. Rozdziat Przeglad literatury przedstawia definicje i rodzaje metali
amorficznych, wraz z przeglagdem technologii stosowanych do ich wytwarzania oraz zastosowania.
Przeglad literatury dostarcza réwniez wgladu w unikalne wtasciwosci stopéw na bazie kobaltu oraz
wiedze na temat ich wytwarzania, ktéra zostata wykorzystana w celu wykonania planu badan
eksperymentalnych. Kolejny rozdziat, Metody badar, opisuje szczegétowo metodyke badan
wykonanych w ramach rozprawy doktorskiej. Wyniki badan zostaty zebrane i przedstawione
w rozdziale Wyniki. Analiza wynikéw badan zostata zawarta w rozdziale Dyskusja, a ostateczne
whioski, podsumowanie oraz potwierdzenie hipotez przedstawiono w rozdziale Whioski.

W rozdziale Metody badar, na podstawie przegladu literatury, wybrano i opisano dwa stopy
na bazie kobaltu: Cos7,6Fe20,4B21,9Sis 1Nbs i Co42B26sFe20Tas,sSisCui. Czesé eksperymentalna pracy
obejmuje opis wytworzenia prébek referencyjnych poprzez odlewanie, a nastepnie atomizacje
w celu przygotowania proszku do selektywnego topienia laserowego i natryskiwania plazmowego.
W efekcie uzyskano probki takie jak odlane ptytki i tasmy, atomizowane gazem proszki,
wydrukowane masywne prébki oraz naniesione plazmowo powtoki. W celu oceny struktury
i wiasciwosci mechanicznych wytworzonych préobek zastosowano techniki analityczne takie jak
mikroskopie cyfrowg, mikroskopie elektronowg skaningowga, dyfrakcje rentgenowska, badania
kalorymetryczne a takze nanoindentacje.

Rozdziat Wyniki zostat podzielony wedtug badanych stopow, a nastepnie wedtug
zastosowanych technologii wytwarzania. Przeprowadzona analiza parametréw wytwarzania
pozwolita na uzyskanie w petni amorficznych prébek masowych i powtok na bazie kobaltu przy
uzyciu odpowiednio techniki selektywnego topienia laserowego oraz natryskiwania plazmowego.
Wyniki przeprowadzonych eksperymentéw i wnioski z nich ptynace potwierdzity postawione
hipotezy naukowe dla stopu Cos76Fe204B21,9Sis1Nbs. Kazda z zastosowanych technologii
wytwarzania, z odpowiednio dobranymi parametrami, umozliwita wytworzenie w petni
zeszklonych struktur, co zostato potwierdzone przez obecnos¢ temperatury zeszklenia
w badaniach skaningowej kalorymetrii roznicowej. Wyniki te zostaty dodatkowo potwierdzone
przez analize dyfrakcji rentgenowskiej, ktore nie wykryty linii dyfrakcyjnych pochodzgcych od faz
krystalicznych. Zaobserwowane natomiast amorficzne halo z maksimum dla wartosci kata 26
rownym 46° (promieniowanie Cu Ka). Dodatkowo, mikroskopia cyfrowa i elektronowa
potwierdzity obecnos¢ tylko jednej fazy bez obecnosci wydzieleA. Mikroskopia optyczna ujawnita
obecnos$é porowatosci w prébkach przygotowanych przy uzyciu obu alternatywnych technologii
wytwarzania. Porowato$¢ moze wptywacé na wytrzymatos¢ materiatu oraz zmniejsza¢ modut
sprezystosci. Innym wyzwaniem badawczym, ktdre wymaga rozwigzania w przysztych badaniach
sg pekniecia obecne w wytworzonych prébkach zaréwno drukowanych jaki i natryskiwanych.
Sugestie rozwigzania tego problemu zamieszczono w rozdziale Whnioski. Wtasnosci mechaniczne,
twardos¢ i modut sprezystosci, masywnych probek i powtok byty nizsze, niz w przypadku préobek
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odlewanych; réznica ta jednak wynosita maksymalnie 10%. Twardos¢ wydrukowanych prébek
wynosita 14,5 GPa, powtok 14,2 GPa; prébki odlewane wykazywaty twardo$é 15,6 GPa. Modut
sprezystosci dla wydrukowanych préobek wynosit 200,6 GPa, a dla powtok 213,7 GPa. Prébki
odlewane miaty modut sprezystosci réwny 222,8 GPa. Zaobserwowany spadek twardosci i modutu
sprezystosci przypisuje sie roznicom w szybkosci chtodzenia miedzy technologiami oraz
potencjalnej relaksacji struktury zwigzanej ze strefg wptywu ciepta obecng w zastosowanych
procesach wytwarzania.

Przeglad literatury oraz studia eksperymentalne stopu CoazsFe20,4B21,0Sis,1Nbs wykazaty,
iz optymalng gestos¢ energii przy uzyciu selektywnego topienia laserowego miesci sie w zakresie
od 39 do 68 J/mm3. Dolne ograniczenie gestosci energii zapewnia wystarczajgcg ilos¢ ciepta do
stopienia czgstek proszku w celu ich pofaczenia. Gérna granica ogranicza wartos¢ naprezen
resztkowych w probkach, ktére mogtoby prowadzi¢ do ich zniszczenia podczas obrébki.
W eksperymentach dotyczacych natryskiwania plazmowego, energia dostarczana do stopienia
proszku w strumieniu plazmowym byta réwniez regulowana w celu unikniecia przegrzania
podtoza, na ktorym osadzaty sie czgstki proszku. W tym celu zastosowano argon jako gaz
plazmotworczy, ktéry wykazat skuteczne ograniczenie transferu ciepta do podtoza. Zastosowane
odlegtosci natryskiwania miescita sie miedzy 90 a 110 mm przy mocy palnika plazmowego 22 kW.
Tak wytworzone powtoki wykazaty sie posiadaniem korzystnie niskiego wspdtczynnika zuzycia
$ciernego wynoszgcego 2,0 - 10° +/ 0,2 - 10° mm3/Nm.

Analiza drugiego stopu, Co42B26s5Fe20Tas sSisCu1, ujawnita znaczne problemy z krystalizacjg
stopu. Odlewana ptytka ulegta krystalizacji, co skutkowato koniecznoscig przeprowadzenia
dodatkowego procesu odlewania w celu uzyskania w petni amorficznej, referencyjnej probki.
W tym celu zastosowano odlewanie ciggte na wirujgcym bebnie, ktére pozwolito na wytworzenie
w petni amorficznej tasmy o grubosci 50 um. Dyfrakcja rentgenowska i skaningowa kalorymetria
réznicowa potwierdzity amorficzny stan odlanych tasm, podczas gdy obserwacje skaningowym
mikroskopem elektronowym nie wykazaty obecnosci wydzieled ani zanieczyszczen. Twardosc
tasm wynosita 15,1 GPa, modut sprezystosci 190,1 GPa. Aby uzyska¢ masywne prébki z proszku
Co42B26 sFexTas sSisCus przy uzyciu procesu selektywnego topienia laserowego, energia gestosci
musiata by¢ precyzyjnie kontrolowana. Eksperymenty wykazaty, ze najlepsze wyniki uzyskano
w waskim zakresie gestosci energii od 41 do 50 J/mm3. Pomimo tych ograniczen, probki
wykazywaty powazne problemy z pekaniem spowodowanym wysokimi naprezeniami podczas
szybkiego zestalania sie jeziorka ciektego metalu w procesie selektywnego stapiania laserowego.
Obserwacje wykonane przy uzyciu skaningowego mikroskopu elektronowego, potwierdzone przez
analizy Rietvelda, wykazaty obecnos¢ krystalizacji w wydrukowanych prébkach na poziomie okoto
50% objetosci. Krystalizacja przyjeta forme nano- i mikro-wydzielen wewnatrz amorficznej
osnowy, co zaobserwowano za pomocg skaningowej mikroskopii elektronowej oraz transmisyjne;j
mikroskopii elektronowej. Analiza dyfrakcji przy uzyciu mikroskopii transmisyjnej elektronowej
potwierdzita obecnos¢ zaréwno fazy amorficznej, jak i faz krystalicznych, w tym CosSi2B i TaB;.
Obecnos¢ krystalizacji na poziomie okoto 50% wptyneta na podwyzszenie twardosci materiatu do
18 GPa. Taki wzrost twardosci przypisano utwardzaniu materiatu amorficznego poprzez
mechanizmy obejmujgce utwardzanie roztworu statego przez nanokrystalizacje lub interakcje
miedzy granicami faz (amorficznymi i krystalicznymi). Modut sprezystosci wydrukéw byt 10%
wyzszy od probki referencyjnej (tasmy) i wynosit 225,4 GPa.

Powtoki wytworzone przy uzyciu natryskiwania plazmowego z Co042B265Fe20Tas sSisCus
wykazywaty krystalizacje w wiekszosci objetosci powtok z resztkowg zawartoscia fazy amorficznej
oraz problem z porowatoscig. Zaobserwowano jednak pozytywny wptyw na redukcje porowatosci
(z 11,2% do 8,5%) poprzez zmniejszenie odlegtosci natryskiwania z 110 do 90 mm. Uzyskane
powtoki posiadaty dobrg odpornos¢ na zuzycie Scierne, z wspotczynnikiem zuzycia $ciernego
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wynoszacego okoto 1,9 - 10° +/- 0,20 - 10> mm3/Nm. Twardo$¢ powtoki wynosita okoto 14,0 GPa
— 0 7% mniej niz w przypadku tasmy. Spadek twardosci jest typowy dla stopéw w stanie
krystalicznym w poréwnaniu z ich twardoscig w stanie amorficznym. Modut sprezystosci wynosit
198,2 GPa. Wysoka krystalizacja powtok zostata przypisana niskiej zdolnosci do zeszklenia stopu
Co42B26 sFe0Tas sSisCus, ktora byta skutkiem niewystarczajgcej homogenizacji stopu podczas jego
wytwarzania z czystych pierwiastkéw. Podobnie jak w przypadku innych form stopu
Co042B26,5Fe20Tas sSisCui, w proszku zaobserwowano obecnosc¢ fazy TaB,. Faza ta odznaczata sie
nieregularnymi ksztattami wydzielen o réznych rozmiarach. Obecnos¢ tej fazy byta spowodowana
brakiem wystarczajgcego przetopu czystego pierwiastka chemicznego, mianowicie tantalu,
ktorego temperatura topnienia siega 3000°C. Niewystarczajaco ujednorodniona faza ciekfa stopu
podczas odlewania doprowadzita do obnizenia zdolnosci do zeszklenia stopu
Co42B26,5Fe20Tas,sSisCus i w przypadku wiekszosci technologii wytwérczych (z wyjatkiem tych
o bardzo wysokich szybkosciach chtodzenia) spowodowata znaczng krystalizacje probek.

Badania zawarte w rozprawie doktorskiej pt. "Badania wtasciwosci stopdw na bazie kobaltu
o wysokiej zdolnosci do zeszklenia wytworzonych za pomocq selektywnego stapiania laserowego
oraz natryskiwania plazmowego" potwierdzity postawione hipotezy dotyczace stopu
Cos7,6Fe20,4B21,9Sis,1Nbs.  Stop ten wykazat wysokg zdolnoscia do zeszklenia, umozliwiajac
pionierskie badania nad wykorzystaniem stopdéw na bazie kobaltu o strukturze amorficznej
do zastosowania selektywnego topienia laserowego oraz natryskiwania plazmowego. Badania
dotyczace drugiego stopu Co42B26 sFe20Tas sSisCusi, ktdry w rozprawie doktorskiej wykazat strukture
kompozytowg o osnowie amorficznej z krystalicznymi wydzieleniami, przyczynity sie
do poszerzenia wiedzy o grupie stopdw o kompozytowej budowie, w tym ich witasciwosci oraz
zachowanie podczas ich wytwarzania. Osiggniecia udokumentowane w tej rozprawie doktorskiej
reprezentujg znaczacy postep w dziedzinie nauk mechanicznych, ktére zostaty réwniez
opublikowane w formie artykutdw. Rozprawa ta w znaczacy sposdb przyczynia sie do poszerzenia
wiedzy z zakresu metali amorficznych, ich kompozytdw oraz wykorzystania technologii
selektywnego stapiana laserowego oraz natryskiwania plazmowego, oraz dostarcza wiedzy
0 zachowaniu sie stopow na bazie kobaltu w réznych warunkach wytwarzania.
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Il. THESIS INTRODUCTION

This PhD thesis focuses on investigating the properties of amorphous structures
developed from cobalt-based alloys utilizing additive manufacturing and thermal spraying
methods. Amorphous metal alloys based on cobalt exhibit remarkable mechanical properties,
particularly extraordinary hardness. However, utilization of amorphous metals is still limited
due to the restricted value of the cooling rate, which in turn imposes constraints on the
achievable dimensions of the fabricated components, thereby affecting their scalability and
practical applications in industrial manufacturing. This research establishes novel results
about tested manufacturing methodologies capable of overcoming existing dimensional
constraints in Co-based amorphous metals development, thereby expanding the potential
applications of these sophisticated metallic systems. Through comprehensive literature
research and experimental approach involving additive manufacturing and thermal spraying
technologies, the research aims to generate bulk samples and coatings from Co-based alloys
while preserving the amorphous structures with exceptional mechanical characteristics.

The primary scientific goal of the work is to obtain an amorphous structure from cobalt-
based alloys using additive manufacturing and plasma spraying while maintaining the
mechanical properties of the obtained materials at a level similar to those obtained through
casting. To achieve this goal, the thesis began with a comprehensive analysis of existing
manufacturing technologies currently used for developing amorphous alloys based on various
chemical elements. This step provides insights into the capabilities and limitations of those
technologies, leading to a focus on selective laser melting technology and atmospheric plasma
spraying. A subsequent in-depth literature review of cobalt-based alloys with high glass-
forming ability enabled systematization of characteristic properties of this group of alloys,
guiding the selection of two specific alloy compositions that became the focus of this research.
Selected alloys demonstrate superior mechanical performance and exceptional potential for
amorphous structure formation.

The research plan incorporates manufacturing parameters based on extensive literature
review to establish the best set of parameters for the researched group of materials. The
obtained samples were then analyzed to evaluate structure and mechanical properties with
the ultimate goal of validating selected manufacturing technologies- atmospheric plasma
spraying and selective laser melting. The validation includes comparison of the results to
reference samples obtained through casting. This PhD thesis explores the complex
relationship between advanced manufacturing techniques and resultant material properties,
directly addressing current development limitations. As a result, this research contributes
substantively to the advancement of mechanical science and potential engineering
applications of advanced materials such as cobalt-based amorphous alloys.
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As a measure of obtaining the scientific goal of the thesis the two hypotheses were
established. The first hypothesis considers the possibility of obtaining amorphous structure
from researched alloys with selected technologies and the second hypothesis evaluates the
mechanical properties of obtained forms of alloys.

- Hypothesis on amorphous structure development: amorphous structure can be
successfully developed using additive manufacturing techniques and spraying
methods with cobalt-based alloys that have a high glass-forming ability (e.g.,
Co47.6F€20.4B21.9Sis.1Nbs and Co42B26.5 FezoTas sSisCuzi).

- Hypothesis on mechanical properties of amorphous structure: cobalt-based alloys
with high glass-forming ability, when processed through additive manufacturing
techniques and spraying methods, will achieve mechanical properties comparable to
those of the same alloys developed via traditional casting methods.
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lll. STATE-OF-THE-ART

1. Definition of amorphous metals

The basic division of solid states of metal alloys by the inner structure criterion is their
atoms arrangement. Objects in solid state can have atoms arranged in repeating long-range
order (LRO) or do not have that order [1-3]. This description divides materials into those with
crystalline structure (Fig. 1 a) and with amorphous structure (Fig. 1 b), respectively. The
crystalline structure without defects, built from a continuous crystal lattice with strict atom
arrangement, is called a monocrystal [4]. Monocrystal elements can be found in turbine
engines, due to their intrinsic ability to resist creep at elevated temperatures [5]. However,
utility goods and most construction elements made from metal alloys have a polycrystalline
structure, which means that their structure is built from more than one crystal (polycrystal).
If a material structure is built from nanometer-sized crystals (often suspended in
an amorphous matrix) it is called a nanocrystalline structure (Fig. 1 c)[6]. Crystalline structures
are marked by having an LRO of atoms, which indicates that the order of atoms is preserved
over a range greater than 20 A (angstroms). When the order of the atoms is below 20 A the
term medium-range order (MRO) (5-20 A) and the short-range order (SRO) (25 A) is used.
These terms are usually used to describe amorphous structures [7,8]. Amorphous structure,
in addition to metal alloys, is also present in quartz glass or polymers. LRO is described as
a translation repeating structure, while in 1984 Shechtman discovered structures that have
a rotational symmetric structure [3,9]. This kind of structure is called quasicrystals, because of
the different types of atoms order compared to the crystal structure (Fig. 1 d). The application
of quasicrystal can be found in a low friction coating or as a hardening particles in steel [10].

a)
HRTEM image of the Co and CoO crystals [11] HRTEM image of as-quenched amorphous
sputtered AlsoSmi1o thin films [12]
o) d) e SR R O IR e 0
HRTEM image of nanosized crystalline phases HRTEM image showing that the real space
embedded in amorphous matrix [13] structure consists of a homogeneous,

quasiperiodic (quasicrystal), and ten-fold
symmetric pattern [14]
Fig. 1. Samples of different structures in the solid state
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2. Fabrication conditions of amorphous metal

Amorphous metals, as previously described, are alloys with an inner structure that do
not have a long-range order. To obtain that amorphous structure, the alloy in liquid form
(temperature above liquidus temperature T)) must be cooled rapidly with a continuous cooling
rate greater than a critical cooling rate (R¢). The Rc can be determined experimentally or read
from a time-temperature transformation graph (TTT). In Fig. 2 a) an example of a TTT graph of
an amorphous metal is presented. The black line with arrow represents the R.. If the cooling
rate is lower than R, the line representing it will cross the crystalline area, indicating that
crystallization occurs. If the cooling rate is only slightly lower than Rc or lower in some period
during cooling of the material, the nanocrystal will nucleate in the amorphous matrix. This
partially crystallization is often observed in developed metallic glasses and can be found in the
literature under the name of metallic glasses composite (MGC). If cooling speed is significantly
lower than R, then the sample will be fully crystalized. Cross sections of the sample from alloy
with good glass forming ability cooled faster than Rc is shown in the top of Fig. 2 b) and with
much slower in the bottom of Fig. 2 b). In the second case (cooling rate < R¢) the phase
transition into crystallized structure is clearly visible, while in the first case (cooling rate > R)
the image of the sample did not change.

a) b)
1100 T —— T T
Zr“ zTin scufz sNito cBezzs 90000 — 400°C —) RT
1000: ------- T‘z"""""-""“"""‘-‘;_" Driving hr'
3
o L T Terystaline” |
2 supercooled
© Qi .
g 800+ o 1 limitec
£ Critical
o cooling rate R,
< 700+
TG
glass
600 T T
1 2 3 4
log time (s)
Fig. 2. a) Time-temperature-transformation diagram with marked R¢ [15], b) phase transition of amorphous

metal upon cooling using in situ TEM [16], RT- room temperature

According to [17] the other definition of an amorphous metal is an undercooled metal
alloy, in which the undercooling is significant enough to prevent the dynamic fluctuation of
atoms, thereby rendering the material resistant to shear stress. Amorphous metals in the
literature are also named metallic glass. The suffix "glass" represents the group of amorphous
materials that exhibit glass transition temperature Tg. This temperature can be read from a
thermal analysis curve of a heated material in glassy state (Fig. 3) as the characteristic
inflection point before any exothermal peak is registered. The exothermal peaks represent the
crystallization of the material, and the onset of it is the crystallization temperature Tx. Beside
metallic glasses, the glassy state was previously observed and widely described for silicate
materials or polymers. In summary, amorphous materials are a larger group that include glassy
materials [7].
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Fig. 3. Graphic representation of the glass transition with differential thermal analysis (DTA) [18]
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To describe the ability of a material to form a glassy state, the term glass formation
ability (GFA) was proposed. In book [11], it was noted that GFA, in addition to the ability to
form a glassy state, describes the ability of material to suppress the crystal nucleation during
a cooling process. To quantitatively measure GFA, the researchers established different
parameters. Those depended on the characteristic temperatures of material were collected
and described in [7]. The results of researcher’s work are shown in Tab. 1. Except for
parameters based on temperature, the GFA can be determined by the critical diameter D..
The critical diameter of the material is determined by the highest diameter of the cast rod,
which is still fully amorphous.

Tab. 1. Summary of the quantitative criteria proposed to evaluate the GFA [7]

Criterion/parameter Equation Reference
Reduced glass transition T = Ty [19]
temperature T
ATy supercooled liquid region AT, =T, — T, [20]
T
o parameter a= Fx [21]
1
Ty
6 parameter =1+ T =14+ a [21]
l
T, X Ty
New 8 parameter =" [22]
(7}__7;)2
Ty
y parameter V=14 T [23] [24]
g
2T, — Ty
Ym parameter Vim = T [25]
1
Ty
6 parameter 6= T—T (26]
g
T, — Ty
Kg parameter Ky = [27]
Thl__Tk
0.143
AT,
¢ parameter ¢ =T, <T_x> [28]
g




Tx parameter Ty = T [29]
m
R 30,31
t w=:Z- ,
w parameter T, AT, [ ]

Tg, Tx, Tm T - temperature of glass transition, crystallization, melting, and liquidus, respectively

3. Classification of metallic glasses

The first amorphous alloy was reported in the work [32] in 1960. In the paper
researchers used the term “non-crystalline” to described newly observed structure of metal
alloy. The chemical composition of that research was AuzsSi;s and was obtained by liquid
quenching. It was the first amorphous alloy to be obtained by quenching. In literature and
industry, metal alloys with amorphous structure can be found under few equal terms that are
shown in Fig. 4. In scientific research the terms metallic glass (MG) or amorphous metal are
the most common terms and will be used in this thesis. The term “bulk” can be added as a
prefix, implicating that the material discussed does not have a dimension much smaller than
the rest of the two (it is 3-dimensional material).

glassy ,//////// . amorphous
metal i metal
non-crystalline | _ metallic
metal s ; glass
VAN

supercooled - : MW il ‘ undercooled

metal i R, metal
30 35 40 45 50 55 60 65 70 75 80 85 90

26[°]
Fig. 4. Term used for alloys with amorphous structure. In the center the X-ray diffraction representation of

amorphous metal and examples of applications from work [33]

In the 1960s, scientists developed numerous amorphous metals. The various works on
developing metallic glasses led to the collection of a large group of new materials which
needed to be grouped. Below are shown the typical categories that metallic glasses can be
divided by:

a) Presence of metalloids

The first metallic glass reported was a binary alloy composed of a metal-metal-type
(transition metal) element and a metal-metalloid-type element Au-Si. Today, this type of
metal-metalloid alloys is more complex, usually built from metalloids like B, Si, Ge, Sb, Te
(and often non-metals C and P) with transition (d-block elements) and basic metals (part
of p-block elements) like Fe, Co, Ni, Pd, Zr, Mo, Pt, etc. The second type is metal-metal
type MG such as Fe-Zr, Ni-Nb, Mg-Zn, Cu-Zr, Hf-V, and Zr-V.

b) Base metal

Another way to classify MG is by the dominant chemical element. A good summary from
the end of 2021 showed work [34] which is presented in Fig. 5.
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From this analysis, it can be assumed that the most researched MGs are based on Fe, next
on Zr-, Ni-, Al-, and Co-based MG. Zr-based alloys are characterized by very good GFA and
the elements developed from them have an even centimeter diameter. Additionally, Zr-
based MG shows that good plasticity, which is an exception among a MG [35-37],
however, the cons of Zr are its high price compared to the twice as popular Fe-based MG.
The popularity of Fe-based alloys is motivated by the very low price of chemical
components combined with the high GFA ability and high mechanical strength of these
alloys. In addition, Fe-based metallic glasses can show good magnetic properties [7,38—
40]. Similar attributes are true for alloys based on Co. The difference is the even better
mechanical strength of Co-based alloys (and the higher hardness) but the higher price
than Fe. Ni-based alloys have a competitive corrosion resistance property and are
commonly used in corrosive environments similar to Al-based alloys, with additional
showing a low density of developed elements, also both Al-based and Ni which have a
high ductility among MG [41-44].

In addition to the most common based material used for MG in the right corner of Fig. 5.
is also presented the analysis of the most common chemical elements that can be found
in the composition of MG. Analysis shows the similarity in the high occurrence of chemical
elements in MG with the popularity of base metals for MG such as Zr, B, Al, Fe, Ni, Cu, and
Si. However, one of the differences is the high occurrence of B and Si elements in MG,
which are associated with the enhancement of GFA and, consequently, the material
ability to form an amorphous structure. At the same time, B and Si are not the base
elements in any MG. Additionally, analysis of chemical elements occurrence in MG shows
that almost all rare-earth elements were used as a component of metallic glasses. This
group of chemical elements can significantly increase GFA due to the large atomic radii
that hinder nucleation; Additionally, these elements tend to purify the MG of the oxygen
content [45—-47], and their addition leads to a more dispersed distribution of element
radius sizes in the alloy composition, but the cons of using rare earth elements is the very
high cost of them [34]. Elements used to increase the plasticity of MG are Zr, Ni, or Cu,
while others are used to increase the corrosion resistance, such as Cr or Ti. Proper
addition of elements can enhance some of the properties, starting from mechanical
properties such as tensile strength, durability or plasticity; chemical properties such as
corrosion resistance; magnetic properties such as soft magnetic properties; and with
thermal stability of MG such as increasing the glass-forming ability. However, each
addition of chemical element can have different influences on a particular alloy, so the
general rules of influence of chemical elements should be tested experimentally and used
with caution. Examples of the reported influence of single chemical elements on metallic
glasses are shown in the Tab. 2.

Tab. 2. Examples of reported influence of the addition of chemical elements to metallic glasses

Chemical Possible effect of addition

. Reference
element the element on metallic glass

- improve GFA, stabilize the amorphous structure,
Boron (B) - reduces magnetic anisotropy, which is beneficial for soft magnetic [48-50]
properties,

- improve the GFA and thermal stability,

Silicon (Si) ) . .
- improve corrosion resistance,

[51,52]
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- improve the GFA,

Carbon (C) - improve the hardness and wear resistance, [50,53]
- improve magnetic properties, _
Iron (Fe) - improve mechanical properties, e.g. strength and durability, [54=56]
Nickel (Ni) - reduce coercivity and improve soft magnetic behavior, [57,58]
- improve corrosion resistance and plasticity,

. . - improve the glass-forming ability, _
Zirconium (Zr) improve mechanical strength and corrosion resistance, [59-61]
Niobium (Nb) improve the thermal stability and GFA, [54,62,63]

- magnetic properties, T
- improve the hardness, wear resistance,
Mol
° \(/Il\andc:e)num - improve magnetic properties, [64,65]
- improve corrosion resistance,
- improve corrosion resistance,
Copper (Cu) - promote the formation of nanocrystalline phases which increase [66,67]
the plasticity of MG,
- increase the hardness and wear resistance, mechanical strength,
Tungsten (W) improve magnetic properties, [64,65,68]
Titanium (Ti) - improves the glass-forming ability, [69,70]
- improve the mechanical strength and corrosion resistance, ’
. - improve corrosion resistance,
Chromium (Cr) improve hardness and wear resistance, [52,71,72]
Tantalum (Ta) improve mechanical properties [52,73]
- improve corrosion resistance,
Yttrium (V) - improve glass forming ability and thermal stability 63,74]
- reduced the oxygen level ’
c) Shape

The shapes of the MG are limited by the technology used for development. The very high
cooling rate needed to produce MG limits the shapes of products that can be obtained
from these materials. Despite the mentioned limitations, the scientists and engineers
were able to develop various shapes of MG from 1 dimension (1D) to 3 dimensions (3D).
In Fig. 6 representation of mostly common shapes of MG are shown, both hollow and
bulk. To obtain fully amorphous alloys with repeatable properties, the safest choice are
thin foils and ribbons (2-dimensional shapes). Foils and ribbons have a high area to
volume ratio, which allows for high heat transfer to the environment, and consequently,
very high Rc. These shapes are commonly used for the development core of an electric
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transformer by stacking the thin ribbons/foils into needed shapes. Another thin form of
the MG is coating. The thickness of the MG coatings starts at several dozen nanometers
(often called metallic glass thin film- MGTF [75]) to several hundreds of micrometers [76].
MG coatings ensure a very high hardness and wear resistance of the surface, and some of
the coatings show a very good corrosion resistance. The next form of MG with low
thickness but more complex shapes are thermoformed sheets. Some of metallic glasses
can be formed when heated to their supercooled liquid region and then shaped into
desired 3D elements, such as watch cases, small sieves, etc. [77,78]. The next 3D
structures from MG (still with small values of one of the dimensions) are rods, plates,
disks, etc. usually obtained by casting. Those shapes are used to develop golf clubs or
phone covers. The one of the last groups of shapes, shown in the last rows of the table in
Fig. 6 are fully 3-dimensional objects, theoretically without limited shapes and sizes. These
shapes can have a hollow, lattice, or solid structure. This group of shapes are named bulk
metallic glasses (BMGs) and are typically obtained by additive manufacturing. Finally, the
shapes commonly used as an intermediate product (do not used in daily life) are powders.
Powders are small, usually spherical particles smaller than 100 um in diameter. They are
used as feedstock to produce BMG with the use of the AM technologies mentioned above
or hot isostatic pressing (HIP).

1D powder [79] 2D wire [80] 2D honeycomb [81]

Metallic glass

Metallic

3D mesh structure [84] 3D hollow [84] 3D foams [85]
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3D rods [86] 3D bulk [84] 3D complex bulk [87]

Fig. 6. Possible shapes of metallic glasses successfully developed

d) Manufacturing technology

The last proposed classification of metallic glasses is classification by the technology of
manufacturing. Due to the importance of this topic to this work, the extended review of the
literature on manufacturing technologies is shown in a separate chapter. However, MG
manufacturing technologies can be divided into three main categories:

¢ rapid solidification process- the MG are obtained directly from liquid state into
solid undercooled metal,

e solid stated processing- amorphous structure is obtained from solid amorphous or
solid crystal structure with skipping liquidus phase,

e other- amorphous structures are obtained through vaporization, electrochemical
process etc.

4. Manufacturing technologies of metallic glasses

Manufacturing technologies can be divided into three groups Fig. 7. One of them is rapid
solidification processes which are a large group of common-use manufacturing technologies.
RSP includes casting, atomization, thermal spraying, and AM. Casting is a group of RSP
processes where the liquid alloy is poured into mold, roller, etc., which ensure high cooling
rates by conducting heat out from cast alloy. Usually, the casting limitation is the thickness of
the cast elements. Next technologies of the RSP group are atomization. It is a process of
obtaining powder form of metallic glasses by melting the alloy and breaking the liquid into
droplets, which then solidify. Different types of atomization methods oscillate between the
cost of the process and the shape of the particles obtained, which is important especially for
thermal spraying methods. Those methods are the next group of RSP. In thermal spraying,
different processes like electric arc, plasma induction, or combustion are used to supply
thermal energy and accelerate the feedstock, which then hits the substrate on which solidify,
forms the coating. In thermal spraying the most popular form of feedstock is powder, however
the spraying can be done from suspension or from the wire like, e.g. wire arc spraying. AM is
one of the newest groups due to the development of computer-aided manufacturing at the
turn of the 20t and 21% centuries. Additive manufacturing is the process of manufacturing 3
dimensional elements by developing a ready-to-use object layer by layer. Development of
elements is possible due to computer-aided manufacturing programs and computerized
numerical control machines. In manufacturing metallic glasses, the feedstock used for
developing elements by AM can have different forms depending on the process but could
include powders (direct metal deposition, powder bed fusion methods including SLM), foils
(laser foil printings) or wires (fused filament fabrication, laser cladding).
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4.1. Casting

The most popular group of technologies to develop MG are casting methods. The
process usually consists of the high thermally conductive element on or in which the liquid
MG is poured using gravity, high pressure, vacuum or centrifugal force. The most popular
process from this group is casting into a copper mold and melt spinning. In the copper mold
casting, the alloy is heated by an induction coil until it reaches the liquid state. Next, by the
high-pressure, vacuum or gravity force the metal is poured into a copper die. Copper has a
very good thermal conductive property, which ensures high cooling rates for solidifying alloy.
For larger cast elements or alloys with lower GFA the die can be cooled with water, liquid
nitrogen or other medium to increase the cooling rate [89]. Schematic illustration of casting
with vacuum (suction casting) is shown in Fig. 8 a) and with high pressure in Fig. 8 b). High
pressure casting can reach hundreds of megapascals, and the time of filing the die is counted
in milliseconds [35,90-93]. High-pressure die casting of bulk metallic glasses is already used
to successfully produce components such as cell phone parts for medical devices [92,94-96].
Furthermore, the casting parameters, in addition to the pressures and GFA of the alloy, are
the geometry and heat capacity of the mold system, melting temperature, and solidification
temperature of the alloy. Another important parameter is the low value of the overheating
casting alloy. In works [97,98] casting the Zr-based alloy from 1550 K temperature resulted in
a reduction of the free volume in the cast due to the extra time for the atoms to form a cluster
and consequently a reduction in the toughness of the alloy and a higher hardness compared
to rods cast from 1250 K.
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Fig. 8. Schematic illustration of BMG development by a) suction die casting systefn [99] b) high pressure die
casting with cooling system [35]

The next casting technique that will be discussed is melt spinning (Fig. 9 a). It is the
technique of a continuous casting on the copper turning cylinder (wheel, drum) where the
solidification takes place instantly. On a rotating cylinder, the poured metal is momentarily
cooled because of the high mass of the cylinder and the high thermal conductivity. In results,
the poured metal solidifies and, due to constant rotation velocity of cylinder, the process is
continuous. The obtained product is a metallic glass ribbon that is then wound onto reels.
Additionally, the cylinder can be cooled by a cooled medium circulation and inside canals or
by immersing the cylinder in the coolant. The developed casts are very thin, usually several
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dozen micrometers thick. The width of the ribbons depends on several factors, such as the
volume of poured melted alloy, the overheating of the alloy, the rotation speed of the cylinder,
the shape of the nozzles of the crucible, and the pressure to push the molten alloy from the
crucible. This process is widely used in electrotechnical, electronic and electrocatalysis
industries [100-104]. Sometimes, this method can also be found under the name of rapid
guenching because of very high cooling rates. An example of ribbons developed by melt
spinning is shown in Fig. 9 b).
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Fig. 9. a) schematic illustration of the single-roll melt-spinning method [105] b) example of MG ribbon alloys: I-
metallic glass Vit.1, II- metallic glass ZrCuAlINi , lll- metallic glass composite ZrCuNiBe + B-Ti crystals [106]

4.2. Atomization

Atomization is the process of obtaining powder from the master alloy. The master alloy
is heated to the liquid state and, by using external force, is accelerated breaking it into small
droplets, which then solidify and slow down before hitting the walls of the atomization
chamber. Gas atomization is a process in which the high-pressure gas jet breaks the liquid
metal, and the liquid is usually delivered in the form of a thin stream flowing by gravity force
from the heated crucible. As a gas, usually inert gas is used, such as nitrogen, helium, or argon.
The whole process is carried out in a chamber with lowered pressure or under vacuum. This
method can be used to produce powders from Ni, Fe, Co, Sn, or Pb alloys and to receive
primarily spherical powder sizes from 10 to 200 um. In this method, the porosity of the
powders is possible due to the tendency to trap the gas in liquid metal; also, this method has
a tendency to develop some elongated shapes and satellite particles in addition to spherical
powders [107,108]. Those particles are the result of collisions of the not solidified jet inside
the chamber [109,110] and are undesirable to the quality of the developed MG. Water
atomization differs from gas atomization by medium used to break the molten alloy. For water
atomization the water is the medium while for gas atomization usually the inert gas is used
such as argon. The application of water (exactly high-pressure water spray) instead of a gas
reduces the cost of the process and is suitable for manufacturing powders from Au, Zn, Ag, or
Cu alloys. However, after the process, an additional operation must be performed, such as
dehydration [111]. Plasma atomization is the next method of obtaining powder. In this
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method, the generated plasma can both accelerate the liquid metal to break it into droplets
and deliver heat to the master alloy to melt it. The master alloy can be delivered in the form
of a wire. This method has many advantages, such as satellite-free sphericity shapes, low
porosity, and high purity of the powder. However, this method has a limitation on the material
to atomize and the plasmatic gas makes it an expensive process [112]. Schematic presentation
of mention methods is shown in Fig. 10.
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Fig. 10. Atomization methods scheme [113-115]

The parameters of processes concern the material feed like wire diameters and rate of
feeding the wire in plasma method or the liquid metal flow rate, quality of water spray/
pressure of inert gas/ power of plasma that is responsible for breaking the liquid metal and
forming droplets, the overheat and homogeneity of master alloy.

4.3, Selective laser melting

Selective laser melting is an additive manufacturing technology that belongs to laser
powder-bed fusion methods. Laser powder-bed fusion technologies consist of first a laser
which is the source of energy to melt the powder, and second the powder bed which is used
as a source material to build a final printed element. The development of the element by
selective laser melting in sequence involves spreading the thin powder layer by a feeder
(roller) and then selectively melting it by a laser. The whole process is repeated until the shape
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of the designed element is obtained. Then, the element is removed from the building platform
on which it was printed and cleaned from excess of unmelted feedstock and supports. The
schematic illustration of this process and the equipment is shown in Fig. 11.
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Fig. 11. Schematic illustration of the selective laser melting process [116]

Laser powder bed fusion technologies provide a very high cooling rate of 10% to 107 °C/s,
making this technology desirable for the development of metallic glasses that are marked as
a material that has critical cooling rates at the level of 102 to 10* °C/s [37,117-119]. Another
important advantage is that there is theoretically no limitation in shape and infill degree
allowing one to produce a hollow or lattice structure. The development of a dense thick
structure by other methods is also limited by the cooling rates that can be achieved. In the
selective laser melting method by additive character of the material, each melted point
solidifies instantly, ensuring high cooling rates. The low energy input that is delivered to each
melted point on the layer is possible due to a very high-density energy source - laser. Examples
of fully dense, hollow, or lattice elements are shown in Fig. 12. Works [40,120-122] describe
the successes in manufacturing BMG by additive manufacturing with different geometric and
density structures, these applications are biomedical implants, drug delivery, micro and
nanoelectromechanical systems, aerospace and sports equipment.

Bt e A A
4

oA AAS

i i S

.
b
+
+
-+
<
4
4
<

B

(EEERSCINEN
Fig. 12. Selective laser melting ZrssCuzoNisAlio metallic glasses samples with different type of geometry a) cubic,
b) hollow, c) lattice [119]

The SLM process has many parameters that influence the result of developing MG. Most
of them regard the amount of energy that will be delivered to the feedstock. Those
parameters are laser power, the speed of laser scanning the feedstock, hatch spacing, type of
laser, the continuous or pulsating scanning type, and the scanning pattern and thickness of
layer. The parameter that helps to calculate the amount of supplied energy is the volumetric
energy density, often the acronym is ED. The formula of ED is shown in Eq. 1 [123,124].
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Eq. 1. Energy density formula: P- laser power [W], v- scanning speed [mm/s], h- hatch spacing [mm], H- layer
thickness [mm]

ED = P J ]
" v-h-H '|lmm3

Other important factors concern the purity of the working gas - the atmosphere that is
in the working chamber. Gas used for those purposes is typically argon or nitrogen. The
impurity that should be checked is the H,0 content. This is also considered for feedstock that
should be dried before printing [125—-128]. Theoretically, the high GFA of the alloy should not
be a concern because of the very high cooling speed rate of the SLM process. However, due
to the heat affected zone (HAZ) and the phenomena that occur in the melt pool (like
Marangoni effect) the segregation and clusters forming (reducing free volume) or even
crystallization can sometimes take place in the BMG developed [129,130] [131-133] [134].
The addition of a too high cooling rate can also cause a problem due to the too high thermal
residual stress accumulated in the printed elements [135].

4.4. Plasma spraying

The plasma spraying process is part of a larger group of thermal spraying methods. In
plasma spraying plasma is generated to accelerate and melt feedstock that is then deposited
on the substrate, forming lamellar splats and, consequently, coating [136,137]. The plasma jet
is generated by plasmatic gas flow between the cathode and an anode nozzle where high
voltage electric discharge takes place [138]. Into generated plasma, the feedstock can be
supplied axial or radial. The spraying gun is additionally cooled to preserve the nozzle from
melting. The gun can be mounted in robotic arms to spray coating onto more complicated
surfaces. In the other case, if the plasma gun is fixed, then the substrate can be mounted on
a moving holder, which can provide additional cooling of samples, which is desirable for
developing amorphous metal coating [139,140]. Different variations of spraying guns and
stands are shown in Fig. 13.
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Fig. 13. Schematic illustration of plasma spraying gun a) with radial powder supply and [141] b) with axial
powder supply [142]

Plasma spraying can be divided into low pressure plasma spraying, vacuum plasma
spraying, atmospheric plasma spraying, or plasma spraying under inert gas [143]. Atmospheric
plasma spraying (APS) generates a high flame temperature up to 10.000°C while particles can
be heated up to 3.800°C, however cooling rates for depositing coating range from 10°-107°C/s,
which is enough to establish the amorphous structure of the deposited alloy with high glass-
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forming ability [144]. Atmospheric plasma spraying is the most common type among plasma
spraying methods due to cost-saving processes, which do not require a special surrounding
condition such as a vacuum chamber. However, low pressure plasma spraying has the
advantage of better control of the spraying condition by controlling the environment. Control
of environment provide the high bonding strength of coating due too low oxidation of the
depositing feedstock [145]. The method that uses an inverse condition is high pressure plasma
spraying where in the depositing chamber the pressure is increased. In work [146] an increase
in pressure up to 300 kPa provides very high dense and hard coating due to an increase in the
temperature of the deposited particles that can be established due to this increased pressure,
which is necessary to melt material with a high melting point, such as zirconia. Factors that
influence the plasma spraying deposition process include plasmatic gas flow rate, plasma
power input, stand-off distance, size distribution, feedstock flowability, shape, characteristic
temperatures, hardness, and powder feed rate [147-151]. For example, typical plasmatic
gases that are used for spraying are nitrogen, hydrogen, argon, or helium (or the mixture of
them). The difference between gases is the characteristic temperatures, energy they supply,
and cost, and parameters and advantages typical gases are shown in the Tab. 3.

Tab. 3. Typical gases used for plasma generation for plasma spraying coating depositions [140]

Gas/ symbol

Nitrogen/ N, Argon/ Ar
- . L " = + inert for all materials
. + inert except for nitridization sensitive . + relatively low temperature plasma
materials (like Ti alloys) +low heat conductivity

+ the cheapest gas + less aggressive on the spray equipment,

+ y_ello_w Plasma color than nitrogen or hydrogen
+ first ionization energy 14.53 eV + blue plasma color

+ first ionization energy 15.75 eV

Hydrogen/ H, Helium/ He
+ inert to all materials

. + mainly secondary gas

+inert for all materials + very expensive, used only when other

+ secondary gas, up to 20 vol.%. gases have a negative effect on deposited

+increases heat conduction material

+red plasma jet + good heat conduction

+ first ionization energy 13.60 eV +typically used for carbide coating
deposition

+ first ionization energy 24.58 eV

The efficiency of feedstock deposition depends on the state of feedstock in the moment
of the deposition on the substrate/ earlier deposited feedstock. If feedstock is melted partially
or fully it will form splats and increase the thickness of the coating, but if it solidifies again or
will not be melted then it will rebound [139]. According to [152,153] smaller feedstock sizes
had a positive effect on the degree of particle melting and the results are that they tend to
form a more dense coating with higher adhesion, hardness and wear resistance compared to
particles coating developed with larger feedstock. Work [152] compared feedstock sizes 15
pm to 33 um and [153] 33 um to 84 um. However, reducing the size of the feedstock particles
can result in a higher oxygen content in the obtained coating [154,155]. The flip side of
providing too much energy by the plasms jet is local reheating of the coating, which can lead
to local chemical element segregation, reducing free volume and even crystallization of
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coating developed from alloys with high glass forming ability. In addition to the parameters
described, other factors can also influence the coating formation. These factors are shown in
Fig. 15.

Thermal spraying technologies, including plasma spraying of MG coatings, are now used
to protect the surface of gas and hydraulic turbine blades [125,156]. Those applications are
submitted because of the high wear resistance or corrosion resistance of MG. Plasma spraying
MG coatings are also being investigated as a potential thermal barrier coating to obtain very
low thermal diffusivity values of barriers [76,81]. Plasma spraying ensures high enough cooling
rates to establish fully or almost fully amorphous structures of alloys with good GFA from
alloys based on Ni, Fe, Zr, Cu, Ti, etc. [143,157-162]. An example of a coating developed by
atmospheric plasma spraying of Fe-based MG is shown in Fig. 14.

\

Fig. 14. Example of Fe-based MG coating obtained by atmospheric plasma spraying [163]
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Fig. 15. Detailed factors of plasma spraying process that influence on the splats formation [164]
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5. Selected properties of metallic glasses

Metallic glasses have different properties than traditional metal alloys. The biggest
difference comes from the different atoms arrangement, MGs are characterized by a short
and medium range order of the atoms, while traditional crystal metals have a long range order
of atoms [165-167]. Additionally, the chemical composition of MG is very different from the
composition of crystal metals, due to the often addition of large amounts of metalloids (but
not larger than 20%). These differences result in the unique properties of the MG engineering
material group. From the perspective and knowledge about properties of typical crystal alloys,
the review of MG properties from work [168] are shown in the Tab. 4.

Tab. 4. Properties of metallic glasses related to potential applications [168]

Attributes Attractive attributes Unattractive
General - Absence of microstructural - Hight cost of components and
features: such as phase or grain processing
boundaries - Optimization of composition for

glass-forming ability prevents easy
optimization for other properties,
including low density

Mechanical - High hardness - Very low ductility in tension due
- Good wear and abrasion to only several localizations of
resistance plastic flow (shear-banding) in
- High yield strength whole material
- Low mechanical damping - Fracture toughness can be very
(indication of the energy low
absorbing potential [169]) - Embrittled by annealing or using

in elevated temperature can occur

Thermal - supercooled liquid temperatures - Change of properties above Ty
(Tg < Ty) for some metallic glasses temperature can limit the use of
allow thermoplastic processing MG
them

Electrical and - High magnetic permeability - Relatively high magneto-striction

magnetic - Resistivity is nearly independent gives energy loss in oscillating
of temperature field

Chemical - Lack of structure defects, such as

grain boundaries, gives very high
corrosion resistance of some MG
Environmental - Some compositions biocompatible - Not easily recycled once in a
product (non-conventional
compositions)

Processing - Low solidification shrinkage and - The current need for vacuum die-
lack of grain structure give high casting gives relatively slow
precision and finish in castings development rate

- The high viscosity and low strain-
rate sensitivity of the supercooled
liquid permit thermoplastic
forming
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Aesthetic - Lack of grain structure allows a
very high polish
- High hardness and corrosion

resistance gives durability

Potential
markets

- Aesthetics, present novelty and
rarity make metallic glasses
attractive for high-end “life-style”
products

- Properties and processing favor
um-to-mm scale structures

- Current high cost of material and
processing limits applications to
those with high value-added

5.1. Mechanical

5.1.1. Hardness

Mechanical properties are of interest in this thesis. Properties such as hardness, young
modules, and poison ratio will be reviewed in different MG. The hardness of metallic glasses
is usually measured by the Vickers method (with microscale indents) or by the
work [170] the highest hardness values
a cobalt component, reach the value of
12.3 GPa. However, the hardness values of MG can establish much higher values, such as 16.1
GPa for Co-based MG [171], 19.2 GPa for Zr-based MG [172] or up to 25 GPa for Fe-based MG
[173]. [173] research (Fig. 16) confirms the maximum hardness of alloys based on Fe and Zr at
a level of up to 19 GPa and mentions that Co-based and Cr-based alloys can also establish high

nanoindentation (nano scale indents). According to
obtained for iron-based MGs, especially those with

value of hardness [174-186].
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Nanoindentation test

The nanoindenter is a device that is used for precise hardness measurements. The
device registers the changes in force (F) under the change in depth (h) of the indenter tip.
Changes are measured in both the loading and unloading processes. The depth of the indent
is nanoscale, and similarly, the area of indent is nanoscale, which allows one to measure the
mechanical properties of exact spot on the sample, such as single crystals, segregation area,
hardness changes in the heat affected zone, etc. From the obtained plot the indentation
hardness (Hir), the Vickers hardness (HVir) and the indentation modulus (Err) can be
determined. Calculations of those values are described below. All symbols and index used in
this sub-chapter and later for describing those mechanical properties are shown in the Tab. 5.

Tab. 5. Index of symbols for nanoindentation measurements

Symbol Designations Unit Formula
ADO adjust depth offset - -
Hir indentation hardness MPa Hir = Frmax/Ap
HVir Vickers hardness calculated from Hir  Vickers HVir=H;r/ 10.80
Fmax maximum test force N input value if hmayx is not set as an input
value
F test force N measured value
A, projected contact area m? A, = 24.5 h.?, for Berkovich
indenter
h. contact depth of the indenter with m he = hmax— € Fmax/ S
the sample at Frax
hp permanent indentation depth m measured value after releasing force
h indentation depth under applied m measured value
test force
hmax maximum indentation depth m input value if Frnax is not set as an input
value
€ geometric constant - for Berkovich indenter € = 0.75
S contact stiffness N/m S =dF/dh
dimension of indenter used to m -
calculate Ap
Er indentation elastic modulus Pa Er=(1-v3)/[1/E-(1-v?/E]
Vs Poisson’s ratio of sample - input value
Vi Poisson’s ratio of indenter - input value
E, reduced modulus Pa Er=Vr/2 * S/VA,
Ei indenter modulus Pa input value

To calculate Hir the maximum test force (Fmax), it is divided by the projected contact area
between the sample and the indenter (A,) [187] of (Eq. 2)

Eg. 2. Indentation hardness formula

Hir = Fmax/Ap

A, is calculated by knowing the value of the contact depth of the indenter (h¢) and the
geometry of the used indenter. For the Berkovich indenter that was used in those
measurements, A is calculated by the following equation [187] (Eq. 3).
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Eq. 3. Formula for the contact area

A, = 24.5 2

The contact depth of the indentation (h¢) is not the same as the maximum indentation
depth (hmax). Oliver and Pharr have found a formula for hc shown in Eq. 4 using the Sneddon’s
equation for elastic component of the displacement [187], where € is a geometric constant for
the specific indenter tip. For Berkovic tip, € is 0,75. Contact stiffness (S) is calculated as the
slope of the Eq. 5. Visualization of contact stiffness is shown in Fig. 18. The visualization of the
difference between hc and hmax is shown in Fig. 17.

Eg. 4. Contact depth of the indenter formula

Fmax
he = hipax — € S
Eq. 5. Stiffness formula calculated from the unloading graph
g dF
~ dh

Initial surface _
Surface profile under load

Real contact

Fig. 17. The scheme of differences in indentation depths according to the Oliver and Pharr research. hm (or
hmax)- maximum indentation depth, hc- contact depth of the indenter, hs- difference between hm and hc [188]

Normal load, F

Indentation depth, h
Fig. 18. Plot F (load) versus h (indentation depth) of indentation test with formula for S (stiffens) of the sample
[188]

To obtain the elastic modulus of the sample (indentation modulus Er) few calculations
need to be made. First, the reduced modulus (Er) can be calculated using the Sneddon solution
for the Berkovic indenter [187,189] by knowing S and A, (Eq. 8). Next, E: is the sum of the
elastic modulus of two objects (sample Eir and indenter Ej)) connected in a series. This
dependence gives us another equation, Eq. 9. After combining Eq. 6 and Eq. 7 the Eq. 8 is given
to calculate the elastic modulus (Eir) of the measured material (sample). From Eq. 8 the
Poisson ratio of the indenter (vi) and the indenter modules (E;) is known (information obtained
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from the indenter specification), E: is calculated from Eq. 6. To calculate the Er, only vs is
needed. The value of this parameter is taken from literature or other studies on the tested
material.

Eg. 6. General formula for reduced modulus

N

E. =
2 VA,
Eq. 7. Calculation of reduced modulus as a system of sample and elastic objects of the indenter
1 1-v? N 1—vf
Er  Eq E;

Eqg. 8. Indentation modulus formula
1—v2

[ 1 1- vlz]
E, T E
5.1.2. Elastic modulus

The elastic modulus of the materials defines how the material reacts by changing
geometrical parameters under applied external force. Common moduli that can be found to
compare materials are Young’s module (E) (measured as an E;r by nanoindentation testing),
the shear module (G or sometimes S or p), bulk modulus (K or B) and Poisson’s ratio (v). To
describe the mechanical properties of MG in this work, Young's module E and the Poisson ratio
v are reviewed. The information collected from Poisson ratio is shown in the Tab. 6. The
highest Poisson’s ratio among MG was reported for alloys based on platinum (v =0.42 —0.43)
[190-192] and palladium based (v = 0.40 — 0.42) [190,192]. A low value of the Poisson ratio
was recorded for MG based on calcium and magnesium, respectively, 0.305 and 0.308, 0.309
[190,192,193]. But the lowest Poisson ratio was shown by two amorphous Fe alloys:
Fee1Mn10CraMosEriCisBe v = 0.286 [194] and Fe7oP10CsBsSisAlsGaz v = 0.280 [192]. Including
these two alloys, Fe-based MGs achieve only values of 0.316 to 0.338 [38,190,195,196]. In
article [194] dates from 46 experiments were collected and fitted to the Gaussian distribution.
This adjustment gives an average value of v =0.358 (variation of 0.0136). This Poisson ratio
was reported on MG based on zirconium 0.34 — 0.36 [191]. In [192] Poisson’s ratio for those
MGs was similar (v=0.35-0.37) and [123] [120] confirmed these values for Zr-based MGs (in
[193] some Zr-based MGs have even slightly higher Poisson's ratio values up to 0.39). Finally,
only a few articles where elastic modules were found for Co-based alloys were measured.
[171] reported for Coes-xTaxBss (x =7 —9) v = 0.315, [197] CoasFesCrisMo14CisBeEr, v = 0.331
and [198] alloys CossM022B14, CossM028B13 respectively 0.344 and 0.301. The Poisson value
chosen for both alloys in this work for the nanoindentation work were v = 0.315. The reasons
are that the amount of metalloid is similar to that of and [197] have chemical elements that
are also present in my alloys.

Eir =

Tab. 6. Comparison of Poisson ratio for metallic glasses

Major chemical element of MG Poisson’s ratio v Reference
Platinum-based 0.42-0.43 [190-192]
Palladium-based 0.40-0.42 [190,192]
Zirconium-based 0.34-0.37 [191]

Calcium- or magnesium- based 0.30-0.31 [190,192,193]

Iron-based 0.30-0.34 [38,190,195,196]
Cobalt-based 0.30-0.34 [171] [197] [198]
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5.1.3. Young’s modules

Young’s modules describing how much sample will deform along one axis, under applied
force along this axis. Materials such as elastomers that have a high deformation under force
have a module much lower than that of ceramics, which do not deform almost completely
under applied forces. The review of Young’s module of engineering materials is shown in Fig.
19. Many metallic glasses based on the same chemical element have a Young module like the
crystalline alloy based on the same element. However, the value can differ due to the large
number of metalloids and nonmetals compared to traditional crystalline alloys. For MG, the
lowest elastic module was reported in [190] for CassMgisZnyo E = 26.42 GPa, but it should be
noted that MG based on Mg has an elastic module around 50 GPa, which is also a very low
value. The highest elastic module values were reported for Co-Mo-B glassy alloys:
CosaMo022B14, CossMo2sB13 respectively, 246.2 GPa, 259.0 GPa [129] and for Co-Ta-B MG:
CoesxTaxBss (x = 7 - 9), Cog2-xBxTas (x = 30, 32.5, 35, 37.5) in the range from 240.1 to 249 GPa
[171] [49]. Fe-based MGs also obtain the high value of the elastic module. The elastic module
values of these alloys ranges from 145 to 226 GPa [38,190,195,196]. When testing the value
of elastic module, it can be found that pure elements that are the base of specific alloys have
an E similar to E of those alloys [199]. Continuing the comparison, pure Ca has a Young module
of value 19.6 GPa, Mg 44.7 GPa, which is not more than 25% difference between pure
elements and a Young module of alloy. The elements of the Young modules based on Co are
211 GPa, B 440 GPa, Ta 185.7 GPa, Mo 324.8 GPa. In summary, alloys made from elements
with a low Young module develop MG with a low Young module. Similarly, elements with high
E develop MG with the highest elastic module.
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Fig. 19. Schematic representation of the yield (metals, composites and polymers) at room temperature or
flexural strength (ceramics) as a function of Young’s modulus. Red presents the metallic glasses and orange
presents the crystalline metals. [168,200]

5.1.4. Wear resistance
Wear resistance according to [201] is the ability of the material to resist surface damage
during routine usage, according to [202] one of the typical parameters to describe the
tribological behavior of the material for which the sliding wear test is performed. Sliding wear
occurs when two smooth surfaces slide over each other with or without lubrication. Usually
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the version without lubrication (dry) test is used to measure the resistance to sliding wear.
Another wear test is abrasive wear tests were the harder then tested material abrasive
particle are added. As a parameter to compare the material wear resistance, the parameter
named the specific wear rate Ws, the wear coefficient K, or the ratio H/E (H.- hardness to
E- young module) is used. Specific wear resistance W5 is calculated from Eq. 9, where Vy, is
volume loss, L sliding distance and F the normal load. The K parameter is calculated from Eq.
10. It can be noticed that K is an W, multiplied by the hardness of the tested material. The W;
unit is mm3/Nm meanwhile K is dimensionless.

Eq. 9. Specific wear resistance [203]

Vi mm3
W=7
LF Nm
Eqg. 10. Wear coefficient, dimensionless [202]
v, H
- LF

Work [204] studied the often used H/E ratio as an index of material wear resistance. This
ratio is often used to compare coating hardness [205,206]. This index predicts the wear
resistance of the material based only on the two mechanical properties of the material
without experimental wear test such as Ws or K. Work [204] based on a few other works
including [207] shows that H and E are closely related properties of material (low E value
implicates low atomic bonding of material and negatively influence the H of material) and the
H/E ratio can be inconsistent for materials that are strain-free, which can be problematic for
many metallic glassies with do not show plastic behavior. However, it can be seen that this
ratio is used despite this inconsistent as shown in Fig. 20 [173]. Fig. 20 shows that most
metallic glasses have a higher H/E ratio than traditional crystalline steels or even hardened
steel and similar to carbides and nitrides (up to 0.1 ratio). This makes metallic glass an
interesting material for protecting coatings application. The work [93] compared the same Fe-
based amorphous coating developed by two technologies. The study shows that coatings
manufactured by laser cladding compared to the ones obtained by plasma spraying show a
higher wear resistance. This was related to the higher density, less cracks, and higher
microhardness of the coating manufactured by laser cladding. Work [203] went further to
investigate the wear resistance of metallic glasses, concluding that hardness (H), strength (o
1), young’s module (E), glass transition temperature (Tg), notch toughness (Kq) and Poisson’s
ratio (v) do correlate dependently with the wear rate of metallic glasses. The most crucial
factors are the strength and toughness factors such as Kq and v. Second, an especially
important achievement of the work is designing the index that correlates the bulk modulus
(B) and v with the wear resistance. The higher the index, the higher the strength, toughness
and elastic parameters of the described material are and, in consequence, have a very high
W, of metallic glass. The correlation is shown in Fig. 20.
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Fig. 20. Correlation between specific wear resistance (Ws) and index including bulk modulus (B), Poisson’s
ratio (v) [203]

5.1.5. Strength and ductility

According to [208-211] the mechanical properties of metallic glasses are closely related
to the properties of their component. Knowledge of the mechanics underlying the strength
and ductility of MG is still very limited; however, several ideas will be discussed. What is known
is that at low temperatures (not higher than T - individual for different MG) metallic glasses
under applied force form and propagate nanosized shear bands [212-216]. The shear band is
a 10- to 100-nm thick zone through the volume of material in which a large share of plastic
deformation occurs, while the material outside the share zone remains undeformed [210].
Metallic glasses tend to form a small number of shear bands in the material under stress. The
small number of shear zones leads to initiating the strain softening of the material and
consequently failure of the MG with limited global plasticity despite its high strength and
hardness.

To understand the place and mechanism of shear bands development, a closer look at
the atomic arrangement in metallic glasses is needed. Metallic glasses, are characterize by
short and medium range order of atmos. Work [167] investigated several types of atom-
packages (SRO) and their pairs (MRO) found in some binary MG system. Those atoms packages
called also clusters; and are characterized by more dense atoms arrangement than average
atom density of whole metallic glass. Typical polyhedral clusters that work [167] found to be
present in MG are shown in Fig. 21 a. These clusters are ordered by the coordination number
of solute atom in center of cluster. Clusters may be responsible for SRO of atoms in MG, and
the concentration of cluster creates MRO structures of MG. Typical connections found and
proposed by [167] are shown in Fig. 21 b, ¢, d. The present clusters connections exhibit fivefold
symmetry and can be noticed that part of the atoms in connected clusters are shared.
Depending on the which atom is shared the connection is named face-, vortex- or edge-shared
[167,210].
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a Z8 Z9 Z10 b
<0,440> <0,3,6,0> <0,28,0>

T

Z11 Z12 Z15
<0,2,8,1> <0,0,12,0> <0,0,12,3>

<0,2,8,2>

Fig. 21. a- typical polyhedral clusters of the solute atoms found in MGs- Nig1B1g, NigoP20 and ZrssPtis. Z8, Z9 etc.
represents the coordination number of solute atom (number of atoms a central atom carries as its closest
neighbors [217]) [167]; b, ¢, d- presents the typical cluster connection found in NigiB1g, NisoP20 and ZrssPtss,
respectively. Voronix index (e.g. <0,2,8,0>) indicate the type of cluster (delineate with red dash circles) and FS,
VS, ES represent the type of atoms sharing between the clusters and stand for face-sharing, vortex- sharing and
edge-sharing, respectively. The bonds between atoms in the center clusters are not shown for clarity [167]

The SRO and MRO arrangements described above do not fill the whole volume of the
MG. Between the clusters, areas with lower atom density are observed, often called the empty
space or free-volume. Free volume is characterized by a lower atomic coordination compared
to observed dens atomic clusters [218-220]. One of the known reasons for the free volume is
geometric packing frustration of atoms [221]. Free volume is especially important for the
mechanical behavior of the MG because it is the prone area where the glassy structure can
destabilize. Destabilization in this area occurs due to the easier possibility of inelastic
relaxation of atoms by their local arrangements without significantly affecting its surroundings
[222,223]. Local relaxation in free volume can occur due to applied stress to the structure
(forming local shearing) or influence of temperature (above glass transition temperature).
Also, the state of atoms around the free-volume can differ for the same MG due to a different
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development history, i.e. the cooling rates that were used for developed MG, annealing
history or applied forces [224-228].

One of the suggested parameters that can predict the ductile or brittle behavior of
metallic glasses is G/B ratio (elastic shear modulus G, bulk modulus B). Work [229] by analyzed
twelve MG suggested that ratio 0.41-0.43 is an critical value where the MG change behavior
from ductile to brittle. Ductile MGs are those with G/B values lower than critical. But the
ductile behavior can change into brittle by annealing-induced embrittlement or by a slight
change in the chemical composition of the MG [229,230] (Fig. 22). Review of MG mechanical
properties- hardness, Young’s module and yield strength is shown in Tab. 7.

1000
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Fig. 22. Correlation of the fracture energy E with the elastic modulus ratio G/B for selected as-cast metallic
glasses [210,229]

Tab. 7. Review of the mechanical properties of bulk metallic glasses [170]

Alloy H (GPa) E (GPa) oy, (GPa) Reference
- 4.610.1 8511 1.64+0.02 [170,231,232]
| f11.Z4r25:1-5IZ|'\|1—:jELijszgﬁ;;|1o 4.7+0.1 87+1 1784001  [170,231,232]
Hf 8Zr34;2Ti5Ni8CU20A|10 5.240.1 94+1 1.80+0.10 [170,231,232]
erlz ,TisNize 6Cu17.5Al0 5.0+0.2 9312 1.74+0.03 [170,231,232]
Hf1o.52r42Ti5Ni.14.5Cu.17.9A|1o 5.3+0.1 108+3 1.94+0.02 [170,231,232]
HfyiZrs1.5TisNira.cClroAlo 5.510.1 113+2 1.85+0.02 [170,231,232]
Hfs1.52r21 TisNira.cCurr.oAlo 5.810.2 1103 2.031£0.03 [170,231,232]
Hf1>ZF10.5TisNira.cClr.oAho 6.0£0.2 12412 2.041£0.04 [170,231,232]
Hfsz.sTisNira.cCUrr.oAlo 6.1+0.2 128+4 2.09+0.02 [170,231,232]
. 4.940.1 89+1 1.74+0.04 [170,231,232]
Zrs7NbsNi2.6Cu1s.4Alo 4.4 78 1.51 [233]
(A|0-84YO-09NiO-OSCOO-OZ)SSSCS ) )
(Alo.85Y0.08Nio.05Co0.02)955Cs 4 > 1.45 [233]
CorSiaBa 8.9 88 3 [234]
CusoHFrsTins 6.7 124 1.927/2.01 [235]
CucoHFsoTio 6.3 119 2 [235]
CUar.sZrarsAls - 87 1.55 [226]
FeaoBao 10.6 167 3.40 [234]
FeaoPraCy 7.5 118 3.04 [234]
Fe,sBioSin 8.9 118 3.33 [234]
10.5 180 3.16 [236]
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(Feo.75Bo.2Sio.05)96Nb4 113 190 3.82 [236]

(F80.9C00.1)o.75Bo.zSio.os)gsNb4 12.0 205 4.05 [236]
(FEQ.8C00.2)0.75Bo.zSio.os)gsNb4 12.2 210 4,10 [236]
(FEQ.7Coo.3)o.7sBo.zsio.os)gsNb4 12.3 210 4,10 [236]

(Feo.6Co0.4)0.75B0o.2Si0.05)9sNba 12.0 210 4.07 [236]

)
)

(F90.5C00.5)0.7530.25io.05 95Nb4 8.4 78 2.45 [234]
Ni7gSi10B12 7.8 114 2.37 [43]
NiasTi20Zr25Ako 7.6 111 2.18 [43]
Ni40CU6Ti1GZrng|1o 8.4 134 2.30 [43]
Ni40CU5Ti17Zr28A|1o 7.8 122 2.30 [43]
Ni4oCU5Ti15.5ZI'28.5A11Q 8.1 117 2.32 [43]
Ni3g.8CUs.97Ti15.92Zr27.86A9.955i0.5 5.2 96 1.90 [237]
Zr41.25Ti13.75Ni10CU12.5Bezz.5 5.5 - 1.69 [238]
Zr54.4Cu25.5 FesAln 5.3 - 1.63 [238]
Zr53CU22Fe8A|12 5.1 - 1.56 [238]
Zr51.5CU18.4FEgA|12 3.2 67 1.34 [234]
PdsoSizo0 53 108 1.46/1.78 [239,240]
PdaoNaoP2o 4.9 88 1.44/1.54 [239,240]
Pd77.5CUGSi15.5 - 94 1.40 [225]

Pts7.5CU14.7Nis.3P22.5

oy-yield strength, - indicates tensile yield strength

5.2. Thermal

The applications of metallic glasses are limited by their characteristic temperatures.
When the MG establishes a temperature higher than Tg, the structure is no longer glassy, but
it is still amorphous (without LRO of atom arrangements). The first LRO structures (nucleation
of crystal) can be observed by reaching the onset of first crystallization temperature Tx. The
difference between Ty and T (supercooled liquid region) is used for the comparison of GFA
between MG (the higher AT« the higher the GFA). The history of annealing MG can induce
embrittlement and result in brittle behavior of before ductile MG. Work [241] studies the
behavior of MG between 77 K and 0.9 T; temperatures and shows experimentally that elastic
modulus, yield stress and strain, and hardness decrease linearly in the measured temperature
range.

The next important characteristic temperature, often not measured, is melt
overheating. Research points out that not enough overheating can lead to unmelted particles
that can then function as nucleation seeds even for an alloy cooled with very high colling rates
[242-245]. As a result, the composite structure is obtained with non-homogeneous
properties. Interesting phenomena occur when the overheating is increased. Namely, higher
overheating leads to trapping more free-volumes in the cooled MG which as we already
acknowledge are sole of the plastic behavior of MG. Research [246] studied three metallic
glasses based on Zr. The results showed that the plasticity of the MG increased with increased
overheating of the melt if the cooling rates were higher than the critical cooling rates.
Additionally, MG cast with higher overheating had greater resistance to crystallization,
exhibited higher homogeneity, and greater plastic strain.

Characteristic temperatures of each metallic glass can differ. Change may be induced for
different reasons. A slight change in the chemical composition of the alloy can change the AT..
For example, one of the highest values of ATx is around 90°C for Fes3CrisMo016C15B10 MG, which
can drop to a moderate value of 40°C due to changes in elements C and B concentrations
[247]. The characteristic temperatures of MG can also change by changing the cooling rate

41



(Rc) of the solidifying alloy [248-250]. The largest changes are observed for the Tg values,
which decrease with increasing R, while the Ty values almost do not change (therefore the
supercooled region value increases). Again, this phenomenon is explained by changes in free
volume [250]. With decreasing Rc in an amorphous structure, clusters start to form and the
homogeneity of the local chemical compound of the alloy decreases, resulting in a higher Tg
[248]. As mentioned in [248], the measured difference of the ATx was 31°C between two
different types of casting (with different cooling rates). As a moderate values AT usually are
40-60°C which provides enough values to establish an amorphous structure using typical
manufacturing methods [251-253]. The schematic change of Tg is shown in Fig. 24.
Additionally, in the discussion of the results of thermal analysis of metallic glasses, attention
should be paid to heating rates used in analyzed thermal analyses because not only the cooling
but also different heating rate influence on the measured characteristic temperatures.

5.3. Chemical

A characteristic of metallic glasses is the absence of structural defects, such as the grain
boundaries characteristic of polycrystal structures. This absence and uniform structure
provide very high corrosion resistance to some metallic glasses; however, some factors can
influence their anticorrosion resistance [254]. Partial crystallization leads to the presence of
the second phase, which decreases the anticorrosion properties. The passivation ability of MG
can also be improved by the presence of Cr, Ni, Co, Fe, Mn to Cu (in sequence of decreasing
passivation ability [255]) by increasing the content of the passive protective oxide film. Other
very important factors are residual stress, surface state, and crack presentation, which can
significantly reduce anticorrosion properties. Most of the tested MGs with these abilities are
based on Fe [159,162], Zr [256], Ni [257], Ti [258], Al [259], Co [58,260,261] and Cu [262]. The
positive influence on the anticorrosion ability of MG, the actual development technologies
used and the factors that threaten corrosion resistance are shown in Fig. 23.

Anticorrosion
Properties positively influencing properties Hazardous factors for

corrosion resistance + anticorrosion property

(e—— EE—

. Long-range disordered and 000%2‘0%‘00 = » Partial crystallization
short-range ordered atomic osg%ﬁ%%i:oqgoo = Strongly corrosive media
packing structure 2:%%2:99930 Ogo - Defects of fabrication

»  Uniform solid phase gggg%gggggg,g% technology

= Chemical homogeneity 9:\99359::“25: - Stress, surface state,

- Without dislocation and grain 99¢6%¢9" 9070 temperature, etc.

boundary Metallic Glass

Fig. 23. Summary of factors influencing on anticorrosion properties of metallic glasses [254]

5.4. Processability

The processing of metallic glasses has its pros and cons. It is certain that the pros of
metallic glasses processing are some esthetic and physical properties that can make them very
attractive for possible buyers. The high hardness, wear resistance, and anticorrosion
properties of MG can make the elements very durable. The ability to finish the surface to a
high polish makes them esthetics attractive. The relatively novelty of the material (material
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with such a different structure) can become very interesting and attractive for potential
consumers. Another asset of metallic glasses is their low solidification shrinkage, which allows
a very low deviation of dimension, equaling the high precision of manufactured elements.
However, it should be noted that changing the cooling rates of metallic glasses (even in the
supercooled region) influence the shrinkage value. Fig. 24 shows the comparison of fast, slow
and very slow (crystallization occurs) cooling of the same alloy and the change in the volume
of it. As can be concluded from the Fig. 24, MG cooled with higher colling rates will by
characterized by the lowest shrinkage compered to those cooled with lover cooling rates [263]
[264].
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Fig. 24. Volumetric changes of alloy during cooling with different cooling rates [263]

The cons of metallic glasses include the price of developing products from MG. One of
the price components of the MG is chemical elements present in their composition. MG
requires a special chemical composition of the alloy, which will provide high GFA and
consequently a glassy structure of the established product. Often, this special composition
includes chemical elements that are more expensive than traditional chemical elements in
carbon or construction steel. Especially costly MG are those containing the rare-earth
elements which are often present, as shown in Fig. 5 (Percentage of MG classified by base
material (...)). Another component of the price of MG is manufacturing technology, such as
the very commonly used vacuum die casting, which has a relatively slow development rate
making it expensive [168], or spraying technologies which use expensive noble gases.
However, there are also technologies that are inexpensive in use, such as melt spinning, where
the development rate is very high because of the continuity of the process.

6. Applications

In the paragraph above, the characteristic properties of MG such as mechanical,
chemical, esthetic, and processing were described. Many of those unique properties found
application in different fields of industry such as medical, sports, electronics, etc. Work [265]
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groups some of the applications already in use adding economic reasons that include novelty
of material, justification of the high cost of material by a high-valued durability and
performance of the developed element. The analysis of metallic glass applications is shown
in Tab. 8.

Tab. 8. Current and possible applications of BMGs [265]

E -
Application Technical reasons :::ar;c;:;c
. - high st th
. Golf clubs (commercialized) i h;gh Zyr/i'?gayz/E A B,CD,E
S - high hardness
n Edges for sport goods (skis, - wear and corrosion resistance ABCDE
skates) - high o,/E T
- ability to be sharpened
- highh
Knives for ophthalmology igh hardness . .
- - wear and corrosion resistance A B, E
(commercialized) L 3702
w high o,*/E
S - high strength
e - hardness
= Dental materials - wear and corrosion resistance B,C, E
- castability
- abilities for surface finishing
- high strength
- highh
= Precision mechanical elements 'gh hardness . . A B,CE
S - wear and corrosion resistance
<zt - good abilities for surface finishing
S . . - high 0,’/E
g Machinery structural material . .
(high performance springs) - high fatigue strength
- high workability
(7]
1]
g wear resistance
x Materials for digital master discs . C E
5 - no grain structure
o
w
Wires for musical instruments i h!gh strength. C E
- high workability
-
& - high hardness

Jewelry (Pd and Pt-based alloys) - wear and corrosion resistance C,DE
- luster, precious metal content

Market indicators: A- cost of material constitutes small part of the price; B- performance is highly valued; C-
cost of failure is modest; D- fashion and “novelty” are welcomed; E- market does not require large volumes of
material. oy- yield strength, E- elastic modulus

In the sport industry, MG found application, for example in golf clubs due to the very
high elastic limit that provides low energy loss while playing golf [33]. Work [266] shows that
Zr-based MG compared to traditional use of crystalline materials helped establish a high
coefficient of restitution (which is the square root of the ratio of the final kinetic energy to the
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initial kinetic energy). Additionally, at the same time, Zr-based MG provides very high
mechanical properties: tensile strength of 1700 MPa, impact fracture toughness 130 kJ/m2
and Young’s modulus of 81 GPa, which makes this material perfect for sports equipment.

The medical industry found the use of metallic glass for super sharp knives due to their
high wear and corrosion resistance, high hardness and ratio o,3/E?> which able to form and
sustain sharp edges [265]. Knives manufactured from MG glasses can either be made from a
bulk element or done from commercial stainless steel with MG coating. Fig. 25 shows knifes
manufactured from BMG and with MG film and a comparison of commercial knife edge and
BMG edge [267,268]. A sharper knife with lower roughness provides a cleaner slice and better
wound healing [269]. Similar, high mechanical properties and chemical resistance to corrosion
and castability make BMG suitable material for dental purposes, such as implants, stents,
fillers, surgery sutures. However, all biomedical applications must meet other requirements
such as being nontoxic and noncancer. Work [268] classified MG suitable for biomedical
purposes and division into nonbiodegradable including: Ti-based, Zr-based, Fe-based MG; and

SN0 15606V 12 2mm x1 .00k
a) commercial S-15C blade edge

c) (left) ZrCuAlAgSi MG film
on the commercial S-15C blade
(right) ZrCuAlAgSi BMG blade

154700 16.0k\V 12 Soom x3.00k

b) ZrCuAlAgSi BMG blade edge
Fig. 25. Use of MG in surgical knifes[267,268]

Due to the high cost of the material, combined with the very high mechanical properties,
MG in machine building finds its place in micro and nano electromechanics, often found under
the name of MEMS and NEMS (micro-/ nano- electromechanical system). MEMS and NEMS
do not require a large amount of material, which reduces the cost of finished
electromechanics while providing all the advantages of MG such as excellent mechanical
properties and very low surface roughness. The tribological properties of MG thin films are
promising for applications in NEMS and MEMS [270]. Furthermore, the isotropic and magnetic
properties of MG enable them to be used for sensing and detection purposes [271]. One of
the successful MEMS examples is the micro solenoid fluxgate sensor established from a
multilayer Fe-based amorphous core (commercially available 2605S Metglas) [272]. Other
successfully developed MEMS is an actuator with a conical spring of 7.6 um thickness
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developed from Pd76CusSi17 MG with a long stroke of 200 um [273]. An example of developed
MEMS is shown in Fig. 26.

a) Detection coil Pad c)
Magnetic core
Direction of motion
(Out-of-plane direction)
Conical spring
moving electrode

Substrate electrode
covered with
insulating layer

= i LT
L J
&

R
e '

Release state Pull-in state
(Voltage OFF) (Voltage ON)

Fig. 26. Fluxgate sensor with Fe-based MG core a) schematic view b) development sensor [272]; c) Conical
spring actuator developed with Pd76Cu7Siiz metallic glass [273]

Work [274] presents the smallest developed and commercialized geared-motor in size
of 9.9 mm length and 1.5 mm diameter (Fig. 27). As a material, the Zr-based BMG was used
developed by the casting technics. The developed gear was able to carry torque around 20
times higher than the conventional vibration motor with a diameter of 4 mm used in cell
phones or other electric devices. Beside vibration motors, the mechanism was tested for
commercialization in precision optics, micro pumps, etc. [86].
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Fig. 27. Smallest geared-motor made of Zr-based MG a) schematic view of gear, b) MG gear c) assembled

geared-motor- the smallest d = 0.9 mm, and the conventional d = 1.5 mm [86]

7. Co-based metallic glasses

7.1. Classification and properties

Cobalt-based alloys with high glass-forming ability are a very wide group of metallic
glasses. Common alloying elements for cobalt-based alloys with high glass-forming ability
include metallic tantalum, iron, niobium, molybdenum, and metalloids such as boron, carbon,
silicon, and phosphorus, which means that Co-based alloys are mostly metal-metalloid types.
Binary systems are rarely present in Co- based alloys, but ternary alloys are quite common like
Cos1NbgB31, CoseTasBs3s, CosaMo022B14 etc. [275,276]. A more complicated system has up to six
elements like [(Coo,535F€e0,1Ta0,055B0,31)0,98M00,02]08Si2 [277]. The most popular chemical
elements that can be found in Co-based MG are marked in the Fig. 28. As for other metallic
glasses, the addition of metalloids and nonmetals such as C, B, P, Si [50] to enhance the glass-
forming ability of Co-based metallic glasses. Work [50] tests the perfect ratio of C to B that will
provide a wide range of supercooled regions. The result shows that adding boron to Co-Cr-
Mo-C-B alloy in an amount twice less than the amount of carbon will secure ATy on level of
100°C, which is one of the highest values among MG. Similar research that studied the proper
ratio of B to C [278] for Co-based Co-Cr-Mo-C-B MG is 1:1. This ratio allowed to establish the
fully amorphous samples with the highest recorded ATx for the Co-based MG. The value is
equal to 111 + 5°C while the low values of ATy is usually at the level of 30-40°C [279] and
moderate around 60°C [280]. Other parameters indicating GFA such as a D for a Co-based MG
can reach a value of 4.5 mm for CoMoPB alloys [281] or even 5.0 or 5.5 mm for the
CoFeNiBSiNb alloys [282,283].
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. 28. Most popular chemical elements present in Co-based metallic glasses marked with red frame [284]
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The addition of Fe for Co-based MG helps to enhance the magnetic properties of the
material, such as particularly saturation magnetization. The addition of an iron can enhance
the mechanical strength of an alloy and at the same time make iron cost effective [285]. Work
[58] showed that Ni has a positive influence on the mechanical strength of Co-based MG,
increasing its amount from 15% to 30% (by substituting Co) increased the compressive
strength by 19%, however, the plasticity decreases significantly from 2.3 to 1.0%. The
compressive strength of the Co-based alloy can reach up to 6000 MPa, making them one of
the highest values among MG. This high value was obtained in [186] by the proper ratio of Co,
W, and B in a ternary Co-based alloy. CossW21Bis composition results in the highest
compressive strength of an alloy while still having 1.3% plastic strain and the tested rods were
fully amorphous alloy with D¢ at a level of 2.0 mm and ATx equal to 75°C. However, still high
values of strength were also obtained in the ternary alloy where W was substituted by Mo.
Exemplary, CosaMo022B14 alloy showed the 2 mm Dc and the compressive strength of 5250 MPa,
while the plasticity was very high - 4.1% plastic strain. In addition, the alloy had a very high
density of 9.18 g/cm?3 [198]. A good review of the typical compressive strength of Co-based
alloys with a high glass-forming ability was done in work [286]. The visual presentation of the
review is shown in Fig. 29, the Co-based alloys are grouped on the graph by the presents of
chemical elements. The mentioned ternary Co-Mo(W)-B alloys exhibit high compressive strain
values in comparison to the Co-Ta-B alloys. However, Co-based alloys that show the highest
D. are typical based on Co-Fe-B-Si-Nb [286].
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Fig. 29. Review of Co-based alloys with high glass-forming ability showing the relationship between D¢ (critical

diameter), compressive strength, and plastic strain [286]

To enhance the plasticity of MG, some research uses a minor addition of Cu [287,288].
Exemplary, Cu microdosing in the alloy based on Co-Fe, apart from influencing plasticity,
increased D, from 2 to 4 mm [66]. The optimal amount of Cu for the GFA was 0.6 at%. Another
effect of the addition of Cu was the reduction of the amount of oxygen that dissolves in the
obtained Co-Fe alloy. In [289] it was confirmed that 2 at.% Cu addition to Co-based MG wires
increased their mechanical properties such as fracture strength, fracture strength, tensile
strain, the values were 3725 MPa, 4250 MPa and 2.7%, respectively.
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Elements that can enhance the corrosion resistance of Co-based alloys are Ni [58], Mo,
and Cr [290]. Furthermore, the base element-cobalt itself shows high corrosion resistance
[291,292]. Work [58] tested the resistance to corrosion of CosiNizoMogP14Bs at solutions of
3.5% NaCl and 1 M HCI. The results confirm the very good corrosion resistance of the alloy
because the value of the corrosion current density (icorr) was at the level of 10”7 A/cm?for both
solutions. The described results of potentiodynamic corrosion tests are shown in Fig. 30. Cr
addition to fully Co-Si-B-Nb-Cu MG in an amount of 8% elevates the corrosion resistance of
the alloy while still ensuring the amorphous structure of it. The icorr was reduced from 10®
to 1013 A/cm? at the 1 M H,SO4 solution [290]. The curves obtained in that research are shown
in Fig. 31.
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Fig. 30. Potentiodynamic polarization curves of the Co71.xNixMosP14Bs (x = 15, 20, 30 at.%) obtained at room
temperature in 3.5 wt.% NaCl solution (top) and 1 M HCl solution (bottom) [58]
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Fig. 31. Anodic potentiodynamic polarization curves for Co73.5xSi13.5sBsNbzCuiCrx (x=0, 8) at different
concentrations of H2S04 [290]

In addition to non-metals and metalloids, rare earth elements such as Gd or Y have also
been reported to have a positive influence on GFA and soft magnetic properties of Co-based
MG [46]. In work [293] binary alloy Co-B increased the D, from less than 1 mm to 2 mm and
ATy establish 50°C by adding 3.5 at.% of Y and subtracting 20% of Co from Fe. Work [294] also
indicates the positive influence of rare earth elements on the magnetic properties and GFA
ability of Co-based MG. However, it shows the superiority of Er over Y.

7.2. Manufacturing and applications

The good GFA of Co-based alloys allows different shape samples to be developed for
research. Most work on Co-based metallic glasses focusing on BMG was developed with
casting method, like plates, rods (Fig. 32 a), and other simple shapes, which is shown in the
literature review from Tab. 9. Co-based ribbons have been successful obtained by melt
spinning processes [295-298]. The powder form of the high GFA Co-based alloy was also
obtained by gas atomization [299] (Fig. 32 b), which was then used to develop an amorphous
coating by laser cladding (Fig. 32 c). However, researchers are still working on the use of Co-
based metallic glasses to prepare coating by thermal spraying methods and to develop BMG
by additive manufacturing which will be investigated in this thesis.

Tab. 9. Review of the literature (state-of-the-art)

Alloy Form Technology of development Index
CoTaB rods injection casting [300]
powder gas-atomization [278]
coating laser-cladding from powder [278]
CoNbB rods casting [301]
CoMoB rods copper mold casting [176]
CoCrMoCB rods copper mold casting with water-cooling [50]
CoFeTaB rods casting [302]
CoFeBSiNb rods copper mold casting [303]
ribbons copper roller melt-spinning [304]
CoFeBSiP ribbons copper roller melt-spinning, [305]
rods copper mold casting method in air
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CoFeYB ribbons melt spinning [293]
rods copper mold casting under the argon atmosphere
CoFeMoPB rods casting (J-quenching technique) [306]

Fig. 32. Fully amorphous Co-based metallic glasses with different shapes. a) Cast rods with diameters of 3.5 mm,
4 mm and 4.5 mm CoFeNiBSiNb [283], b) gas atomized CoTaB powder used to develop c) Co-based MG coatings
[278]

Co-based alloys are worth looking closer at their properties and doing research to use
them in thermal spraying technologies and additive manufacturing. For example, a Co-based
amorphous layer developed by laser cladding can develop maximum microhardness on a very
high level about 1100-1200 HV [307-309] (value at the top of the layer). In addition, these
coatings exhibit very good high-temperature wear resistance (compared to plasma arc spray
welding coating) [309] and better corrosion resistance in a solution of 3.5 wt.% NaCl than steel
H13 [178]. The layers obtained had a thickness of 230-250 um [309], and were amorphous in
81% [308] and 92% [307] of volume. The hardness of the Co-based MG coating deposited by
laser coating at work [310] establishes a hardness of up to 14.9 GPa. MGs based on cobalt are
distinguished by their very high hardness; thus, MGs are widely applied as protection coatings
for gas turbines or valves. Even harder Co-based MGs were obtained by casting rods of
(CoFe)YB [293]. The rods establish 1336 HV (100 g load, dwell time 10 s) and in [311] CoNiTaB
even 1410 HV (load 5 N, dwell time 10 s dwell time). The hardness of Co-based alloys
compared to other MG based on different chemical elements are shown in Fig. 33 what again
confirms their one of the highest hardness among MG.
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Fig. 33. Correlation between hardness and density for metallic glasses [174-186]

Considering that Co is a natural ferromagnetic material with a magnetic moment of 1.7—-
1.75 uB. Moreover, this element is characterized by a stronger spin-orbit coupling than pure
iron, and is extremely important during the design of materials for practical applications, i.e.,
small inductor footprints or transformers [312,313]. CoFeSiB soft magnetic alloys are excellent
candidates for such applications because of their high electrical resistivity. The most popular
soft magnetic Co-based alloy is a material called Vitrovac and its modifications [314,315]
which are characterized by relatively low coercivity, high saturation magnetization, low eddy
current, and high magnetic permeability. Co-based alloys were found to reduce Barkhausen
jumps in the magnetic field in toroidal samples from As = 30 10 for FegsBis to As = 10°° for
CozoFesSiisBio [316]. Recently, Nosenko et al. [317] have shown that selective Cr addition and
optimal thermal treatment could decrease saturation induction, which is extremely important
in the perspective application of Co-based alloys as supersensitive fluxgate sensors. At
present, alloys with excellent magnetic properties are used in the form of metallic ribbons
(melt spinning technic) which find application as a core of transformers [318,319].
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IV. RESEARCH METHODS

1. Research plan

To confirm the hypothesis, the research plan was established and shown in Fig. 34. The
first step involved the selection of two alloys that will follow several restrictions and alloying
them into a master alloy. Next, the master alloy was used to make the castings (the
conventional form of MG) and for obtaining powders. Next, powders were used to obtain
coatings by atmospheric plasma spraying and bulk samples by selective laser melting.

Alloying chemical elements

ﬂMASTER
\ALLOY

Atomization

MASTER ALLOY

POWDER
POWDER

AN

Selective laser melting (SLM)

/ N4 ~ =

Atmospheric plasma
spraying (APS)

Pressure casting

Printed Printed Sprayed Sprayed Cast Cast
Coy47.6B21.9F€20.4 C043B56 sFeaq Cou7.6B21.9F€20.4 Co.3Bos sFeag Cour6Bay sFeans Co045B36 5Fe s
Sis {Nbs Tas 5SisCu, Sis 1Nbg Tas 5SisCuy Sis 1Nbg Tas 5SisCu;

OBTAINED SAMPLES FOR FURTHER RESERCH

Fig. 34. Research plan for Ph.D. thesis for obtaining samples for further test

The samples were then characterized by different tests and analysis. The microstructure
of all samples was analyzed by digital microscopy, scanning electron microscopy (SEM), and
X-ray diffraction. Additional differential thermal analysis was used to describe characteristic
temperatures in the analysis. Finally, to describe the mechanical properties of the samples the
nanoindentation test was performed. For clear characterization of each form of the alloys, the
research was grouped in chapters according to the technologies used:

e Atomized powders, p. 64,

e (ast plates, p.65,

e Selective laser melting bulk samples, p. 66,
e Plasma sprayed coatings, p. 67.

The visual presentation of the performed testes is shown in Fig. 35. In addition to the
above-mentioned analysis, for the sample prepared by plasma spraying, additional tests were
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performed that included measurements of wear resistance and roughness of the surface. For
samples manufactured by selective laser melting, additionally density measurements and
scanning transition electron microscopy were done. Also, selective laser melting technology
was studied in two stages because of the lack of any previous test of this technology for
printing alloys with high glass forming ability based on cobalt, which was a huge innovation
but at the same time required extended research. Other important corrections of the research
plan involve developing additional cast samples from the CoBFeTaSiCu alloys due to the high
crystallization of the developed and researched plates. The additional cast samples were
obtained by melt spinning in the form of ribbons which next were tested with the same testes
as described in the previous paragraph (digital microscopy, SEM, XRD, and nanoindentation).

In the work the symbols for samples will be used. For the powder used for SLM the
fraction symbol is '20-50 um’, for larger fraction used for APS the symbol is '50-80 pm’. The
SLM samples (bulk samples) are marked PA_WB, where A is the value of the laser power used
for the sample and B represents the scanning speed. Samples developed with APS are marked
as CoNb_X or CoTa_X, respectively for the alloy Co047.6B21.9F€204SisiNbs and
Co42B26.5Fe20Tas 5SisCui. The X represents the spraying distance used for developing coatings.

Printed Printed Sprayed Sprayed Cast Cast
Co47.6B21.sF€20.4 Coy3B3e sFeqg Co,7.6Ba1sF€20.4 C0,3B2g 5Fes0 Co476B21 9F€20.4 Co43B25 5Fe30
Sis ,Nbjy Tas 55isCu, Si; {Nbg Tas sSisCuy Sis 1Nbg Ta; sSisCuy

/ N\

Optical microscopy analyzes

Scanning electron microscopy

X-ray diffraction

\ STRUCTURE ANALYSIS/

~
S

Differential scanning calorimetry

CHARACTERISTIC TEMPERATURES ANALYSIS
b vy

' ™
Hardness and elastic moduli test

MECHANICAL PROPERTIES ANALYSIS
\ J

Density measurements Roughness of surface Ribbon
> - - 3 casting and
Scanning transmission Wear resistance analysis
electron microscopy measurements CoBFeTasiCu

ADDITIONAL SLM TESTS ADDITIONAL APS TESTS ADDITIONAL CASTING TESTS

Fig. 35. Analysis performed on all forms of samples obtained from Co47.6B21.9Fe20.4Sis.1Nbs and
Co42B26.5Fe20Tas sSisCuz in this thesis
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In the Discussion chapter, all forms of Co-based alloys were summarized, and the most
characteristic properties were shown. To confirm the hypothesis, the properties of SLM bulk
samples and APS coatings were also compared to the properties of cast materials in the
subchapter Technologies comparison. For Coa7.6B21.9Fe20.4Sis.1Nbs the reference samples were
a cast plate, while for Co42B265Fez0Tas sSisCui the reference sample to compare was a cast
ribbon, as mentioned above. Additionally, in the subchapter Alloys comparison, these two
alloys with high GFA were included. The graph representing properties comparisons is shown
in Fig. 36. In the last chapter Conclusions, the final confirmation of the PhD thesis was
described, and the main conclusions were highlighted.

Printed
Co047.6B21.5F€20.4
Si; {Nb;

Printed
C045B565F€0
Ta; :Si;Cu,

Cast
Co047,6B21.0F€20.4
Si. \Nbj

Cast
Co0,3B565Fe5
Ta; :SisCu,

Sprayed
C0476B21.6F820.4
Si, ,Nb

Sprayed
Co,5Ba55Fex
Ta; :Si;Cu,

CoBFeSiNb CoBFeTaSiCu

Fig. 36. Graph showing the properties comparison (marked as an arrows) done in the Discussion chapter in this
thesis

2. Alloys selection

To choose alloys on which the Ph.D. work was based, a literature review was carried out.
Because of the number variation of the amorphous alloys, the morphological analysis was
performed. The literature review was held by searching specific phrases such as metallic
glasses, amorphous metals or high glass forming ability, on well-known science articles bases,
namely https://www.sciencedirect.com/ and https://scholar.google.com/. The alloys
researched from the articles were then filtered by four criteria that are shown in Fig. 37.

[ Innovation criterion ]

e the PhD thesis will focus on cobalt-based alloys, because this group of
amorphous metals has not yet been thoroughly researched

[ High GFA criterion ]
e the critical diameter of the cast bars made of the described alloy reached at
least 4 mm
[ Price criterion ]

¢ the alloy did should not contain rare earth elements, or in a small amount

[ Application suitability criterion ]

¢ the alloys should have satisfactory mechanical properties

Fig. 37. Criteria for the alloys that will be investigated in the thesis
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Alloys that met the criteria mentioned in Fig. 37. were found in eight items of the
literature, which are presented in the Tab. 10. The material selected based on these articles is
[(Coo.7F€0.3)0.68B0.219Si0.051Nbo.05] 100 (0Other name Coa7.6B21.9F€20.4Sis.1Nbs) (number 4 in Tab. 10)
and Coa2BassFexTassSisCur (number 13 in Tab. 10). These alloys exhibit the highest critical
diameters of the alloys found, respectively, 5,5 and 6 mm.

Tab. 10. Review of the literature of Co-based alloys with high glass-forming ability

Critical

diameter

No. Ref. Published Chemical composition [mm]
1 [320] 2012-07-01 CoFeBSiNb Cos7Fe20.9B21.2Sia6Nbs 3 4
2 CoFeBSiNbGa  [Coa7Fe20.9B21.2Sis6Nbe3]esGas 4
3 [99] 2018-03-15 CoFeBSINbCu  [(CoosFeo.3)o.68Bo.219Si0.051Nbo.0s]100-0.5CU0 s 4.5
4 CoFeBSiNb [(Coo.7F€0.3)0.68B0.219Si0.051Nbo.05] 100 5.5
5 CoFeBSINbCu  [(Coo.7Feo.3)0.68Bo.219Si0.0s1Nbo.0s]100-0.1CUo.1 5.5
6  [303] 2010-10-01 CoFeBSiNb CoasFe20B22.5Sis sNbe 4.5
7 CoFeBSiNb CossFez0B23SisNbg 4
8 [321] 2012-04-01 CoFeBSiNb (Coo.7Fe0.3)68B21.9Sis.1Nbs 5.5
9 [283] 2011-06-01 CoFeNiBSiNb  (CopsFeosNio.1)s7B22.7Sis3Nbs 4.5
10 [322] 2010-08-01 CoFeBSiNb (Coo.942F€0.058)67Nb5B22.4Sis 6 4
11 [323] 2006-05-01 CoFeBSiNb [(Coo.6Fe0.4)0.75B0.2Si0.05]96N b4 4
12 [276] 2015-05-02 CoFeBSiTaCu  Coa425CuosFe20Tas.sB2ssSis 5
13 CoFeBSiTaCu  Co42Cu;FezoTas sB2e.sSis 6
14 CoFeBSiTaCu  Co41.5Cu1.sFex0Tas sBa6.sSis 5
15  [324] 2019-02-01 CoFeBSiNb (Feo.5C00.5)72-xB20SisNbg 3
16 CoFeBSiNbCu  (FeosC00.5)72-xB20SiaNbsCug 3 4
17 CoFeBSiNbCu  (Feo5C00:5)72-xB20SiaNbaCuo 4 3
18 CoFeBSiNbCu  (FeosC00.5)72-xB20SiaNbsCuo 7 3
19 CoFeBSiNbCu  (Feo5C00.:5)72-xB20SiaNbsCu; 3
20 [325] 2014-02-07 FeCoSiBNbCu {[(Feo.5sC00.5)0.75Si0.0sB0.20]96Nba}s9.sCU 5 2
21 [326] 2007-01-01 FeCoBSiNbCu {[(Fe 0.5C00.5)0.75B0.2Si0.05]96Nba}ss.sCU0 5 2

Based on the mentioned criteria, Co47.6B21.9Fe20.4Sis.1Nbs was selected. According to the
literature, it provides high glass forming ability, which was measured by AT = 42°C and by the
critical diameter of 5.5 mm [99,321]. The alloy was developed for studies in the form of rods
by copper mold casting. Both articles [99,321] show very small plasticity of the rods, the
compressive plastic strain was at a level of 0.8%, however, the compressive strength was very
high and was set at around 4.3 - 4.4 GPa. In further description, the shortened composition of
the alloy is also used, which is CoBFeSiNb. The exact atomic and weight percentages of the
CoBFeSiNb chemical elements are shown in the Tab. 11.

Tab. 11. Chemical composition of the alloy CoBFeSiNb

Chemical element

Cobalt Iron Boron Silicon Niobium
% at. 47.60 20.40 21.90 5.10 5.00
% wt. 58.58 23.79 494 2.99 9.70

% at. - atomic percentage, % wt. - weight percentage
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The second selected alloy is Co42B26.5Fe20Tas 5SisCu1 according to Yazici et al. [276] has a
critical diameter of the cast rod equal to 6 mm. The glass transition temperature (Tg) of this
alloy was reported at the 623°C level and AT (the difference between Tg and Tx) at 48°C [276].
Similar alloys were also successfully cast on rods or ribbons in other works [327,328], where
the reported Tg was similar [10-12], but the AT was slightly higher in [12]. The hardness of
Vickers measured under a load of 2.94 N for 15 s was 1204 HV and the compressive strength
3.9 GPa. For further description, the shortened composition of the alloy is also used, which is
CoBFeTaSiCu. The exact atomic and weight percentages of the CoBFeTaSiCu chemical
elements are shown in the Tab. 12.

Tab. 12. Chemical composition of the alloy CoBFeTaSiCu

Chemical elements

Cobalt Iron Boron Silicon Copper Tantalum
% at. 42.00 20.00 26.50 5.00 1.00 5.50
% wt. 48.75 22.00 5.64 2.77 1.25 19.60

% at. - atomic percentage, % wt. - weight percentage

3. Manufacturing processes

3.1. Casting

For describing and comparing the properties of CoBFeSiNb and CoBFeTaSiCu and its
possibility to form amorphous/ nanocrystal structures by 3D printing and thermal spraying,
the reference sample was obtained by a more traditional and older method of developing
metallic glasses, casting. The alloys Co47.6B21.9Fe20.4Sis. 1Nbs and Co42B26.5Fe20Tas sSisCui were
cast onto plates by pressure die casting. For die casting, mater alloys were melted by induction
furnace and then cast under argon pressure into water-cooled die copper forms. The shaped
plates obtained were 30 x 10 x 1 mm. The schematic illustration of die casting was shown
in Fig. 8 b).

As mentioned, for CoBFeTaSiCu alloy the additional casting process was conducted,
namely melt spinning. In that process, the master alloy was melted by inductors of 5 kW power
and cast into ribbons by continuously pouring the melted alloy onto a cooled rotating wheel.
The rotation speed of the wheel was 20 mm/s. The whole process was conducted under the
argon atmosphere. The next ribbons were cut into shorter samples for planned research. The
parameters used in the process and the example of ribbon obtained by the melt spinning are
shown in the Tab. 13.
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Tab. 13. a) parameters of the casting of ribbons by melt spinning, b) the example of ribbons developed by
similar parameters by the same casting set [329]

a) Parameter Value

roller speed 20 mm/s

vacuum 7 - 102 mbar

working pressure 500 mbar
distance between
. 0,3 mm
crucible-roller
injection pressure 400 mbar
diameter of Cu wheel 20 mm

3.2. Atomization process

To obtain the powders of Co47.6B21.9F€20.4Sis.1Nbs and Co42B26.5Fe20Tas 5SisCus the master
alloy was first developed by alloying pure chemical elements and chemical compounds into
homogeneous master alloys with the use of an induction furnace. All elements had very high
purity, as shown in Tab. 14. Next, the alloys were cast inside a vacuum chamber into bars. The
bars obtained were sandblasted to eventually remove scale or contaminants. The furnace
used for the alloying process is shown in Fig. 38.

Tab. 14. Components used to manufacture Co-based alloys

Chemical element Pureness of pure Concentration of
or compound element [%] another element
99,99 -
Cobalt 99.9 i
Iron 99,99 -
99,97

Boron 99,9 -

Silicon 99,99 -
Niobium 99,95 -
CoB17% - B-83%
FeSi25% - Si-75,4%
FeB18% - Fe - 82%
FeNb65% - Nb - 35%
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Fig. 38. Vacuum induction furnace VIM-LAB 50-60 used for alloying and casting for later atomization

The master alloys were gas atomized to obtain material in the form of powder for
thermal spraying and 3D printing. In this work, alloy powders were obtained by gas
atomization. For this purpose, the cast bars of the master alloys were melted inside a
vacuumed crucible by an induction furnace connected to the atomization chamber. Then, a
thin stream of melted alloy was released to flow from a hole on the bottom of the crucible. In
that stream, the jet of argon under 30 bar of pressure was headed. The gas jet sprayed the
stream into small, mostly spherical particles. The particles in the process are cooled at a very
high cooling rate, which prevents crystallization from occurring for alloys with high GFA. The
schematic illustration of the atomization process is shown in Fig. 39 a), and the temperatures
at which the master alloys were heated before releasing the liquid alloy stream are shown in
Fig. 39 b).

a) & | : b) Temperature of
& ! j Alloy master alloy for the
i It = atomization
\Hﬁ melted alloy
'\ CoBFeSiNb 1300°C
gas flow
obtained powder
CoBFeTaSiCu 1450°C

Fig. 39. a) Schematic illustration of the atomization process [330] b) highest alloy temperatures in the
atomization process to obtain a homogeneous liquid state

After atomization, the powders were sieved to the desired fraction in the pre-selected
manufacturing processes. For plasma spraying, the range of sizes can be wide from 10 to 100
pum however, for atmospheric plasma spraying applied in this work, the fraction 50-80 um was
used [331,332]. For laser powder-bed fusion processes such as SLM used in this work, the
typical feedstock size is between 20 and 50 um and that fraction was used in this thesis [333].
A larger fraction (up to 100 um) can be used for other flame spray techniques; however, these
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are not a concern in this work [331,332]. The devices used for sieving and the fraction of
powders obtained are shown in Fig. 40.

Size of fractions Purpose
0-20 um Fine powder, not used
20-50 um SLM printing
50-80 um Atmospheric plasma spraying
80-100 um Scraps including irregular-

shaped particles

Fig. 40. Vortex mixer for powder fraction segregation Fritsch Analysette 3 Pro with sets of sieves and the
fraction purpose in this work

3.3. Selective laser melting

To select the parameters for printing Coa7.6B21.9F€20.4Si5.1Nbs and Co42B26.5Fe20Tas 5SisCus
with SLM technologies, a literature review was performed. The literature review includes
analyses of Fe-based alloys successfully printed by SLM that were similar to Co-based alloys
chosen for this thesis. The similarities include chemical composition, feedstock size, and
characteristic temperatures. The collected literature concerned four manuscripts
[117,133,334,335] and the parameters that were used to print them are shown in the Tab. 15.
In the same table, the range of parameters values used in this thesis is also listed. More
detailed information on selecting the parameters is described below.

Tab. 15. Review of parameters of Fe-based alloys printing with high glass-forming ability [117,133,334,335]

Parameters Literature In this thesis Unit
ED energy density 17 -106 16 - 82 J/mm3
P laser power 60 - 100 55-95 w
v scanning speed 350-1800 600 - 1800 mm/s
H layer thickness 25-40 25 pm
h scanning hatch distance 80-200 77 um

To verify the wide range of parameters to test, based on the literature review, the matrix
of preliminary parameters was established (the first stage of the printing experiment).
Furthermore, the mentioned matrix in the preliminary stage of the experiment was the same
for Coa7.6B21.9Fe20.4Sis1Nbs and Coa2By65FezoTas sSisCui. The parameters that were changing
were the scanning speed and the laser power. To limit the number of sets of parameters, the
scanning speed in the experiment was changed with a step of 200 mm/s (600, 800, 1000, 1200,
1400, 1600, and 1800 mm/s) and the laser power with 20 W (55, 75, 95 W). The rest of the
parameters were constant, that is, the hatch spacing h = 77 um, and the layer thickness H =
25 um. For a further detailed description of the experiment, volumetric energy density (ED)
was introduced, which connects all the parameters mentioned above. The formula for ED is
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shown in Eq. 11 and the calculated values are put into the matrix of parameters shown in the
Tab. 16.

Eq. 11. Energy density formula: P- laser power [W], v- scanning speed [mm/s], h- hatch spacing [mm], H- layer
thickness [mm)]

ED = —© [] ]
" v-h-H ' mm3

Tab. 16. Matrix of preliminary parameters for SLM printing [336]

Energy density Scanning speed v [mm/s]
[)/mm?] 600 800 1000 1200 1400 1600 1800
laser 55 | 47.6 357 286 238 204 179 159
power 75| 649 487 39.0 325 27.8 244 216
PIWI 95|83 617 494 411 353 308 27.4

To ensure low humidity, the feedstock was dried at 50°C for 4 hours. An mLab Concept
Laser printer with an argon atmosphere was used in this work for SLM printing bulk samples
Fig. 41 a). The oxygen level was always lower than 0.5%. The scanning pattern used for printing
was straight lines with a changing direction for 90° with each layer as shown in Fig. 41 b).

a)
o Powder chamber

o Build chamber
o Powder bottle

o Coater

o Scanner lens with protective glass

__________________

_________________

Modul 1 | 0

Fig. 41. a) mLab Concept Laser printer, b) schematic illustration of scanning strategy [336]

After printing, samples were cut from the base using an electrical discharge machine
and cross sections prepared using abrasive techniques including sandpapers and polishing
with diamond paste. To clear the samples, an ultrasonic cleaner filled with ethanol was used
and the samples were dried with an air blower. The prepared samples were validated
macroscopically, and the cross sections were observed by digital microcopy (VHX-6000
Keyence). The validation led to the narrowing of the parameter matrix by limiting the ED to
successfully develop samples by SLM printing. However, to explore more proper sets of
parameters in the second stage, the scanning speed and laser power steps were reduced with
restriction of the ED range. Furthermore, the parameter matrix for the second stage of an
experiment was different for each alloy due to the different preliminary printing results for
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Co47.6B21.9Fe20.4Si5.1Nbs  and  CoaaBesFexTassSisCus.  The ED  limitation for the
C047.6B21.9Fe20.4Sis.1Nbs ranged from 39 to 68 J/mm3, the laser power was changed from 45 to
75 W (step 5 W) and the scanning speed was changed from 500 to 800 mm/s (step 100 mm/s).
For Co42B265sFe20Tas sSisCui ED ranged from 41 to 50 J/mm?3, so the laser power changed from
60 to 95 W (step 5 W) and scanning speed from 700 to 1200 mm/s (step 100 mm/s). The
parameters matrixes used for the second stage of printing Co47.6B21.9F€20.4Sis.1Nbs and
Co42B6.5Fez0Tas sSisCu1 are shown in the Tab. 17.

Tab. 17. The second stage parameters for SLM printing a) Co47.6B21.9F€20.4Sis.1Nbs, b) Co42B26.5Fe20Tas.sSisCui [336]

Legend a) C047.6B21.9F€20.4Si5.1Nbs b) C042B26.5Fe20Tas sSisCus
ED Scanning speed v (mm/s) ] ED 41 700 ;Sznnir;%;peelc(i)(\)ro(m{nl/&)) 1500
highest ‘ [/mm?] 500 | 600 | 700 | 800 Wmm?]
60| 44.5
Q 1> | d6.8 65 42.2
— - = _
2| 50| 519 | 43.3 2 o
T 55 476 <
lowest o o | 75 48 43.3
z 60 H
8 8] 80 o 416
g g| 85 291 YW
not 3 =1 90 4 425
tested — '
95 Wl 449 | 41.1
ED restriction 39<ED<68J/mm3 41 <ED<50J)/mm?

3.4. Atmospheric plasma spraying

The manufacture of Cos7.6B21.9F€20.4Sis1Nbs and Co42B26.5Fe20Tas sSisCus by atmospheric
plasma spraying (APS) was carried out with a Praxair cathode-anode SG-100 plasma torch
mounted on an industrial 6-axis Fanuc robot. As a plasmatic gas, argon was used, which
ensures low heat transfer from the plasma jet to the feedstock and is easily ionized. The flow
of the argon was 8 standard liter per minute. Plasma power was set at 22 kW. The spraying
distance (distance between the end of the plasma torch and the substrate) for
Co47.6B21.9Fe20.4Sis.1Nbs and Co42B26.5Fe20Tas sSisCui was set at three values, which are 90, 100
and 110 mm. The distance was changed by manipulating the length of the holder. The
feedstock used for Coa7.6B21.9Fe20.4Si5.1Nbs and Co42B26.5Fe20Tas sSisCus coating deposition was
50 um to 80 um and was radial supply to the plasma jet with a rate of 15 g/min. Camera
footage of powder distribution in the plasma jet is shown in Fig. 42 a). As substrates, stainless
steel disks were used. To increase the bond strength of the deposited powder, the substrates
were sandblasted and then cleaned with ethanol. The substrates were mounted on the
rotating holder as shown in Fig. 42 b). For temperature observation of the samples, the
SensorThermal infrared camera was used. And to decrease the temperature of the deposited
coating, an additional air blow was used.
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Fig. 42. Atmospheric plasma spraying a) image of feedstock feeding into the plasma jet and b) image of coating
development by spraying samples mounted on a rotational holder

4. Samples analysis

For all samples, in addition to macroscopic or surface analysis, cross sections were
prepared by cutting the samples with an electrical discharge machine (BMG) or circular saw.
Next, the surface was prepared for further observation using abrasive techniques, including
grinding with sandpaper and polishing with diamond paste (lowest size of paste 1 um). To
clean the samples, an ultrasonic cleaner filled with ethanol and an air blower were used.
Furthermore, to analyze the powders, the particles were cast in epoxy resin and then grinded
and polished as in the other samples described above. All measurements and observations
listed below were made for samples manufactured from Coa7.6B21.9Fe20.4Sis.1Nbs and
Co42B26.5Fe20Tas 5SisCus.

4.1. Atomized powders

The research carried out on the powder particles included the following:

e Scanning electron microscopy with topographic contrast (SE) of whole particles
Powder fractions 20—50 um and 50-80 um were analyzed in the form of whole particles glued
by carbon tape with SEM using topographic contrast (SEM Tescan Vega). The acceleration
voltage of the electrons for analysis was set at 20 kV, the working distance was set to 15 mm.
Based on the five images, the analysis of size and shape of the particles was conducted by
counting the number of non-spherical particles divided by the number of all observed particles
and multiplied by 100%. The analysis included elongated and flattened-shaped particles. The
circularity (sphericity) of the sample was conducted as a ratio of ratio the circumference of a
circle (of equivalent area to the measured particle) and the perimeter of the particle itself
[337].

e Liquid particle size analysis (PSA)
Powder fractions 20—50 um and 50-80 um were analyzed by liquid (at water) PSA with the
Anton Parr particle size analyzer PSA 1190, Anton Paar GmbH, 8054 Graz, Austria. Obscuration
of all measurements was established between 8 and 12%. Before measurements were made,
ultrasound dispersions of the powders were performed for 30 s. The reconstruction mode was
Fraunhofer.
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e Scanning electron microscopy with energy dispersive spectroscopy (EDS) module with
material and topographic contrast (BSE and SE) of cross sections
Visual and chemical composition analysis of the obtained particles were performed by SEM
Tescan Vega with an energy-dispersive spectroscopy module with material and topographic
contrast. The acceleration voltage of the electrons for analysis was set at 20 V, the working
distance was set to 15 mm. For this research, a cross section of powder particles was used.

e X-ray diffraction (XRD)
The amorphous state of the alloys and the validation of the presence of the crystalline phase
was investigated by XRD using the Rigaku Ultima IV diffractometer with Cu Ka irradiation (A =
1.5406 A). The X-ray scanning range was 25-95° 26 with a step of 0.05°.

e Differential thermal analysis (DTA)
To measure the characteristic temperatures of the alloys, DTA was performed, such as the
temperature of glass transition (Tg), crystallization (Tx), melting point (Tm) and liquidus
temperature (T)). For this test, the STA 449 F3 Jupiter with the NETZSCH factory thermal
analyzer was used. The samples were analyzed by heating them at room temperature to
1300°C with a heating rate of 40°C/min.

e Nanoindentation

Hardness and the elastic module were measured with an Anton Paar Tester NHT3 on the STeP
4 platform with Berkovich-type tip, calibrated before measurements on a fused silica sample.
Measurements were taken at room temperature, the applied load was set at a level of 35 mN,
a pause of 30 s was observed, and the load and unload rate were 70 mN/min. The distance
between the indentations was at least 3 times the width of the indent. The number of
measurements was at least 15. The calculations of the hardness and elastic module were
performed using the Oliver and Pharr method [338].

4.2. Cast plates

The research carried out on the CoBFeSiNb and CoBFeTaSiCu plates (and CoBFeTaSiCu
ribbons), included:

e Scanning electron microscopy
Fractures and cross sections of cast samples were investigated by SEM with SE and BSE
contrast. The acceleration voltage of the electrons for analysis was set at 20 V, the working
distance was set to 15 mm. The observation was made to determine the type of sample
fracture and the possible presence of emptiness, impurities, or a second phase. Cross sections
were prepared according to the description above and the fractures were made by bending
the plates mounted on a four-point holder.

e X-ray diffraction
Plates were also tested with XRD using the Rigaku Ultima IV Diffractometer with Cu Ka
irradiation (A = 1.5406 A). The range of X-ray scanning was 25-95° 28 with a step of 0.05°.

e Differential scanning calorimetry (DSC)
To establish the precise glass transition (Tg) and the crystallization temperature (Tx), DSC was
performed on the DSC822 Mettler Toledo thermal analyzer. The samples were heated to
700°C from room temperature, the heating rate was 40°C/min.
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e Nanoindentation

The hardness of plate was measured in the cross-section by an Anton Paar Tester NHT3 on the
STeP 4 platform with Berkovich type tip, calibrated before measurements on fused silica
samples. Measurements were taken at room temperature, the applied load was set at a level
of 35 mN, a pause of 30 s was observed, and the load and unload rate were 70 mN/min. The
distance between the indentation was at least 3 times the width of the indentation. The
number of indents was at least 15. The calculations of the hardness and the elastic module
were performed using the Oliver and Pharr method [338].

4.3. Selective laser melting bulk samples

As was described above, the SLM process was done in two stages to establish the best set
of parameters to print Cos7.6B21.9F€20.45i5.1Nbs and Co42B26.5Fe20Tas 5SisCu1. As indicators of the
best sets, the porosity rate, the presence of the second phase, and the number of cracks or
fractures were validated. Furthermore, to validate the conclusions of the conducted study, six
samples of CoBFeSiNb and three of CoBFeTaSiCu from the second stage of an experiment were
tested with additional measurements listed below. The chosen samples represented the
whole range of ED of the second stage of an experiment, e.g., the highest, medium and lowest
ED. Finally, the set of parameters for Coa76B219Fe204SisiNbs and the set for
Co42B26.5Fe20Tas sSisCus was selected as the best for manufacturing by SLM.

e The first stage of a printing experiment (preliminary studies) included the following:
o Digital microscopic observation
All successfully printed samples from the first stage of an experiment were analyzed with
a digital microscope VHX-6000 Keyence. The analysis was performed on the prepared cross
section.

e Second stage of printing (all samples) included:
o Digital microscopic observation
Samples from the second-stage experiment were analyzed with digital microscopy like those
from the first stage using the VHX-6000 Keyence microscope.

o Density of samples measurements using the Archimedes method
The density of samples of the samples from the second printing stage was measured using the
Archimedes method with a scale (Radwag AS 60/220.X2 PLUS). As the liquid for the
measurements, ethanol was used with purity of 99%.

e Additional measurements on six samples of CoBFeSiNb and three of CoBFeTaSiCu,
included:
o Scanning electron microscopy
Cross sections of selected samples were observed by SEM (Tescan Vega 3) with topography
contrast to validate their structure, including cracks and porosity. The acceleration voltage of
the electrons for analysis was set at 20 V, the working distance was set to 15 mm.

o X-ray diffraction
Extended analysis included X-ray diffractometry (Bruker AXS, D8 DISCOVER) with a Cobalt
radiation lamp WL=1,78897. The range of X-ray scanning was 25-95° 20 with a step of 0.05°.
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o Nanoindentation

The nanohardness and elastic modulus were calculated by the nanoindentation test
performed with an Anton Pharr NHT3 nanoindenter with a Berkovich-type tip. Like for cast
plates, measurements were taken at room temperature, and the applied load was set at a
level of 35 mN, a pause 30 s, and the load and unloading rate were 70 mN/min. The distance
between the indentation was at least 3 times the width of the indentation. The number of
indents was at least 15. The calculations of the hardness and the elastic module were
performed using the Oliver and Pharr method [338].

e Sample (one) with the best set of parameters included:
o Scanning transmission electron microscopy (STEM) with an energy-dispersive
spectroscope
The best sample was tested with scanning transmission electron microscopy (ThermoFisher
Themis G2 200 kV) with a Ceta™ camera (bright-field observations), Fischione high-angle
annular dark-field STEM detector as well as ChemiSTEM™ energy-dispersive spectroscope.

o Differential scanning calorimetry
To establish the precise glass transition (Tg) and the crystallization temperature (Tx), DSC was
performed on the DSC822 Mettler Toledo thermal analyzer. The samples were heated to
700°C from room temperature, the heating rate was 40°C/min.

4.4. Plasma sprayed coatings

Tests that were done on plasma sprayed coatings:

e Scanning electron microscopy with topography contrast of the surface
The surface topography was observed with SEM (Tescan Vega 3). Topographic contrast was
used to observe the deformation of the deposited powder and eventual contamination.

e Roughness measurements
The roughness of the coatings was measured by the MarSurf PS 10 profilometer, each sample
was tested at least 5 times, the length of the measurement profile by device was 15 mm. The
measured parameters were R,, the arithmetical average value of all absolute distances of the
roughness profile from the center line within the measuring length, and R,, the average
maximum peak to valley height of five consecutive sampling lengths within the measuring
length [339-341].

e Digital microscopic observation of the cross section and thickness measurement
The prepared cross sections of the samples were observed with the VHX-6000 Keyence digital
microscope. Each coating was measured in 20 places to calculate the average thickness.
Furthermore, analyses of particles deformation and potential delamination were done.

e Porosity analysis performed on scanning electron microscopy images
Cross-section of selected samples were observed using SEM (Tescan Vega 3) with topography
contrast to determine the amount of porosity in the coating. Each coating was photographed
at least five times, and the porosity was calculated with the ImageJ graphic program.
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e X-ray diffraction
Evaluation of the crystal phase absence was done with X-ray diffractometer with Bruker AXS,
D8 DISCOVER, Cobalt radiation lamp WL=1,78897. The range of X-ray scanning was 25-90° 26
with a step of 0.05°.

e Differential scanning calorimetry
To establish the precise glass transition (Tg) and the crystallization temperature (Tx), DSC was
performed on the DSC822 Mettler Toledo thermal analyzer. The samples were heated to
700°C from room temperature, the heating rate was 40°C/min.

e Nanoindentation

The nanohardness and elastic modulus were calculated by the nanoindentation test
performed with an Anton Pharr NHT3 nanoindenter with a Berkovich-type tip. Measurements
were taken at room temperature, and the applied load was set at a level of 35 mN, a pause of
30 s, and the load and unload rate were 70 mN/min. The distance between the indentation
was at least 3 times the width of the indentation. The number of indents was at least 15. The
calculations of the hardness and the elastic module were performed using the Oliver and Pharr
method [338].

e Wear resistance measurement
Wear resistance was tested with an Rtec MFT-5000 tribometer. Sliding wear without
lubrication was performed with the ball-on-disk method. The counter-body used was a 6 mm
diameter WC-Co ball. The applied load was constant at the level of 20 N, the sliding speed
0.1 m/s on the distance of 500 m. The counter body was moving clockwise on the circle with
3 mm diameter (Rw). Value of the specific wear resistance was calculated with equation shown
in chapter State of art, and the V\ (volume loss) was calculated using the Eq. 12. The area of
the wear track (A) was measured in at least eight cross-sections of each sample using the
digital microscope VHX-6000 Keyence.

Eqg. 12. Volume loss of wear track formula [342]
mm3
Nm

V, = 2nR,A , [
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V. RESULTS

1. CoBFeSiNb results

In this chapter, the results for Cos7.6B21.9Fe20.4Sis.1Nbs are presented. The chapter is
organized by the forms of the developed samples, which were obtained using atomization,
casting, selective laser melting, and atmospheric plasma spraying. The atomization section
includes results for the powder used in SLM and APS processes. The casting process section
provides data for the reference sample to which alternative technologies were compared.

1.1. CoBFeSiNb atomized powder
1.1.1. General view of material

After atomization and segregation, two fractions of the material were tested. In Fig. 43
the two fractions are shown. The smaller fraction 20-50 um was used for SLM printing and the
larger fraction 50-80 um for APS. Most of the particles were spheric-shaped, but elongated or
flat particles were also observed in the whole volume of powder. The particle shape analysis
done on SEM images show the 10-15% number of non-spherical particles in both fractions.

a) CO47.6321.9F620‘4Si5.1Nb5 20-50 um b) Co47,6821,9Fe20~4Si5,1Nb5 50-80 um

b~ 0,
SEM HV: 20.0 kV WD: 15.00 mm ] VEGA3 TESCAN| SEM HV: 20.0 kV WD: 15.00 mm
SEM MAG: 500 x Det: SE 100 pm SEM MAG: 500 x Det: SE 100 pm

Fig. 43. SEM powder images of C047.6B21.9F€20.4Si5.1Nbs

1.1.2. Liquid particle size analysis
The particle size analysis shows a Gaussian distribution with positive (right) skewness of
the powder sizes of Cos7.6B21.9Fe20.4Sis1Nbs. The results of the particle size analysis showed
that 50% of the particle size (D50) for 20—50 um granulation had a diameter less than or equal
to 31.4 um and D50 for 50-80 pum to 59.2 um. The particle size analysis plots are shown in Fig.
44,
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Fig. 44. Particle size analysis of C047.6B21.9F€20.4Sis.1Nbs [330]

1.1.3. Scanning electron microscopy
Scanning electron microscopy images of cross-section of the 20-50 and 50-80 pum
powder fractions show very low percentages of porosity particles- not higher than 4%. The
EDS analysis of cross-section particles shows the steady level of chemical elements. The
example of the described analysis and image of the analyzed metallographic section of the
particles are shown in Fig. 45.

a)

..... Qe CO —+oOvvee F@ wervetonnee NB wevveroeees S oo B

Concentration [%]
10 20 30 40 50 60 70

0

Distance from left surface [um]

Fig. 45. Example of a) EDS analysis of chemical composition homogeneity and b) SEM image of the analyzed
metallography section of Co47.6B21.9Fe20.4Sis.1Nbs. White dotted line shows the analyzed particle

1.1.4. X-ray diffraction
X-ray diffraction of Coa7.6B21.9F€204Sis.1Nbs did not show any diffraction peaks, which
indicates no long-range atom order. However, the amorphous halo peak was observed and
had a maximum at 46° 26. The plot of XRD is shown in Fig. 46.
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powder Co,; ¢B,; gF€,04Sis {Nb;

W

Intensity [a.u.]

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

2 theta [degree]
Fig. 46. X-ray diffractogram of CoBFeSiNb alloy in form of powder

1.1.5. Differential thermal analysis
Conducted DTA (Fig. 47) of the CoBFeSiNb alloy shows the existence of the glass
transition (Tg) which is at 598°C. Exothermic peaks were observed. The onset of the first was
at 656°C (Tx). The last peak with two maxima was endothermic and corresponded to the
melting temperature (Tm) — the onset was at 1074°C.

Nb, 0.67 °C/s

Co,, .B,, ,Fe

4767219 20.4S|5.1

Tx2

Temperature [°C]
Tg T« T2 ATx Tm T
598 656 782 58 1074 1144

Exotermic [a.u.] —>

500 600 700 800 900 1000 1100 1200 1300

Temperature [°C]
Fig. 47. Differential thermal analysis of C047.6B21.9F€20.4Sis.1Nbs powder

1.1.6. Nanoindentation
The mean hardness value of the 50-80 um powder was 14.8 GPa. Lack of Eir value
contributes to the characteristics of the powder nanoindentation measurements. The test
powder had to be embedded in the epoxy resin to make metallographic cross-sections. Epoxy
resin significantly affects elastic modulus measurements. This phenomenon also influences
hardness testing, albeit to a lesser extent, making hardness measurement results more
suitable for indicative purposes. Nanoindentation results are shown in Tab. 18.
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Tab. 18. Results of the nanoindentation test of Coa7.6B21.9Fe20.4Sis.1Nbs

50-80 um
Parameter Hir Eir
Unit [GPa] [GPa]
Mean 14.8 X
Standard deviation 0.8 X
Coefficient of 51 «
variation [%] )

Hir- indentation hardness, x- not measured
1.2.CoBFeSiNb cast plate

1.2.1. General view of material

The cast plate was not cracked and had a typical shiny glassy surface. Additionally, voids
were observed on the surface of the cast. The example of the cast plate is shown in Fig. 48.

Fig. 48. Cast plate of C047.6B21.9F€20.4Sis.1Nbs

1.2.2. Scanning electron microscopy

The SEM SE observation (Fig. 49 a) shows the presence of mixed hackle zone with mirror
surfaces. BSE contrast (Fig. 49 b) shows the absence of second face in the form of
crystallization, however, the casting impurities were observed. The cast plate was solid,
without porosity inside the cast and visible cracks. The observation of the cross-section
of Co47.6B21.9Fe20.4Sis.1Nbs plate confirmed the absence of second-phase (Fig. 49 c, d).

SEM HV: 20.0 kV WD: 14.99 mm VEGA3 TESCAN| SEM HV: 20.0 kV WD: 14.99 mm |
SEM MAG: 200 x Det: SE 200 pm SEM MAG: 200 x Det: BSE

VEGA3 TESCAN
200 pm
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Fig. 49. SEM of cast plate images with topographic (a, c) and material contrast (b, d). Image of the fracture (a,
b) and cross-section (c, d)

1.2.3. X-ray diffraction
The X-ray diffractogram of Coa7.6B21.9Fe20.4Sis5.1Nbs is shown in Fig. 50. No crystallization
peaks were observed, and the amorphous halo has the highest intensity around 46° 2 thetas.

plate Co,; By oF€,0 4Sis {Nbg

M

Intensity [a.u.]

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

2 theta [degree]
Fig. 50. X-ray diffractogram of Co47.6B21.9Fe20.4Sis.1Nbs plate

1.2.4. Differential scanning calorimetry
The differential thermal analysis plot of the Coa7.6B21.9Fe20.4Sis.1Nbs plate shows a
presence of Tg at 577°C and a sharp exothermal peak with onset at 618°C, which makes
difference between the temperatures of 41°C. The DSC analysis is shown in Fig. 51.

(o)
|

Heat flow [Wg-1] > exo
O L N W PHduo

plate Co,7 6B, oF€204Sis 1Nbs

[
[
|

250 300 350 400 450 500 550 600 650 700
Temperature [°C]

Fig. 51. Differential scanning calorimetry of cast plate of Co47.6B21.9F€20.4Sis.1Nbs
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1.2.5. Nanoindentation
The hardness of the plate was 15.6 GPa and elastic module 222.8 GPa. Nanoindentation
results of the plate are shown in Tab. 19. The example of indents is shown in Fig. 52.
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> * = | >

Fig. 52. Example of indents done by nanoharaness testing

Tab. 19. Results of the nanoindentation test of Coa7.6B21.9Fe20.4Sis.1Nbs

Plate CoBFeSiNb

Parameter Hir Er
Unit [GPa] [GPa]
Mean 15.6 222.8
Standard deviation 1.5 12.4

Coefficient of vari-
ation [%]
Hir- indentation hardness, Eir- indentation elastic module

9.6 5.6

1.3. CoBFeSiNb selective laser melting printed BMG
1.3.1. The first stage of printing

Macroscopic observations of CoBFeSiNb showed that samples from the 75 W series and
most of the 95 W series were manufactured successfully, while samples from the 55 W series
were mostly not developed successfully. The microscopic images of samples printed from
preliminary parameters are shown in Fig. 53. Samples whose cross-sections were not shown
in the Fig. 53. were destroyed in the process of printing or abrasive preparation. The P95_v600
sample (laser energy P = 95 W, scanning speed v = 600 mm/s) (left bottom corner of Fig. 53)
was manufactured with the highest energy density (ED) of all experiments. The cross-section
of the sample is not shown because in the process of printing the sample cracked and
deformed, leading to the destruction of the sample. Samples with a next lower ED (e.g.
P75 _v600, P95 v800) were developed successfully. Furthermore, samples from this group
have lower porosity compared to the sample in the middle of the table. Moving to the right
of the table, more porous structures were observed with higher areas of only partially melted
powder particles. Samples from the right-top of the (high scanning speed combined with low
laser power) were developed in the printing process, however, were destroyed in the abrasive
process of sample preparation. This destruction was caused by the lack of joining of the
feedstock (e.g., sample P55 v1800).
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Scanning speed [mm/s]
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Laser Power [W]

Fig. 53. Results of the first-stage printing of Co47.6B21.9Fe20.4Sis.1Nbs, x- sample destroyed in the process

The above analysis leads to limiting the value of ED from 39 to 68 J/mm3. Samples with
ED less than 39 J/mm?3 exhibit the lack of fusion, and those with ED greater than 68 J/mm?3

were destroyed in the process. This range of ED was used to establish the second stage
experiment parameters.

1.3.2. The second stage of printing

The selected ED range (from 39 to 68 J/mm?3) for the second stage of an experiment with
a denser matrix of parameters (compared to the first stage of the experiment) led to the
successful printing of all samples. The metallographic cross-sections of the samples are shown
in Tab. 20. The lowest porosity was observed for samples P65_v500. All samples from this
experiment exhibit cracked structures and voids. In addition, detachments of the material
were observed in the corner. All samples had a cracked structure; cracks were lined in two
directions, both parallel to the diagonals of the observed surfaces of the samples. The number
of cracks was similar for all samples. Some of the cracks crossed the observed voids.
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Tab. 20 Microstructure of the second printing stage of Co47.6B21.9Fe20.4Sis.1Nbs. Digital microscopy

I.Nb Scanning speed v (mm/s)
600 700 800

1000 pm

smaller

45§ voids,

larger
number

Laser power P [W]

larger
70| | voids,

smaller
number

75

The observed voids in samples across the table had different shapes and sizes. The
observed voids were divided into three categories: type A are symmetric, round, with
diameter less than 20 um, type B have a wide scale of size, irregular, rounded edges, often
elongated, type C have a wide size scale, rectangular or triangular shapes with sharp edges.
The schematic visualization of this classification is shown in Tab. 21. Type A voids were
observed in all samples in a similar amount. Sample P45_v500 (left top corner of Tab. 20) has
the highest number of voids that were dispersed throughout the observed area. Most of them
were type B, mostly small sizes (50-200 um) and several medium sizes (above 200 um). In
images of P50_v600, P50 v500, P55 v600, P55 v500, P65 v500, P70 _v800, and P75_v800
small and medium type B voids can also be observed (visually, these samples are on the
diagonal from top-left to bottom-right and above that diagonal in Tab. 20). It can be observed
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that from the right top to the left bottom of the table the voids become larger (eventually
even larger than 200 um) while the total area of the voids decreased. The lowest number of
voids was observed in sample P65 v500. Only a few large and small type B voids were
observed. The C type voids were also observed in all samples; however, most of them were at
the corners or edges of the samples. If voids of type C were observed inside samples, then
they were always observed with mixed B type voids at the bottom of them. In particular, the
samples on the bottom left of Tab. 20 show a larger number of C type voids.

Tab. 21. Types of voids in the SLM samples

Type of porosity

Visualization

Symmetric, round, Irregular, rounded Rectangular or triangular
Description with diameter less edges, often elongated, shapes with sharpedges,
than 20 um a wide scale of size a wide size scale

1.3.3. Density of samples

The samples densities measured by the Archimedes method are shown in the Tab. 22.
The correlation between the density of samples and energy density can be seen. Samples with
a higher energy density have a higher physical density. The highest density was measured for
P65 _v500, P60 _v500, and P75 _v600, which also had the highest energy density. The lowest
density was observed for samples P45 _v500, P50 v600, P60_v700, and P65_v800.

Tab. 22. The second stage of the printing of Coa7.6B21.9F€20.4Si5.1Nbs samples a) density of samples and c)
calculated energy density (ED). Values are marked with color showing from the highest to lowest values b)

a) b) c)

Density Scanning speed v (mm/s) ED Scanning speed v (mm/s)

[8/cm] [ 500 | 600 | 700 | 800 highest [B/mm’l 500 | 600 | 700 | 800
45| 7.2 45| 46.8

2| so| 73 | 73 2| 50| 519 | 433
% 55| 74 | 7.3 lowest ;
S 74 | 73 2
a o1
5 65 6 74 | 73 ot .
= 70 7.3 tested 5
75 7.4

1.3.4. Scanning electron microscopy

For detailed observation, six samples representing the entire range of energy density
were chosen (Fig. 54). SEM images of those six samples revealed the correlation between
energy density and density of samples. Samples with higher ED had mostly C type voids with
sharp edges. Samples with lower ED exhibit mostly B type voids with irregular large sizes (> 50
um). Additionally, samples with lower density and ED had many unmelted particles, e.g.
sample P60_v700. Porosity of B type was observed in all samples as small round voids. In the
densest sample (P65_v500) a closer look on large voids of type C shows the characteristic of
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typical brittle fractures with sharp edges. Void type C shows several hackle zones with hackle
ridges and mist areas. Fractures are aligned along an observed grid of cracks on the surface of
the sample. Some of the A type voids are crossed by the cracks. Cracks developed in all
samples as anirregular grid pattern with a spacing between neighboring parallel cracks of 350-
550 um.

a) P65_v800, b) P50_v600, c) P70_v800,
48,7 J/mm3

44,5 J/mm? 47,6 J/mm>

d) P70 _v700, e) P70_v600, f) P65_v500,
55,7 J/mm?3 67,5 J/mm?3

Fig. 54. SEM images of six selected samples from the second stage of C047.6B21.9F€20.4Sis.1Nbs printing, in the
description the laser power, scanning speed and energy destiny used for manufacturing samples

1.3.5. X-ray diffraction
The X-ray diffraction of six selected samples did not show any crystallization peaks. The
plot of X-ray diffraction was smooth and for all samples the amorphous halo was observed.
Additionally, the maximum intensity was at the same angle, namely at about 45° 28. The
results are shown in Fig. 55.
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Fig. 55. X-ray diffractograms of BMG of C047.6B21.9F€20.4Sis.1Nbs

1.3.6. Nanoindentation
The nanohardness value of the samples shown in Fig. 54 ranges between 13.8 and 15.2
GPa (Fig. 56 a). The elastic modulus ranges from 185 to 200 GPa (Fig. 56 b).
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Q
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16 P55_v600 P75_v600

.5 -} -} P75_v700 _I_ %
14 {_ %

P60_v700 P65_v500
13 P75_v800 -

12

Indentaion hardness (H,;)

11

40 45 50 55 60 65 70 75
Energy density (J/mm3)

240
230
220

210 P75_v700
P55_v600 - P65_v>00

200 I .}
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-I- P75_v800 P75_v600

180
P60_v700
170 -

160

150
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=

Indentation elastic module (E;;)

Fig. 56. Nanoindentation analysis of Co47.6B21.9Fe20.4Sis.1Nbs a) hardness, b) elastic module
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The sample P65 v500 had the highest density of samples (Archimedes density
measurements) and the lowest porosity (SEM analyze) while preserving the fully amorphous
structure (XRD analyze). This set of parameters was chosen to be researched more extensively.
The detailed nanohardness is shown below (Tab. 23). The hardness of the P65_v500 sample
was 14.5 GPa and elastic module 200.6 GPa.

Tab. 23. Results of the nanoindentation test of Co47.6B21.9Fe20.4Sis.1Nbs

P65_v500
Parameter Hir Er
Unit [GPa] [GPa]
Mean 14.5 200.6
Standard devia-
tion 1.4 8.5
Coefficient of var-
jation [%] 9.1 4.2

Hit- indentation hardness, Eir- indentation elastic module

1.3.7. Differential scanning calorimetry
The DSC of Coa7.6B21.9F€20.4Si5.1Nbs of sample P65 v500 showed the presence of a
characteristic inflection point of the curve that corresponds to a glass transition temperature
equal to 595°C. An exothermal peak was also observed. The peak was characteristic for the
phase transition and had an onset at 645°C. The plot of DSC is shown in Fig. 57.

8 _
S7 - heat rate 40°C/min
(]
A 6 -
oo
oo -
=5
E) 2 - T T,
=1 - P65_v500 €O, B,y oFe,q 4Sic {Nb: - v
T 0 -
-1 -

100 150 200 250 300 350 400 450 500 550 600 650 700
Temperature [°C]

Fig. 57. Different scanning calorimetry of SLM sample of C047.6B21.9F€20.4Sis.1Nbs

1.3.8. Scanning transmission electron microscopy

The results of energy-dispersive spectroscopy of the P65_v500 sample conducted with
scanning transmission electron microscopy are shown in Fig. 58. b)-f). Analyzed area
concerned up to 4 pm? and focus on the crack as shown in the reference image in Fig. 58 a).
The result of the mapping shows no segregation in the solid area or near the analyze crack.
Additionally, no segregation (homogeneity) of the elements is confirmed by the diffraction
pattern of the tested sample (Fig. 58 g). The diffraction pattern had the form of circles without
any single bright spots, which is characteristic for an amorphous structure.
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_ e :—< Tm — . p——————i J um
a) Reference b) Cobalt c) Iron

g) Diffractogram
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d) Boron e) Niobium f) Silicon
Fig. 58. Analysis of the Co47.6B21.9Fe20.4Sis.1Nbs P65_v500 BMG sample developed by SLM a)-f) energy dispersive
spectroscopy (EDS) map conduct with scanning transmission electron microscopy (STEM), g) TEM, selected area

electrons diffraction (SAED) pattern

1.4. CoBFeSiNb atmospheric plasma sprayed coatings

1.4.1. General view of material
All three spraying distances allowed for the successful deposition of the powder onto
the coatings. In Fig. 59 a view of the sample is shown. All samples developed from CoBFeSiNb
powder, macroscopically looked similar, and had a rough surface.

Fig. 59. Macroscopic image of the CoBFeSiNb coating developed by atmospheric plasma spraying, disk in
diameter of 30 mm

1.4.2. SEM surface observation and roughness
The surfaces of the CoBFeSiNb plasma sprayed samples visually look similar.
Characteristic flat, with high surface splats representing good plasma spraying parameters
were mixed with only partially deformed powder particles spherical-shaped. The roughness
of the coatings sprayed with 90, 100 and 110 mm had similar values. The image of the surfaces
of the samples and the roughness analysis are shown in the Tab. 24.
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Tab. 24. Surface of atmospheric plasma sprayed samples of C0a7.6B21.9Fe20.4Sis.1Nbs%at

Spraying
distance 90 100 110
[mm]

SEM 1 J m VEG. i SEM HV: 200 kV

surface [EESmatrm B T W

images

Ra [um] 18.3 +/-1.2 19.9 +/- 1.7 18.3+/-1.4
R, [um] 106.5 +/- 8.5 119.7 +/-12.4 117.3+/-13.9

1.4.3. Thickness and porosity analysis
Examples of cross-section images of the plasma-sprayed coating captured with digital
microscope is shown in Fig. 60. This observation was used to measure the average thickness
for the samples that have a similar value. The thickness of the coatings oscillates between 345-
380 um. Additionally, the cross-section observation reveals several defects such as
delimitation between particles and between coating and the substrate.

a) b) c)

shooting distance 90 mm

100 pm 100 pm 100 um

average thickness 345 +/- 30 pm 382 +/- 28 um 392 +/- 24 um

Fig. 60. APS coatings of Coa7.6B21.9Fe20.4Sis.1Nbs developed with different spraying distances

Next, the defects refer to porosities inside the coatings, which were analyzed based on
the SEM captured ten images. The observed porosity ranged from 6.4% to 9.3% for samples
sprayed with the lowest distance (90 mm) to the highest distance (110 mm). This change can
indicate that the spraying distance has an influence on the densities of the coatings. The exact
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values of porosities and the examples of images used for porosity analysis are shown in Tab.
25.

Tab. 25. Porosity analysis based on the SEM images of plasma sprayed coatings of Co47.6B21.9F€20.4Si5.1Nbs%at

Spraying
distance [mm]

90 100 110

SEM
images

Porosity [%]
Standard
deviation [% 0.8 1.1 0.8
points]

The following text presents a comparison of coatings developed using spraying distances
of 90 mm and 110 mm. In the SEM imaging, material contrast analysis revealed no signs of
crystallization; however, numerous imperfections were registered and are detailed in the
images shown in Fig. 61. The images illustrate the differences between the coatings developed
at the shortest and longest spraying distances. Notably, delamination between the splats is
evident in all samples. In the coatings obtained at a spraying distance of 90 mm, the unmelted
particles are relatively small. In contrast, the coatings developed at 110 mm exhibit a wide
range of unmelted particle sizes. Additionally, porosity is mostly observed in the samples
obtained with a spraying distance of 110 mm.

Spraying 90 mm 110 mm
distance
: dvl\ =
elamination
. 4 .
: delamination \ J o~ -t
S_EM BSE S unmelted voids —————F ‘
Images particles - ST "~ unmelted —

particles ~&

SEM HV: 20.0 kV WD: 11.34 mm VEGA3 TESCAN| SEM HV: 20.0 kV WD: 13.03 mm | VEGA3 TESCAN

SEM MAG: 500 x Det: BSE 100 ym SEM MAG: 500 x Det: BSE 100 pm

Fig. 61. Comparison of cross-section of the atmospheric plasma sprayed coatings of C047.6B21.9Fe20.4Sis.1Nbs with
spraying distance a) 90 mm and b) 110 mm
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1.4.4. X-ray diffraction
The X-ray diffraction analyze did not show any peaks that could indicate the presence of
the crystal phase. However, the typical amorphous halo is also absent, indicating that some
segregation of chemical elements could occur. The plot of XRD is shown in Fig. 62.

APS coatings Co,; (B, oFe,q 4Sis ;Nbs CoNb 90
O —_—

CoNb_100

M

CoNb_110

Intensity [a.u.]

35 40 45 50 55 60 65 70 75 80 85 90
2 theta [degree]

Fig. 62. X-ray diffractogram of plasma sprayed Co47.6B21.9F€20.4Sis.1Nbs

1.4.5. Differential scanning calorimetry
The DSC of the plasma sprayed coatings from Co47.6B21.9Fe204Sis.1Nbs showed the
presence of a characteristic inflection point of the plot that corresponds to a glass transition
temperature equal to 608°C. An exothermal peak was also observed. The peak was
characteristic for the phase transition and had an onset at 650°C. The plot of DSC is shown in
Fig. 63.

Heat flow [Wg-1] > exo
O L N WD Uulo N

i Tg Tx
7 APS coating Co,; ¢B,; gFe5q 4Sis ;Nbs ¢ ¢

[
=
|

250 300 350 400 450 500 550 600 650 700
Temperature [°C]

Fig. 63. Differential scanning calorimetry of plasma sprayed Co47.6B21.9F€20.4Sis.1Nbs

1.4.6. Nanoindentation test
The hardness of all coatings had a similar hardness value of around 14.0 - 14.5 GPa. The
indentation elastic module differs between the samples only in the standard deviation range
and was in the range of 194.7 to 221.2 GPa. The mentioned values are shown in Tab. 26.
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Tab. 26. Nanoindentation results of CoBFeSiNb coating developed via atmospheric plasma spraying

CoNb_90 CoNb_100 CoNb_110
Parameter Hir Eir Hir Eir Hir Er
Unit (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Mean 14.2 213.7 14.5 194.7 14.2 221.2
Standard 08 140 0.5 7.6 0.4 8.4
deviation
Coefficient
of variation [%] 5.4 6.6 3.3 3.9 2.7 3.8

Hir- indentation hardness, Eir- indentation elastic module

1.4.7. Wear resistance measurement
Samples after the performed tests are shown in Tab. 27. The trace of ball on disk contact is
irregular for all the samples. Due to this irregularity, the standard deviation of the cross-
section area of the trace is high - around 20% of the mean value. Likewise, the average values
of area of the cross-section area of the wear trace are similar for all samples and is on the level
from 10 -10% to 12 -10® um?. The exact values of the areas are shown in Tab. 27, below the
digital images. According to Eq. 4. the value of volume loss was calculated and then used in
Eqg. 2. to calculate specific wear resistance.

Tab. 27. Surface of atmospheric plasma sprayed samples after wear test of Co47.6B21.9F€20.4Sis.1Nbs %at

Spraying
distance [mm]

90 100 110

Digital
surface image

Mean [um?]* 10974 10185 11721
Standard

deviation [um?] 2018 2136 2596
Coefficient

of variation [%] 18 21 22

* Mean area value of the cross section of the wear trace, the white dashed line shows the example of a cross
section. Diameter of wear trace 6 mm

Using the equation from State of art and Research methods chapters and the values of
mean area of the cross sections from the Tab. 27, the specific wear resistances of the
atmospheric plasma spray samples were calculated. The results are shown in Fig. 64. The value
of W; did not differ with the spraying distance of the APS. The value oscillates between 1.92
and 2.07 - 10> mm?3/Nm with a standard deviation of around 0.2 - 10°> mm3/Nm.
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Fig. 64. Specific wear resistance of atmospheric plasma sprayed CoBFeSiNb alloy with high glass forming ability
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2. CoBFeTaSiCu results

In this chapter, the results for Co42B2s5Fe20Tass.SisCus are presented. The chapter is
organized similarly to the chapter presenting the results of the first alloy, specifically by the
forms of the samples obtained. The forms of Co42B26sFezoTassaSisCus samples include
powders, plates, ribbons, bulk SLM samples, and coatings. The reference sample for this alloy
was a cast ribbon.

2.1. CoBFeTaSiCu atomized powder

2.1.1. General view of material
In Fig. 65 the two fractions of powder particles of Co42B265Fe20Tas 52SisCus are shown. A
smaller fraction of 20-50 um was used for SLM printing and the larger fraction of 50-80 um for
APS. Most of the particles were spheric in shape, but around 8% of elongated particles were
also observed in the whole volume of powder.

SEM HV: 20.0 KV

[ semmacionx | owse
Fig. 65. SEM powder images of Co42B26.5Fe20Tas.5SisCuz

2.1.2. Liquid particle size analysis
Particle size analysis of Co42B265Fez0TassaSisCui shows a Gaussian distribution with
positive (right) skewness of the powder size. The results of the particle size analysis showed
that 50% of the particle size (D50) for 20-50 um granulation had a diameter less than or equal
t0 29.43 um and D50 for 50—-80 um to 63.50 um. The particle size analysis plots are shown in
Fig. 66.
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Fig. 66. Particle size analysis of C042B26.5Fe20Tas.5SisCu1 [330]

2.1.3. Scanning electron microscopy
Scanning electron microscopy images of the cross section of the 20-50 and 50-80 pum
powder fractions show low percentage of the porosity particles not higher than 3.5%. The EDS
analysis of cross-section shows that the maximum differences of Co was 7.6% and around 5%
for Fe and Ta. For the rest of the elements, the difference was less than a 2.5% difference
between the maximum and minimum concentrations. The described analysis and images of
the analyzed metallographic section of the particles are shown in Fig. 67.
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SEM HV: 20.0 kV WD: 15.05 mm

Distance from left surface [um] SEM MAG: 1.00 kx Det: SE

Fig. 67. Example of a) EDS analysis of the homogeneity of the chemical composition and b) SEM image of the
metallography section analyzed of Co42B26.5Fe20TassSisCui. White-dotted line shows the analyzed particle

2.1.4. X-ray diffraction

The X-ray diffraction of Co42B26.5Fe20Tas 5SisCui shows several peaks that implied the pres-
ence of a crystal phase. However, the peaks are not intense, suggesting that crystallization
occurs only partially in the powder. The amorphous halo can be also observed around 44-45°
2 6. The XRD pattern of powder in the as-atomized state corresponds to (Co, Fe),B and TaB..
The plot is shown in Fig. 68.
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Fig. 68. X-ray diffractogram of Co42B26.5Fe20Tas.sSisCu1 powder

2.1.5. Differential thermal analysis
The DTA analysis of Co42B26.5Fe20Tas sSisCus did not show the presence of the inflection
characteristic for glass transition. However, three exothermic peaks were observed, and the
first of them has an onset at 595°C. The endothermal peak occurred at 1069°C (Tm). The DTA
plot is shown in Fig. 69.

Co,,B,6 sFeyTas 55iCu, 0.67 °C/s

Temperature [°C]
Tx Tx T Tm Ti

595 768 928 1069 1116

Exotermic [a.u.] ——>

500 600 700 800 900 1000 1100 1200

Temperature [°C]

Fig. 69. Differential thermal analysis of Co42B2s.5Fe20Tas sSisCuz

2.1.6. Nanoindentation
The hardness of the powder was 16.8 GPa. Lack of Er value regards to the characteristic
of the powder nanoindentation measurements. The test powder had to be embedded in the
epoxy resin to make metallographic cross-sections. This epoxy influences the elastic module
measurements, resulting in invalid values. Measurements are shown in Tab. 28.
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Tab. 28. Results of the nanoindentation test of Co42B26.5Fe20Tas.sSisCui

Powder
Parameter Hir Er
Unit [GPa] [GPa]
Mean 16.8 X
Standa.rd devi- 01 «
ation
Coefficient of 6.5 «
variation [%] )

Hir- indentation hardness, Eir- indentation elastic module

2.2. CoBFeTaSiCu cast plate

2.2.1. General view of material

The cast plate of Cos2Bas.sFexTassSisCus severely cracked during the cooling process
inside the copper die. The surface of the plate combined shiny areas with darker zones. The

cracks had a shiny surface typical of a brittle fracture. The image of the cast plates is shown
in Fig. 70.

%

Fig. 70. Cast plate of Co42B2s.5Fe20Tas sSisCui image

2.2.2. Scanning electron microscopy
In the cross section, the large precipitation can easily be seen (Fig. 71 a). Using the
material contrast on the SEM the precipitations are observed as white areas. Closer
magnification shows that plate was crystallized through the whole volume and the dendrites
of another phase can also be observed (Fig. 71 b). The EDS analysis (Fig. 71 c) shows that white

perceptions, both larger in size of several micrometers and smaller in size, have increased
concentration of Ta and decreased Co and Fe.
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Fig. 71. SEM images of cast plate with EDS analysis of line marked with white doted line

91



2.2.3. X-ray diffraction
The X-ray diffractogram of CoBFeTaSiCu shows the intense peaks indicating the
presence of a crystal phase and no amorphous halo. The peaks patterns of CoBFeTaSiCu plate
correspond to (Co, Fe):B, and TaB; are shown in Fig. 72.
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Fig. 72. X-ray diffractogram of Co42B26.5Fe20Tas.sSisCusi plate

2.2.4. Differential scanning calorimetry
The differential thermal analysis plot of the Co42B26.5Fe20Tas 5SisCus plate confirmed the
crystallization of the whole volume of the sample, the peaks corresponding to crystallization
were absent (Fig. 73). However, the DSC of ribbon was also conducted, and the results showed
the inflection of the plot correlating to Tg at 615°C, and sharp exothermal peak corresponding
to crystallization at 665°C (Fig. 73).

8 _

7 .
5 6
25
-
oo 4
E 3

7 Tx

b Te
= | i !
o 1 - _ Ribbon
T Co,,B,6 sFeypTag 5SisCuy

0 Plate

_1 J

250 300 350 400 450 500 550 600 650 700
Temperature [°C]

Fig. 73. Differential thermal analysis of cast plate
2.2.5. Nanoindentation

The hardness of the plate was 15.7 GPa and elastic module 322.5 GPa. The results are
shown in Tab. 29.
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Tab. 29. Results of the nanoindentation test of Co42B26.5Fe20Tas.sSisCu1

Plate CoBFeTaSiCu

Parameter Hir Er
Unit [GPa] [GPa]
Mean 15.7 322.5
Standard deviation 1.3 28.0

Coefficient of vari-
ation [%]
Hir- indentation hardness, Eir- indentation elastic module

8.2 8.7

2.3. CoBFeTaSiCu cast ribbon

2.3.1. General view of material
The cast ribbon of Co42B26.5Fe20Tas sSisCus is shown in Fig. 74. The surface of the sample
from both sides is shiny. No visible cracks.

a) b)

fabime ARSIy

Fig. 74. Co42B26.5Fe20Tas sSisCus ribbon, surface view from the wheel (a) and from the top (b)

2.3.2. Scanning electron microscopy
The SEM images of fracture of Co42B265Fe20Tas sSisCus ribbon is shown in Fig. 75. BSE
analysis shows the absence of second phase. The fracture surface shows typical for the
metallic glasses mixed type of hackle zone and the smooth area.

SEM HV: 20.0 kV WD: 15.00 mm
SEM MAG: 5.00 kx Det: BSE, SE

Fig. 75. SEM images of C042B26.5Fe20Tas.sSisCu1 ribbon with BSE a) and SE b) contrast
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2.3.3. X-ray diffraction
The X-ray diffractogram of CoBFeTaSiCu ribbon shows an amorphous halo around

45° 20. No other peaks were observed on XRD plot which is shown in Fig. 76.

Intensity [a.u.]

Co42B26.5Fe20Tas sSisCui ribbon

25 30 35 40 45 50 55 60 65 70 75 80 85 90

2 theta [degree]
Fig. 76. X-ray diffractogram of Co42B26.5Fe20Tas sSisCus ribbon

2.3.4. Nanoindentation
The hardness of the plate was 15.1 GPa and elastic module 190.1 GPa.%. The results are
shown in Tab. 30.

Tab. 30. Results of the nanoindentation test of Co42B26.5Fe20Tas.sSisCu1
Ribbon CoBFeTaSiCu

Parameter Hir Er
Unit [GPa] [GPa]
Mean 15.1 190.1
Standard deviation 1.4 8.3

Coefficient of vari-
ation [%]
Hit- indentation hardness, Eir- indentation elastic module

9.3 4.4

2.4. CoBFeTaSiCu selective laser melting printed BMG

2.4.1. First stage of printing
General view

Macroscopic view of the printed Co42B26.5Fe20Tas 5SisCus sample is shown in Fig. 77. Most
of the samples from the 55 W and 75 W series seem to have developed successfully reaching
a cuboid shape. The 95 W series had mainly destroyed samples. In some samples, the chipping
of the material at the corners can be observed, as in the sample P75_v1800.
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a) 800 1200 1600
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Fig. 77. Macro image of C042B26.5Fe20Tas.sSisCu1 samples (5 x 5 x 7 mm) from the first stage of an
experiment. Laser power used for printing a) 55 W, b) 75 W, and c¢) 95 W [336]

Digital microscopic observation

In a cross-section view in Fig. 78 can be observed that most samples that had a clean
external cuboid shape without any deformation have an inside defect of a lack of fusion. The
effect of lack-of-fusion was manifested during cross section preparation as the removal of
loosely bonded particles. Poor bonding was characteristic for the samples with the lowest ED
(right upper corner of Fig. 78). Too high ED also failed at developing samples e.g. parameters
P95 _v600, P95 _v800, P95_v1000, P75_v600 (left bottom corner of Fig. 78). The rest of the
samples exhibit high porosity and presence of cracks. Analysis of the cross-section from this
stage of printing leads to choosing the narrower range of the energy density for the second
stage which is from 41 to 50 J/mm?3.

Fig. 78. Results of the first-stage printing of Co42B26.5Fe20Tas.5SisCu1 [336]

Scanning speed [mm/s]
600 800 1000 1200 1400 1600 1800
: ; o ~ 1000 um
B i X X X X
2
o
3| K X X
o
g
8
A X "* X

x- sample destroyed in the process

95



2.4.2. The second stage of printing
Digital microscopic observation

In this stage the scanning speed was changed by 100 mm/s and the laser power by 5 W.
The rest of parameters, such as hatch spacing, layer thickness, and feedstock size, remain the
same. The choice of range of energy density for a second stage experiment led to the
manufacturing of all the samples (Tab. 31), except for P95 _v1000 samples which had the
highest ED. However, the P85 _v900 sample with only 0.3 J/mm?3 (0.6%) lower ED was
successfully developed. Macroscopic observation of this sample showed a detachment of the
corners, which occurred during the printing process. However, in the sample with the second-
lowest energy, the corners also chipped off, but to a lesser extent. All samples exhibit a grid
of cracks through the sample and a chipped corner that fractured during abrasive preparation
of samples. The porosity takes a large area of all samples; the highest value of porosity area
was observed for the P60_v700 and for the P90_v1000 sample, which had the ED 44.5 and
46.8 J/mm3, respectively, which are middle values for the second stage of the printing
experiment. The lowest porosity area was observed for P75_v800, P95 v1100, and
P95 _v1200. The first two mentioned samples (P75_v800, P95_v1100) also had a middle value
of ED while the last sample (P95_v1200) had the lowest ED, which led to discussion not only
about the value of ED but also the influence of scanning speed and laser power, which will be
taken in next chapter.
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Tab. 31 Microstructure of the second printing stage of Co42B26.5Fe20Tas.sSisCus. Digital microscopy
[ Scanning speed v [mm/s]
900 1000

Laser power P [W]

x- sample destroyed in process, gray areas- parameters not tested

Density of samples measurements by the Archimedes method

To evaluate the porosity presence in the entire volume of samples (not only based on
cross-section observation) Archimedes density calculations were performed. To check
whether the density of samples of the samples is related to ED in the Tab. 32 matrix of values
of both parameters are shown. The highest density of samples was observed for the
P85 v900, P90 v1000, and P95 v1100 sample, which is 7.72, 7.70 and 7.69 g/mm3,
respectively. These samples had the highest value of laser power and high energy density
compared to the whole tested matrix. However, the samples P65 _v700 and P75_v800 also
had a high ED, but the density has a lower value of 7.56 and 7.59 g/mm?3, respectively.
Similarly, the lowest density was observed for the sample with relatively low laser power and
medium or low ED- P60_v700 and P65_v800 7.37 and 7.42 g/mm?3, respectively. These results
coincide only partially with microscopic observation, which can have a few causes which will
be discussed in the Discussion chapter.
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Tab. 32. The second stage of the printing of Co42B2s.5Fe20Tas sSisCu1 samples a) density of samples and c)
calculated energy density (ED) [336]. Values are marked with color scale b)

a) b) c)
Density Scanning speed v (mm/s) ED Scanning speed v (mm/s)
[g/em3] | 700 | 800 | 900 | 1000 | 1100 | 1200 highest [J/mm3] | 700 | 800 | 900 (1000|1100 | 1200
60| 7.4 ‘ 60 | 44.5
= | 65| i 7.4 = g
E E 65 42.2
o | 70 75 = 70 4
g 75 6 lowest g 75 sl 43.3
321 80 M 7.5 21 80 Gl 41.6
% 85 6 g| gs RN 44.2
©
= | 99 . not =1 g9 o 425
tested
95 X 6 95 AR 449 | 41.1

Scanning electron microscopy
From the second stage of printing the three samples were selected for more detailed
observation concern the low-, medium-, and high-energy density which were P80_v1000,
P95 v1100 and P75_v800, respectively. Similarly to the CoBFeSiNb alloy, in the samples
printed from the CoBFeTaSiCu alloy the same three types of porosity were observed (Tab. 21):
— type A -asymmetric, round, diameter less than 20 um,
— type B - a wide scale of sizes, irregular, rounded edges, often elongated,
— type C- a wide scale of sizes, rectangular or triangular shapes with sharp edges.

Representative SEM images of the analyze samples are shown in Fig. 79. The sample
with low ED - P80_v1000, exhibits mostly type B porosity, which means that pores were large
(> 50um) and had irregular shapes without straight edges. The sample with a medium ED
(P95 _v1100) had much less porosity of type B but often mixed with type C porosity. Alone
type C porosity was also observed in sample P95 v1100. Those pores had sharp edges both
on the surface and at the bottom. In addition, typical glassy patterns of the hackle zone were
present within those pores. An example of such a void is shown in Fig. 79 d. The last discussed
sample - P75_v800 (high ED), exhibits a medium amount of type B porosity and a very small
amount of type C porosity. In the case of type A porosity (small, regular voids) was observed
in all three samples but in very small numbers. The presence of those voids is not related to
the observed grid of cracks for none of the samples. The highest fractures at corners were
observed for the P95_v1100 sample followed by P80_v1000.

a) P80_v1000mm, 41.6 J/mm?3 b) P95_v1100, 44.9 J/mm?3

SEM HV: 20.0 kv




c) 75v800, 48,7 J/mm3 d) example of fracture

Ao i’

SO

Fig. 79. SEM images of three chosen samples from the second stage of the printing of CoBFeTaSiCu (a-c) and
example X-ray diffraction

XRD of samples with low, medium, and high energy density is shown in Fig. 80. Each of
the samples tested exhibits a similar XRD plot with peaks in similar 20 angles. In addition, the
intensity of the peaks is similar for those three samples. Additional quantitative analyzes of
the crystal phase (the Rietveld method) provided the amount of crystal phase 48%, 57%, and
54% for with sample P80_v1000 (low ED), P95_v1100 (medium ED), and P75_v800 (high ED),
respectively. The pattern of XRD for printed Co42B265Fe20Tas sSisCus alloy correspondences to
CosSizB and TaB; phases.
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Fig. 80. X-ray diffractograms of Co42B26.5Fe20Tas sSisCui SLM samples

Nanoindentation

The nanoindentation results of P80 _v1000, P95 v1100, and P75_v800 samples are
shown in Tab. 33. Hardness ranges between 18.0 and 17.6 GPa. The elastic modulus ranges
from 211.1 to 225.4 GPa. The differences in the hardness and elastic module values between
samples are not significant and are in the range of standard deviation. Exact values are shown
in Tab. 33.
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Tab. 33. Results of the nanoindentation test of Co42B26.5Fe20Tas.sSisCu1

P80_v1000 P95_v1100 75W_800m /s
Parameter Hir Eir Hir Eir Hir Eir
Unit (GPa) (GPa) (GPa) (GPa) | (GPa) (GPa)
Mean 17.9 211.1 17.6 223.1 18.0 225.4
standard 0.6 6.7 0.8 186 | 08 109
deviation
Coefficient 3.4 3.2 4.4 83 | 42 48
of variation [%]

Hir- indentation hardness, Eir- indentation elastic module

Scanning electron microscopy and nanoindentation of 75W_800m/s

After conducting analysis on samples printed with different sets of parameters, sample
P75_v800 was selected for more detailed measurements. This sample had a relatively good
density (the lowest amount of porosity), correlated with fewer fracture materials on the
observed surface and lowest fractures on corners of the sample. Detailed SEM observation
revealed the grid of cracks on the surface of the P75_v800 sample. The cracks form a
perpendicular grid, where the average distance between the closest parallel cracks was
around 215 um (Fig. 81 a). The higher magnification of the observed surface also showed the
agglomerates of nanoscale precipitations, and several microscopic precipitations observed as
brighter spots in SEM images with material contrast (Fig. 81 b). Precipitations crystallized in
agglomerates in amorphous matrix, however, no regularity of those areas was observed and
no connection with the grid of cracks was observed. The topography contrast (Fig. 81 c)
showed that these precipitations seem to be above the rest of the observed surface. This
suggests a higher hardness of precipitation than the rest of the matrix. An additional
nanohardness test of the second phase confirmed its very high hardness, which was 24 GPa
and the elastic module 320 GPa; for each value the standard deviation was at a level of +/-
10%. EDS analyzes showed the concentrations of tantalum and boron in the described
precipitations.

a) b)

VEGA3 TESCAN) A S A ] VEGAS3 TESCAN

Fig. 81. SEM sample P75_v800 a) BSE contrast, x100, b) BSE contrast, x500, c) SE contrast, x1000
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Differential scanning calorimetry

The DSC of Co42B65Fez0Tas sSisCu1 did not show the presence of Tg but an exothermic
peak was registered with onset at 660°C. The mention plot is shown in Fig. 82.
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Temperature [°C]
Fig. 82. Different scanning calorimetry of Co42B26.5sFe20Tas.sSisCuz

Scanning transmission electron microscopy with an energy-dispersive spectroscope

Transmission electron microscopy (TEM) diffractograms are shown in Fig. 83 b) and c).
The reference image is shown in Fig. 83 a). The tested lamella shows the homogeneous matrix
with darker precipitations aligned in two lines. Diffractograms of the homogeneous area
confirmed a fully amorphous structure by forming characteristic circles, while diffractograms
of the area with precipitations exhibited mixed amorphous phase with the crystal phases
observed as regular bright reflexes.

blurred rings of intensity
sharp spots of intensity (amorphous material)
(crystalline material)

b)

Fig. 83. Transmission electron microscopy (TEM) diffraction images of a) reference b) amorphous regions c)
composite region
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The results of energy-dispersive spectroscopy of the P75 _v800 sample conducted with
scanning transmission electron microscopy are shown in Fig. 84 a-f. The analyzed area (Fig. 84
g) concerned up to 4 um? and it is the same as observed for the diffraction pattern in Fig. 83.
The distribution of boron was homogeneous in the entire observed area, while the other
chemical elements such as cobalt, iron, tantalum, silicon and copper were homogeneous only
in the amorphous matrix. The precipitation mentioned above crystallized in line shows the
concentration of three elements, namely tantalum, silicon, and copper. The remaining three
elements (cobalt, boron, and iron) show absence in those precipitation.

a) Cobalt b) Boron c) lron

g) Reference

2 um

d) Tantalum e) Silicon f) Copper

Fig. 84. Analysis of Co42B265Fe20TassSisCur P75_v800 BMG sample developed by SLM a)-f) energy dispersive
spectroscopy (EDS) map conduct with scanning transmission electron microscopy (STEM), g) reference image

2.5. CoBFeTaSiCu atmospheric plasma sprayed coating

2.5.1. General view of material
All three spraying distances used for plasma spraying allowed for the successful coatings
deposition. In a Fig. 85 view of the sample prepared for wear resistance test is shown. All
samples developed from CoBFeTaSiCu powder, macroscopically looked similar, and show
visible voids on the samples surfaces.

Fig. 85. Macroscopic image of the CoBFeTaSiCu coating developed by atmospheric plasma spraying with
polished surface (diameter 30 mm)
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2.5.2. Surface view and roughness
The surfaces of the Co4:BassFexTassSisCus plasma sprayed samples visually look similar.
On the surface, both flat powder particles in the form of splats and more spherical particles
that were only partially deformed during the depositing process could be observed. The
roughness of the coatings sprayed with 90, 100 and 110 mm had similar values. The images of
the surfaces of the samples and the roughness analysis are shown in the Tab. 34.

Tab. 34. Surface of atmospheric plasma sprayed samples Co42B26.5Fe20Tas.sSisCu1

Spraying
distance 90 100 110
[mm]

SEM
surface
images

SEMHV:200kV WD 1500mm | |

L SEMHV:200kV  WD:1S00mm || | | |
‘SEM MAG: 1.00 kx Det: BSE 50 um

SEM MAG: 1.00 kx Det BSE 50 pm

SEM HV: 200 kV. WD: 15,00 mm
SEM MAG: 200 x Det BSE 200 ym

Ra [um] 17.1+/-1.1 16.5+/-1.3 16.7 +/- 1.0
R; [um] 101.6 +/- 3.1 100.3 +/- 8.9 98.5+/-4.5

SEM HV: 200 kV. WD: 15.00 mm

SEMMAG:200x  DctBSE | 200 ym

2.5.3. Thickness and porosity analysis
An example of cross-section images of the plasma-sprayed coating captured with digital
microscopy is shown in Fig. 86. This observation was used to measure the average thickness
of the coatings. The results showed that the average thickness of the coatings was similar for
all samples and oscillated between 320-360 um. Additionally, the cross-section observation
reveals defects such as delamination between particles and between the coating and the
substrate and high porosity.
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100 pm 100 pm 100 pm

average thickness 319 +/- 34 um 324 +/- 34 um 356 +/- 24 um
Fig. 86. Plasma spraying coatings of Co42B2s.sFe2oTas sSisCui developed with different spraying distance

The percentage of porosity observed in the coatings was analyzed based on the ten SEM
captured images. For Co42Bzs5FexoTassSisCui coatings, it ranged from 8.5% to 11.2%. The
samples sprayed with the lowest spraying distance obtained the lowest percentage of
porosity, while samples with the larger distance also had a higher percentage of porosity. The
exact measured values and examples of images used for porosity analysis are shown in Tab.
35.

Tab. 35. Porosity analyzed based on the SEM images of plasma sprayed coatings Co42B26.5Fe20Tas.sSisCuz

Spraying
distance [mm]

90 100 110

SEM
images

Porosity [%]

8.5 9.1 11.2
Standard
deviation
[% points] 0.5 0.6 0.9

2.5.4. X-ray diffraction
The X-ray diffraction analysis shows the presence of (Co, Fe);B and TaB,. The typical
amorphous halo is absent. The plot of XRD is shown in Fig. 87.
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Fig. 87. X-ray diffractograms of plasma sprayed Co42B26.5Fe20Tas.sSisCuz
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2.5.5. Differential scanning calorimetry
The DSC of the coating showed the presence of an exothermal peak that has an onset

at 590°C. The plot is shown in Fig. 88.
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Fig. 88. Differential scanning calorimetry of plasma sprayed Co42B26.5Fe20Tas.sSisCuz

2.5.6. Nanoindentation test
The hardness of all coatings had a similar hardness value in the range of 14.0 - 14.4 GPa.
The indentation elastic module differs between the samples only in the standard deviation
range and was in the range of 198.2 to 214.8 GPa. The values are shown in Tab. 36.

Tab. 36. Nanoindentation results of Co42B265Fe20Tas.sSisCui coating developed via atmospheric plasma spraying

CoTa_90 CoTa_100 CoTa_110
Parameter Hir Eir Hir Eir Hir Eir
Unit (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Mean 14.0 198.2 14.4 214.8 14.1 209.6
Standard 09 145 0.9 111 | 11 142
deviation
Coefficient 64 73 6.1 5.2 81 68
of variation [%]

Hir- indentation hardness, Eir- indentation elastic module
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2.5.7. Wear resistance test
Samples after the test performed are shown in Tab. 37. The trace of ball on disk contact
is irregular for all the samples. The cross-section area of the wear was on level of 10.0-

10.2-103 umz.
Tab. 37. Surface of atmospheric plasma sprayed samples after wear test Co42B26.5Fe20TassSisCui % at

Spraying
distance [mm]

Digital
surface image

Mean [um?]*

Standard 1868 1543 1322
deviation [um?]
Coefficient 19 15 13

of variation [%)]
* Mean area value of the cross section of the wear trace. The diameter of the trace equals 6 mm

Using the equation from State of art and Research methods chapters and the values of
mean area of the cross sections from the Tab. 37, the specific wear resistances of the
atmospheric plasma spray samples were calculated. The results are shown in Fig. 89. The value
of W did not differ with changing the spraying distance of the APS. The value oscillates
between 1.88 and 1.92 - 10° mm3/Nm with a maximum standard deviation of

0.2 - 10° mm3/Nm.

3.00
2.50

1.92
2.00 1.89

1.50

1.00

W, [x 10> mm3/Nm]

0.50

Specific wear resistance

0.00
CoTa_90 CoTa_100 CoTa_110

Fig. 89. Specific wear resistance of atmospheric plasma sprayed CoBFeTaSiCu alloy with high glass forming ability
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VI. DISCUSSION

1. CoBFeSiNb discussion

In this chapter, the discussion of the presented result from the previous chapter will be
conducted. In this sub-chapter, all forms of the alloy Coa7.6B21.9Fe20.4Sis1Nbs are discussed
starting from a powder used as feedstock for SLM and APS, then the reference cast plate, and
next the bulk and coating samples obtained by SLM and APS, respectively.

1.1. CoBFeSiNb atomized powder

The obtained powder has a typical amount of non spherical shaped particles for gas-
atomized technic [343—-345]. On the surface of the powder for fraction used for APS (50-
80 um) and SLM (20-50 um) there was no visible presence of second phase in the SEM
observation. The obtained powder has a typical Gaussian-liked distribution for gas-atomized
technic. No anomalies were observed [346]. For both fractions, positive (right) skewness was
observed, suggesting that the D50 (median) is higher than the mean value of the powder sizes.
Limiting the powder distribution sizes from D10 to D90 (deciles), the actual fraction sizes of
feedstock are 18.2 - 54.8 um for fraction used for SLM and 35.4 - 99.3 um for APS. Powders
20-50 pum and 50-80 um show low porosity, which is desired for SLM and APS. Homogeneity-
the steady level of chemical elements across the particle- shows the lack of second phase in
the powder. Very high homogeneity and no signs of oxidation increase the chance of obtaining
the amorphous state of BMG and coatings [346].

An amorphous halo on the XRD plot indicates the presence of only SRO atmos. The
structure is amorphous. Characteristic inflection of the DTA plot for a glass transition shows
that powders in as-atomized state are fully amorphous and have a glassy state. The second,
more intense, peak indicates the temperature of the first crystallization measured as an onset
of this peak. The difference between the T and Tx is a popular measure of GFA, namely ATy.
For CoBFeSiNb powder ATxis 58°C. For alloys with the same composition, measured with the
same heating rate (40°C/min) in work [321] and [99], the characteristic temperatures were
the same, as shown in the Tab. 38. High AT« points out a high disorder of atoms arrangement,
which is usually obtained by a higher cooling speed while cooling from the liquid to the solid
state. In Tab. 38 alloys with the same and similar chemical compositions to
Co47.6B21.9Fe20.4Si5.1Nbs are listed. All presented alloys showed similar values of the
characteristic temperatures.

Tab. 38. Thermal analysis of alloys like C047.6B21.9F€20.4Sis.1Nbs

Form Alloy (at.%) T, [°C] T«[°C] AT«[°C] D.[mm] Reference
powder C047.6B21.9F€20.4Si5.1Nbs 598 656 58 X this work
rod C047.6B21.9F€20.4Si5.1Nbs 580 635 55 5.5 [321]
rod C047.6B21.9F€20.4Si5.1Nbs 580 623 43 55 [99]

rod CossFe0B23SisNbg 599 654 55 4.5 [303]
ribbon CosrFez0.9B21.2Si46Nbe.3 584 638 54 4 [320]
rod CoasrFez0.9B21.2Si46Nbe.3 584 639 55 4 [320]
rod [(CoosFeoa)o7sBoaSiooslosNbs 549 592 43 4 [347]

X- ot tested
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Summary Co47.6B21.9F€20.45i5.1Nbs atomized powder

e SEM SE, BSE, EDS, XRD and DTA results unanimously indicate the
amorphous and glassy state of powder

e Tg=598°C, Tx=656°C, ATx=58°C

e Hir=14.8GPa

e From XRD the halo peak has maximum at 46° 20 (Cu Ka irradiation)

e 10-15% elongated particles

Obtained powder in sizes of 18.2 - 54.8 um and 35.4 - 99.3 um has a fully amorphous
structure what was confirmed by the XRD, SEM and DTA results. The factors contributing to
the amorphous state of the cast are:

a) High glass forming ability of the Co47.6B21.9F€20.4Sis.1Nbs
- the literature review showed that the D¢ (5.5 mm) and ATy (55°C) of alloy is high what
was confirmed by the DTA results of the powder. That indicated that
Co47.6B21.9Fe20.4Si5.1Nbs has a good glass forming ability

b) Homogenization of the alloy before atomization process
- the absence of the second phase indicates that the alloy was correctly homogenized
in the alloying process and then fully melted before the atomization process.

c) The cooling rate of atomization
- the typical cooling rate of atomization is from 10° to 4.2 - 103°C/s[348], which ensure
enough R¢ to form amorphous structure from alloy with good GFA [349].

1.2. CoBFeSiNb cast plate

The discussion presented below concerns the casting of Coa7.6B21.9Fe20.4Sis.1Nbs plate
which is the reference sample for comparison with the innovative technologies for MG such
as SLM and APS. The refence sample should be fully amorphous and show the typical
mechanical properties for Co-based MG.

The cast plate has a shiny surface which is typical for the glassy state of the material, no
cracks suggest that the residual thermal stress did not exceed the mechanical strength of the
material. The cast plate is fully amorphous, there was no sight of second phase during SEM
observation. Additionally, sample in which occurred crystallization tend to be very brittle and
usually fractures in the process of cooling due to very high thermal stress driven by very high
cooling rates needed to obtain amorphous structure [229]. Amorphous halo on the XRD plot
indicate the presence only of SRO atmos. The characteristic inflection on the graph of DSC for
a glass transition shows that the plate is fully amorphous and has a glassy structure. The
second, more intense exothermic peak indicates the temperature of the first crystallization
measured as an onset of this peak. The ATx for CoBFeSiNb plate in this thesis equals 43°C. This
value is exactly the same as for cast rods in work [99], also the Ty and Tx are almost the same.
This confirms a similar combination of the casting condition (overheating, cooling rate [248])
and the purity of the chemical elements used for alloying in this thesis and in the mentioned
work [99]. Because the described cast plate of Co47.6B21.9Fe20.4Sis.1Nbs is the reference sample,
the hardness measurements for furthers form of the alloy will be refer to these values.
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Summary Coa7.6B21.9Fe20.4Sis.1Nbs cast plate

e SEM SE, BSE, EDS, XRD and DSC results unanimously indicate the
amorphous and glassy state of plate

e Tg=577°C, Tx=620°C, ATx=43°C

e H;r=15.6 GPa, Er=222.8 GPa

e From XRD the halo peak has maximum at 46° 20 (Cu Ka irradiation)

The obtained cast is fully amorphous. The condition of casting and chemical composition
allowed to suppress the crystallization leading to development of a plate that will be a
reference samples for other technologies. Amorphous state of plate indicates that:

a) High glass forming ability of the tested alloy
- the literature review showed that the D¢ (5.5 mm) and ATx (55°C) of alloy is high what
indicates that Coa7.6B21.9Fe20.4Sis.1Nbs has a good glass forming ability, which was
confirmed

b) Homogenization of the alloy before pouring into dies
- the absence of the second phase indicates that the alloy was correctly homogenized
in liquid state before pouring into the dies.

c) The cooling rate of pressure die casting
- the typical cooling rate of pressure die casting is from 10% to 103°C/s[350,351], which
ensure enough R¢ to form amorphous structure from alloy with good GFA [349].

1.3. CoBFeSiNb selective laser melting printed BMG
1.3.1. The first stage of printing

The ED was limited from 39 to 68 J/mm?3 for developing C047.6B21.9F€20.4Sis1Nbs by
selective laser melting, supplies enough energy to establish connection of particles (lower
limitation), and not lead to destruction through the thermal stress (upper limitation). ED
values greater than 68 J/mm?3 result in destroying the sample in the printing process. The
thermal stress is generated during the solidification of the feedstock. After laser scan, at the
top of the solidifying layer, tensile stress is generated, while at the bottom of the layer, the
compression stress occurs as a result of the restriction of the neighboring layer [135,352]. If
the residual stress exceeds the plastic strength, it leads to plastic deformation or brittle
fracture for the alloys with limited plasticity, which is characteristic for the most Co-based
metallic glasses [134]. The residual stress can accumulate during the manufacturing of the
subsequent sample layers and be released in form of cracks later in the process.

The higher ED means a higher supply of thermal energy to the sample what lead to a
increased volume of molten material. When the material starts cooling the shrinkage is larger
and the residual stress is higher. That is why in samples with ED higher than 68 J/mm?3 the
problem of cracking and fracturing was more severe leading to destruction of them, as was
observed for sample P95_v600. For samples with ED lower than 39 J/mm?3 the particle joining
problem occurred. Too low ED does not provide enough heat to sufficiently melt the layer of
powder. If the offset of laser next scanning is too high for a set low ED, the molten pool does
not fill the space between subsequent laser tracks leading to lack of joining in the whole
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sample. Examples of those samples are P55 _v1800, P55 v1600 and P75 _v1800 which were
not successfully developed in the process or were destructed in the abrasive preparation
process.

1.3.2. The second stage of printing

The types of porosity that were observed in samples from the second stage of an
experiment were divided into three categories and showed in the Tab. 21. Types of voids in
the SLM samples in chapter Results. The shape of A-type porosity indicates that its origin is a
trapped gas and in the literature is called hydrogen or metallurgic porosity [44]. To reduce the
possibility of metallurgic porosity, the feedstock should be dried before printing, and the
atmosphere used for printing should be good quality. No significant difference in metallurgic
porosity in the samples with ED between 39 and 68 J/mm3 shows that changing the
parameters in that range does not influence the metallurgic porosity.

The shape of B type voids indicates the problem of not having enough filling of the layers
with molten alloy. These types of voids are called lack-of-fusion porosity [126,353,354]. In the
observations, it was shown that the number of these voids is larger for samples with a lower
ED (closer to ED 39 J/mm?3). A lower ED can lead to a thinner molten pool, which can be not
wide enough for the set hatch distance. Furthermore, the literature showed the problem of a
phenomenon called the balling effect, which is observed for low ED values. The balling effect
is the result of breaking the continuity of the molten pool while scanning the material with
the laser. The broken molten pool forms characteristic spherical shapes that minimalize
surface tension and surface energy for solidifying material [133,355,356]. In the article [357]
the additional analyses of corelating ED with balling effect shows that samples with ED equal
or lower ED than 23.8 J/mm?3 shows the most intensified balling effect of the laser track. The
same research showed the second type of laser track instability — fluctuating width when the
ED was too high. In this case the ED was equal or higher than 82.3 J/mm?.

The shape and surface of the C-type porosity show that it has a secondary origin. The
observed voids are fractures originated from severe cracks that were present in all samples.
The number of fractures increased with ED. When the ED is higher, the residual stress amount
in the developed sample increases, resulting in a higher cracks density [358]. The cracked
material that fell off during the abrasive preparation is then observed as a fracture. The
cracking problem can also be intensified by the impurities that can be present in the samples
with lower ED despite the low residual stress in the samples. The impurities contribute to the
stress accumulation due to the lack of continuity of the material. The impurity can be a second
phase or a void. The second phase was not detected for the discussed MG, but the voids were
observed and described above. The shape of the void influences the rate of stress
accumulation. The pointy ending lack-of-fusion porosity tends to accumulate the stress and
be notches in which the cracks start. The spherical shape of the metallurgic porosity does not
influence stress accumulation so strongly, which is confirmed by the lack of metallurgic pores
crossed by the observed cracks in the samples, while for the lack-of-fusion voids, many cracks
and fractures were observed. These conclusions match the often observed mix of C-type voids
with B-type (fractures and the lack-of-fusion porosity, respectively). The described analysis of
type of voids observed for SLM process is shown in the Tab. 39.
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Tab. 39. Types of voids in the SLM samples

Type of voids

Metallurgic (A type)

Visualization

\\

Lack-of-fusion (B type)

Fracture (C type)

Shapes Symmetric, round, with | Irregular, rounded | Rectangular or
diameter less than 20 um | edges, often elongated, a | triangular shapes with
wide scale of size sharp edges, a wide size
scale
Origin Trapped gas Lack of material filling @ Fracture of the material
the layer caused by cracking
Cause - poorly dried feedstock | - not fully melted layers | - too high thermal stress
- low quality | of feedstock- to thin | - low plasticity of the
atmosphere, vacuum in | laser track to set hatch | material leading to
the printing chamber distance critical cracking of the
- balling effects - lack of | material (low  free
stability of melt pool due | volume, embrittlement
to too combination of | caused due to the
printing parameters (to | influence of HAZ etc.)
low ED) - type of scanning
- not even distribution of | pattern causing higher
feedstock on printing | residual stress
layers  (because  of
magnetization of power
or due to defect of roller
geometry)
Place of Homogeneity in whole | On the border of | Parallel to the laser
presence volume of samples neighboring laser tracks | tracks

Density of samples analyzes shows the tendency for higher density with a higher ED
used to develop the sample. The higher ED allows to lower the number of lack-of-fusion
porosity, which influences the overall porosity of the sample represented as the higher density
of samples. The correlation between density of samples and energy density is shown in the

Fig. 90.
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Fig. 90. Correlation between density of samples and energy density in the CoBFeSiNb samples printed with SLM

The SEM analysis of six samples representing the entire ED tested range confirmed the
previous observation. Samples with lower ED show a high problem with lack-of-fusion
porosity. Samples with high ED have only a singular lack-of-fusion porosities; however, the
fracture occurred due to higher thermal stress from the higher amount of heat delivered. By
comparison, the best sample, i.e., with lowest porosity and the best inner structure, seems to
be the sample with the highest ED from restricted range by the first stage of printing which is
P65_v500 (ED = 67,5 J/mm?3). Study shows that ED range restrictions from the first stage of
printing do not result in crystallization in any of the sample. The amorphous halo was
presented in all samples and peaks at the same angle. Porosity and its origin change across
the samples, the nanohardness and elastic modulus do not show significant differences
between the samples even between 44.5 and 67.5 J/mm3. This observation matches the XRD
observation that does not show any difference between the samples. The P65_v500 sample
showed Hir 15% lower than for the CoBFeSiNb plate, the Eir was 35% lower. The decrease in
these values could be the result of the influence of HAZ on the samples developed. Repeating
thermal cycles below T can lead to relaxation of the structure and decrease the hardness of
the sample [241].

The characteristic inflection on the plot of the DSC for a glass transition shows that the
sample P65_v500 developed with 67.5 J/mm?3 has a glassy phase. The ATy is equal to 42°C, like
for the CoBFeSiNb plate. However, value of Tg and Ty are higher of about 20°C. Articles [248—
250] showed that for MG developed with different Rc in the glassy state range tend to have
the same Ty value while Ty fluctuated - for lower R, the Tg was higher. TEM diffraction and
STEM with EDS analysis confirm all before results that the P65_v500 samples have fully
amorphous structure. Furthermore, no segregation of chemical elements was detected,
indicating that mainly SRO structures are present in the Coa7.6B21.9F€20.4Sis.1Nbs SLM samples.

Summary Co47.6B21.9F€20.4Sis.1Nbs BMG SLM

e SEM, XRD, STEM and DSC confirm the fully amorphous state, no
segregation of chemical elements and the presence of glassy state

e Tgequal 598°C and Tx equal 640°C

e Hit=14.5GPa, E;r=200.6, GPa
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Manufacturing Cos7.6B21.9Fe20.4Sis.1Nbs by SLM resulted in a fully amorphous material
with a glassy state called BMG. The samples exhibited major cracking problems and a minor
lack-of-fusion porosity, which was significantly reduced by adjusting the parameters of
printing, such as laser power and scanning speed. The cracking problem is a known topic for
researchers testing BMG based on Co-based alloys or based on other chemical elements
[359,360]. The cracking occurs due to the very high thermal stress occurring during rapid
solidification of the melt pool obtained with the high-density energy beam of the laser. In the
literature to reduce that cracking problem, in addition to lowering the number of lack-of-
fusion porosity (which can be indicators of releasing stress by initializing the crack), the change
of scanning pattern or addition of the second plastic phase to BMG is proposed. The most
promising results seem to be obtained for the chessboard scanning pattern, which can
significantly reduce residua stress even twice according to [133]. Another researched option
for reducing the cracking issue is the addition of ductile phase into MG which leads to
developing the BMGC (bulk metallic glass composite). As the result the second, ductile phase
with much lower plastic strength plasticity deforms absorbing the stress what suppress the
eventual cracks. However, obtaining such structure is demanding using SLM. The most
important conclusion about developing a BMG sample by SLM from Co47.6B21.9Fe20.4Si5.1Nbs is
that the ED should be between 44.5 and 67.5 J/mm3. Additionally, the samples showing the
best structure were developed with laser power 65 W, scanning speed 500 mm/s, layer
thickness at 25 um, hatch distance set at 77 um from a powder 18.2 to 54.8 um. The ATx of
the BMG obtained by SLM had values like those obtained by the reference method (casting).
The hardness of the printed samples is 15% lower than the hardness of the plate, and the
elastic modulus lower by 35%. Obtaining the first glassy structure of BMG Co-based with SLM
is a novelty and is a great success of this Ph.D. study. The factors that influence the amorphous
state of the alloy are:

a) High glass forming ability of the tested alloy
- obtained by the atomization fully amorphous powder and ATy (42°C) of alloy indicates
that Coa7.6B21.9Fe20.4Sis.1Nbs have a good glass-forming ability what was confirmed by
fully amorphous samples.

b) Homogenization of the feedstock
- absence of second phase in the powder was a positive indicator that obtaining BMG
could be fully amorphous.

c) The cooling rate of SLM
- the cooling rate of SLM ranges from 10* to 107°C/s [73—76] such high R. ensures a
very rapid solidification of molten pool because typically the 102 to 10*C/s is needed
for developing the MG.

1.4. CoBFeSiNb atmospheric plasma sprayed coating

The discussion concerns the coatings developed by the APS technology from
C047.6B21.9Fe20.4Sis.1Nbs alloy. Samples shows a typical rough surface for a thermal spraying
[361,362], which gives no suggestion if the material is in glassy or crystallized state like it was
possible for the cast plate. The surfaces of the CoBFeSiNb plasma sprayed samples visually are
similar. The Ri:R; values oscillate around 1:6, and similar values can be obtained after
machining, making them moderate [363]. Characteristic flat, high surface splats representing
good plasma spraying parameters were mixed with only partially deformed spherical-shaped
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powder particles. Different behavior of the feedstock deposition may have origin in a wide
size distribution. Used feedstock has diameters from 35.4 to 99.3 um while the D50 was 59.2
pum. Particles with smaller diameter tend to accelerate more in the plasma jet and establish
the maximum velocity earlier than the large particles. Additionally, the temperature of the
smaller particles lowers much quicker with increasing distance from the plasma nozzle than
for particles with higher diameter [364]. If the particles do not have enough kinetic or thermal
energy the deposition rate of them may be low and it will be observed as a partial deformed
particles while particles deposited with high enough energy will form splats [137]. The
roughness of the coatings sprayed with 90, 100 and 110 mm had similar value, which suggests
that changing the stand off distance from 90 to 110 mm does not influence much the
deposition of the CoBFeSiNb by APS process. Coatings developed with lower values of the
spraying distance showed lower porosity and a visibly smaller number of undeformed particles
deposited (not melted in the process). During reducing the spraying distance from 110 to 90
mm, the porosity was reduced by 30%. Research [365] confirms that particles deposited with
higher energy form the coating with lower porosity. In the above work, the higher energy was
obtained by the higher power of plasma, while in this work the higher energy of particles
seems to be connected to kinetic energy of particles which is increased by reducing the
spraying distance. In mentioned work [364] the most sensitive to the loss of kinetic energy are
the smaller particles which at the same time can be easier to melt properly in the plasma jet
and form a coating with lower voids [153,366].

Absence of peaks on the XRD diffractogram confirms the SEM BSE observation. No
second phase was observed for all coating developed by the atmospheric plasma spraying
from Co47.6B21.9Fe20.4Sis.1Nbs. The characteristic inflection point responding to Tg was equal to
620°C and the onset of the exothermic peak was at 650°C. That means the ATx has a smaller
value than for a casted plate of about 10°C, which suggests the higher order of atom
arrangement in the coating than in the cast plate, however, the presence of the T confirms
the presence of the glassy state of the material. Articles [248-250]showed that MG developed
with the smaller Rc tend to have the same Ty value, while Tg fluctuated to higher values.

The Hir of the coating was lower than the hardness of the plate by 9% and Eir was 4.1%
lower. The decrease of those value might be the result of the repeating cycles of heating the
coating by deposition the partial or fully melted particles. The repeating thermal cycles below
the Tg can lead to relaxation of the structure and decreasing the hardness of the coating [241].

The wear resistance of the coating has a moderate value. Changes in spray distance did
not show an influence on wear rate in the tested range. The similar rate for Fe-based MG was
established in [153]. The wear rate of Fes3sCri16Mo16C10BsP1o for the coating obtained from the
powder D50 was equal to 66 um for the same sliding distance, the same sliding velocity as in
this thesis and twice the smaller load (10 N) was equal to 2.0 - 10° mm3/Nm. Other
observations in the same work showed that reducing the size of the feedstock significantly
reduced the porosity and the wear rate of the developed coating. For example, when the
feedstock size was increased from D50 66 to 33 um the wear rate decreased by around
1.0 - 10° mm3/Nm. Furthermore, when the feedstock size increased (D50 84 um) the wear
rate also increased to 2.5 - 10> mm3/Nm. Additionally, the change in the sliding speed also
changed the value of the wear rate (a larger speed resulted in a larger wear rate even if the
load was the same). Other literature testing of wear resistance using the ball-on-disk method
with similar test parameters was done for the Zr-based alloy [367] [368]. In those works, the
wear rate was 10 times higher than for the Co-based alloy tested in this work. To increase the
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wear resistance of the coating (reduced the wear rate) in addition to the increase in its
hardness, which the Co-based alloys already show, the plasticity could be improved. Research
[369] showed that two MG coatings with the same hardness at the level around 540 HV
showed different wear rates, which was associated with their mechanical behavior under the
applied load by the sliding ball. The Cu-based MG coating that had a greater plasticity
compared to the Ti-base coating showed a significantly lower wear rate. The plasticity of the
Cu-based MG coating led to plastic deformation instead of fractures (which dominated in the
Ti-based MG) in the contacted area of the ball, which led to slower wear of the coating.

Summary Co47.6B21.9F€20.4Si5.1Nbs APS

e SEM, XRD and DSC confirm the fully amorphous state, no segregation
of chemical elements and the presence of glassy state

e Tgequal 577°C and Tx equal 620°C

e Hit=14.2 GPa, Er=213.7, GPa

e Specific wear rate around 2.0 - 10> mm3/Nm

The manufacture of Co-based MG coatings by the APS process was carried out
successfully. The obtained coating showed a fully amorphous state with the presence of glassy
structure. The issue that occurred in the coatings concerns the delamination that was
observed in the volume of the samples. Changing the spraying distance positively affects the
reduction in the porosity of the coating. However, it did not influence the hardness or the
specific wear rate of them. A further improvement of the coating could include tests with
smaller feedstock and enhancement of the plasticity of Co-based alloys. The fully amorphous
state with the glassy structure of the coatings can lead to certain conclusions:

a) High glass forming ability of the tested alloy
- obtained by atmospheric plasma spraying samples were fully amorphous and ATy
equaled 43°C, which indicates that Cos7.6B21.9F€20.4Sis.1Nbs have a good glass-forming
ability.

b) Homogenization of the feedstock
- the absence of a second phase in the powder was a positive indicator that the APS
coating could be fully amorphous.

c) The cooling rate of APS is high
- the cooling rate of APS ranges from 10°-107°C/s [144], such high Rc ensure a rapid
solidification of molten feedstock because typically the 10? to 10* C/s is needed for
developing the MG. Additionally, the heat supplied by the deposited particles and the
plasma jet (high enough spraying distance) did not lead to crystallization of coating.
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2. Comparison of CoBFeSiNb samples

In this subchapter the summary of all forms of Coa7.6B21.9Fe20.4Si5.1Nbs are collected and
used for discussion about the hypothesis tested in this work. Fig. 91 shows the stage of
comparison that the hypothesis concerns.

Printed
C0,45B56.5F€30
Tag 5SisCu,

Printed
C0,476B219F€20.4
Si5 4Nbg

Cast
C047.6B21.9F€20.4
Sis 1Nbg

Cast
C045B26.5F€20
Tag sSisCu,

iy

Sprayed
C047.6B219F€20.4
Si5 4Nbg

Sprayed
C0,45B56.5F€20
Tag 5SisCu,

CoBFeSil\y \ Co BFeTaSi(y

Fig. 91. Visualization of the conducted comparison of Co47.6B21.9F€20.4Sis.1Nbs

The first Ph.D. hypothesis constitutes the possibility that amorphous or amorphous
nanocrystal structures can be developed by thermal spraying or by printing technologies from
an alloy based on cobalt. No plasma spraying or SLM technologies were used for that purpose,
which makes this an interesting topic for this research. The extensive studies and experiments
confirmed the hypothesis presented, leading to the statement that Co-based alloys can be
successfully developed into coating or bulk samples by method technologies and preserve not
only the amorphous structure with nanocrystals but also the fully amorphous structure. That
achievement was obtained for a Co47.6B21.9F€20.4Sis.1Nbs (% at) alloyed from a pure chemical
element and transformed into powder form by the gas atomization process. The powder form
also showed a fully amorphous structure, and the publication of the properties of such a
powder was also one of the first on a certain topic, which also makes it innovative research.

The second Ph.D. hypothesis states that it is possible to obtain the mechanical
properties of newly developed form of the Co-based alloy in an amorphous/ amorphous with
nanocrystal with values like those obtained by the traditional method of developing
amorphous alloys, which is casting. The research showed that for the
Co47.6B21.9Fe20.4Si5.1Nbs the decrease of hardness was registered comparing the new
technologies to the casting. The decrease in hardness contributed to relaxation of the
amorphous structure under heat transfer from SLM or APS processes without phase
transformation. However, the difference in hardness is at the level of up to 9% for Hir. These
values are confirmation of the hypothesis that the Co-based alloy with fully amorphous
structure developed with APS and SLM can have mechanical properties such as hardnesses on
a level like those developed with casting.

For Coa7.6B21.9Fe20.4Sis.1Nbs both scientific hypotheses were confirmed leading to
valuable results for the mechanical engineering discipline and a valuable source of information
for further studies concerning Co-based MG, especially for AM use. The collection of the most
important and useful information is collected in Tab. 40.
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Tab. 40. Summary of Co47.6B21.9Fe20.4Sis1Nbs development technologies analysis

H E -
form technology Te[°C] | Tx[°C] | ATx[°C] Structure [ GI;Ta] change [ GIIDTa] change utility
ressure die amorphous solid structure
plate P . 577 618 41 P 15.6 ref 222.8 ref no porosities
casting glassy R
size limitation
cracked structure
bulk selectivc.e laser 595 645 50 amorphous 14.5 71% 2006 10.0% some frac'.cu.re and
melting glassy porosities
no size limitation
heri h limitati
coating = 2tmoOsPheric 1 ohe 1 650 42 amarphous 142 | -9.0% 2137 | -4.1% delimitations
plasma spraying glassy porosities
L h for AM
powder = gas-atomization = 598 656 58 amorphous 148 | -51% « y proper for fmd
glassy thermal spraying

117



3. CoBFeTaSiCu discussion

3.1. CoBFeTaSiCu atomized powder

The obtained powders of Cos2Ba6sFexTassSisCur have a typical Gaussian-like
distribution for gas-atomized technology. No anomalies were observed [346]. For both
fractions the positive (right) skewness was observed what suggest the D50 (median) is higher
than the mean value of the powder sizes. Limiting the powder distribution sizes from D10 to
D90 (deciles) the actual fraction sizes are 17.2 - 50.3 um for fraction used for SLM, and 37.9 -
107.4 um for APS. The obtained powders have a typical amount of non spherical shaped
particles like for gas-atomized method [343—345]. On the surface of the powder for both
fractions 50-80 um and 20-50 um the signs of second phase were observed. The SEM analysis
of powders 20-50 um and 50-80 pum showed low porosity what is desired for SLM and APS
[370—-372]. The fluctuation of chemical elements level across the particle done by the EDS
analyses indicates that the local segregation in the powder took place. This observation is
confirmed by cross-section images, where the presence of the second phase is visible in the
form of white precipitation on the grey matrix. The phase is rich in tantalum and boron. The
XRD analysis confirmed the SEM observation. The crystallization in the powder particles
occurred. However, the crystals are suspended in the amorphous structure what is
represented by the amorphous halo (SRO of atoms arrangements). The patterns of XRD show
that the observed precipitations are (Co, Fe);B and TaB,. Alloys with similar chemical
compositions also showed the presence of (Co, Fe),B [276,373] and TaB; [374]. Absence of
inflection points on the DTA curve indicate absence of the glassy phase in the
Co42B26.5Fe20Tas sSisCur powder, however the SEM observation results and the presence of
amorphous halo on the XRD plot suggest presence of partially amorphous structure (SRO and
MRO). Studies of the alloy with the same chemical composition in work [276], in form of cast
rods, showed the presence of the T at 623°C. In this research the heating rate for the
calorimetry test was set at 20°C/min what is twice smaller than in this thesis. The Tx measured
in the [276] was 671°C what gives 48°C difference of Ty to this study. Such a high difference of
the Tx onset can be the result of the inherited higher segregation of chemical elements in the
tested powder than in rods from [276]. Collected values of characteristic temperatures for the
powder and similar alloys are shown in Tab. 41.

The pre-segregated chemical elements in tested powder are corelated to lower free
volume in the material and the higher amount of formed clusters and the presence of already
nucleated crystal, which makes them prone to the further phase transition from amorphous
to LRO structures [247,250]. Obtaining full amorphous structure from non fully amorphous
powder requires strict conditions of manufacturing them. Research [375] confirms the
possibility of obtaining fully amorphous structure by SLM printing using not fully amorphous
powder. The value of measured nanohardness will be disused in the next chapter.
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Tab. 41. Thermal analysis of Co42B26.5sFe20Tas.sSisCuz

Form Alloy T [°C] T«x[°C] AT[°C] D.[mm] Reference
powder  Co4;Bz65Fe20Tas sSisCus - 595 - X this work
rod Co43B2s5Fes0Tas sSisCus 623 671 48 6 [276]

328
rod CO43 831‘5Feona5,5 637 709 72 2 {175}
rod Cos9B33NizTag 347 685 38 2.5 [311]

‘

‘X’ not measured, ‘- no data

Summary Coa2B26.5Fe20Tas sSisCus powder

SEM SE, BSE, EDS, XRD and DTA results indicate the presence of crystal
precipitation phase in the amorphous matrix and absence of glassy
state. The precipitations are (Co, Fe).B and TaB,.

x = 595°C, Tg not detected.
Hit = 16.8 GPa.
From XRD the halo peak, maximum at 44-45° 20 (Cu Ka irradiation).
8% of elongated particles.

Obtained powders in sizes of 17.2 - 50.3 um and 37.9 - 107.4 um have an amorphous
structure with nano precipitation of (Co, Fe),B and TaB, what was confirmed by the XRD, SEM
and DTA results. Mention fractions were used respectively, for developing bulk samples and
coatings. The factors contributing to the mixed structure of the powder are:

a) Homogenization of the alloy before atomization process
- the presence of TazB in the powder can be the result of not fully homogenization of
the alloy before atomization. This phase has a very high melting temperature above
2000°C which was not excided in the atomization process [376]. Additionally, the
presence of crystals in the melt can increase the heterogeneous crystallization of other
phases such a detected (Co, Fe)2B.

b) The cooling rate of atomization
- the typical cooling rate of atomization is from 10° to 4.2 -103°C/s [348], which ensure
enough R. to form amorphous structure from alloy with good GFA [349].

3.2. CoBFeTaSiCu cast plate

The cracking of Co42B26.5Fe20Tas 5SisCus cast plate indicates the presence of high thermal
stress in the process of instant cooling. The non-shiny (mat) surface and the cracked structure
suggest that the crystallization in the sample took place. However, on the very surface of the
cast some shiny parts were observed, which indicates the presence of amorphous phase in
the place where the colling speed was the highest, namely, the contact place of solidifying
alloy with the copper die. According to [377] the cracking in crystalized sample occurs due to
their lower fracture strength than the typical fully amorphous MG. In the tested Zr-based and
Pd-based alloy the percentage of crystal phase in the amorphous matrix that significantly
reduced the fracture strength was at level of 7% or more. Additionally, work [378] point out
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that beside the lower fracture toughness of the crystal phase which can easily fracture under
high thermal stress during high cooling rates, the reduction of the free volume in the
amorphous matrix can occur what can lead to its embrittlement [379].

The SEM observation of cross-section of the fragments of the cast plate did not show
the cracked structure, only the white precipitations were present similar to ones in the
powder. The EDS analyses showed the increased presents of Ta and B, while the number of all
other elements decreases. The Ta-B rich crystalline phases smaller than micrometer are
homogenously present in the whole volume of sample but the larger ones in sizes from several
micrometers to even 20 um could be also observed. It is proposed that those large
precipitations are the results of not fully homogeneous liquid alloy before the casting process
in which the tantalum borides preserved solid form while the small precipitation are the effect
of not high enough R. of the process. Beside the Ta-B phase, the whole structure shows the
presence of dendrites observed as a darker area. The XRD analyses confirmed the SEM
observation, no amorphous halo indicates the absence or very low volume of amorphous
phase. The observed sharp peaks indicate the presence of only LRO atoms forming the
(Co, Fe)2B and TaB; phases. Those phases were also detected in powder, however the in the
plate these peaks are much more intense, and the number of peaks is higher in the same
measured range of 2 theta angle. Alloys with similar chemical compositions showed the
presence of (Co, Fe);B [276,373] and TaB; [374]. No presence of peaks on DSC plot confirmed
the absence of the amorphous phase, also no presence of Tyx1 that was registered up to 750°C
for powder suggest that the alloy in form of plate is fully crystalized.

Values of nanoindentation test need to be discussed by comparison with results
obtained with similar parameters. The hardness of the plate seems to be like the hardness of
the powder while the elastic modulus is very high. That high value is probably owe to the
tantalum borides present in the whole volume of plate which show were high values of elastic
modulus [380,381].

Summary Cos2B26.5Fe20Tas sSisCu; plate

e SEM SE, BSE, EDS, XRD and DSC results indicate the absence of neither
glassy nor amorphous state of the plate.

e The detected phases are (Co, Fe);B and TaB..

e Tg, Tx not detected.

e Hi=15.7GPa, Er=322.5GPa

Casting of the plate from Co42B265Fe20TassSisCui alloy resulted in fully crystalline
structure what eliminated it to be the reference sample to which the samples developed via
SLM and APS will be compared to. The detected phases were (Co, Fe),B and TaB. Factors that
combined could result in the crystal state of plates are:

a) Not high enough glass forming ability of the tested alloy
- literature review showed that the D. and ATy of alloy are high, in conclusions the
Co42B26.5Fez0TassSisCur should have a good glass-forming ability. However, the
presence of not melted and homogenized Ta;B in master alloy can lead to doubt if the
chemical composition of tested alloy is not reduced in Ta and B. This reduction of those
elements in cast alloy could lead to different GFA than state in the literature.
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b) Not fully homogenized alloy before pouring into dies
- this could result in heterogeneous crystallization which happens easier than in fully
homogeneous structure. The heterogenous crystallization usually happens faster than
from nucleus in homogenous volume because the presence of impurities (unmelted
Ta-B particles in this work) reduced the energy needed to form critical nucleus [382].
Research showed that presence of the unmelted particle can lead to crystallization of
the alloy even when the R is very high [242-245].

c) The cooling rate of pressure die casting is too small to develop amorphous structure

- the typical cooling rate of pressure die casting is from 102 to 103°C/s[350,351], which
is high enough to form amorphous structure from an alloy with a good GFA [349]. Also,
in this work the confirmation of the good Rc is successfully using the same technology
the same devices and copper die to develop the fully amorphous CoBFeSiNb plates,
leading to the conclusion that the issue of developing fully amorphous structure of
Co42B2s5Fex0Tas sSisCur concerns the mentioned above reasons like to low GFA of
developed alloy in this work.

3.3. CoBFeTaSiCu cast ribbon

The shiny surface of the Co42B36.5Fe20Tas 5SisCus ribbon suggests the amorphous state of
the sample. Absence of cracks suggests that the residual stress occurred during the
solidification does not exceed the mechanical strength of the material. The SEM images of
fracture of Co42B2s5Fez0TassSisCur ribbon show typical mixed type surface that contains
smooth area called a mirror area and the typical hackle zone that can also be called river
pattern or fish scale pattern. This mixed type of fracture indicates the absence of second phase
and the glassy structure of the ribbon [329,383]. The smooth area corresponds to a brittle
fracture while the fish pattern presents the single shear bands corresponding to a very low
plasticity present in very hard MG.

The XRD analysis confirmed the SEM observation. The amorphous halo on the XRD plot
indicates the presence of amorphous structure and no other peaks show the absence of the
second phase. The DSC analyses showed typical inflection for transition from glassy state to
non glassy state in the heating process. The value of T is close to the value that was register
in literature for this alloy which is 623°C [276]. The ATy value from this thesis is 50°C and
matches to value form the [276] where the ATy is 48°C. Those values suggested that there is
possibility to obtain amorphous structure from alloy Cos2BassFexoTassSisCur by other
manufacturing technologies. Furthermore, the absence of the Ta,B phase indicates the proper
homogenization of the alloy before pouring it into the wheel where the material solidifies in
the melt-spinning technology used.

The hardness of the ribbon is much lower than the hardness of the fully crystallized plate
and partial crystallized powder which has the highest hardness. Highest hardness for the
samples with nano-crystallization like in powder form of alloy in literature is attributed to
hardening by a solid solution or interaction between phases boundaries (amorphous and
crystal)[328,384,385]. Hardness of the plate, which is fully crystallized, correspond to the
hardness changes during annealing of the Fe-based MG [386]. After the first increase of the
hardness by the annealing of the sample, the value starts to decrease to finally drops belove
the initial value. In work [386] the decrease of hardness in later stage of annealing is connected
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to the increased of the grain size. The changes described in Co42B26.5Fez0TassSisCus alloy are
shown in Tab. 42.

Tab. 42. Hardness comparison of CoBFeTaSiCu

Hir (GPa) change Eir (GPa) change structure
Powder 16.8 +11.3% X X amorphous + crystal
Plate 15.7 +4.6% 3225 +69.7% fully amorphous
Ribbon 15.1 0 190 0 amorphous and glassy

Summary of Co42B26.5Fe20Tas sSisCu; ribbon

e SEM SE, BSE, EDS, XRD and DSC results indicate the absence of second
phase and the glassy state of the ribbon

e Tg=615°C, T« 665°C

e Hi=15.1 GPa, Eir=190.1 GPa

The results of ribbon tested confirm its amorphous and glassy state. For those reasons
the reference sample to which the SLM and APS results will be compared to validate the
hypothesis of the PhD in later chapter. Discussing the same issues that were debated for the
Co42Ba6.5FezoTas sSisCus plate, the ribbon form prepared by the melt spinning had a fully
amorphous structure what indicates that:

a) High enough glass forming ability of the tested alloy
- the Co42BassFeznTassSisCui has a high enough glass forming ability to form
homogeneous, glassy structure by the melt spinning technologies

b) Good homogenization of the alloy before pouring into the wheel
- alloy was homogenized properly and formed a structure that does not show the
presence of Ta;B phase, which was observed for all the previous tested form of alloy
(powder and plate)

c) Cooling rate for the melt spinning is high enough to form the glassy structure
- Rc for melt spinning according to [387] ranges from 4 - 10* to 10°°C/s which was high
enough to form fully amorphous and glassy structure from Coa2B265Fe20Tas sSisCus
alloy.

3.4. CoBFeTaSiCu selective laser melting printed BMG
3.4.1. The first stage of printing

Macroscopic observation of the Cos2B2s5Fe20TassSisCus sample from the first stage of
the printing showed that high laser power (95 W) causes degradation of the samples. In
addition, the small scanning speed has similar results. The samples of series 75 W and 55 W
did not show macroscopic defects; however, the macroscopic observation revealed that
samples with ED smaller than 41 J/mm? did not have enough joining of the feedstock. Too low
ED does not supply enough heat to melt enough area on the laser track. If the offset of the
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next laser track is larger than the width of the melt pool, the joining problem occurs. In
addition to the lack of joining, in voids partial melted feedstock can be observed. Samples with
energy greater than 50 J/mm?3 were also destroyed in the printing process due to excess
energy. Higher ED means a higher supply of thermal energy to the sample that implies a higher
volume of melt pool. When the materials start to cool, the shrinkage increases and the
residual stress increases [358].

3.4.2. The second stage of printing

The Co42B26.5Fe20Tas 5SisCui samples from the second stage of printing, restricted by the
ED from the results from the first stage, show the cracking problem and porosity. Those
phenomena were present in all samples, but to different extents. The same three types of
voids were detected for the first alloy (Coa7.6B21.9Fe20.4Si5.1Nbs) and are described in the Tab.
39. Types of observed voids are lack-of-fusion porosity, metallurgic porosity and fractures.
Lack-of-fusion porosity was present in all samples, but the highest number was present in
samples with low ED, like sample P80_v1000. Metallurgic pores were detected in all samples,
but in very small amounts and rarely were crossed by cracks, which led to the conclusion that
the argon atmosphere was of good quality (no impurities, e.g., H.0) and the powder was
sufficiently dried before printing. Fractures connected with higher heat input were mostly
detected in samples with highest ED- P95_v1000, P85_v900, and P75_v800. Density of sample
analyzes show a tendency for higher values with a higher ED used to develop the sample.
Higher ED lets the number of lack-of-fusion porosity decreases, which positively influences the
value of the density. Some samples, however, do not follow the described tendency. This
disorder is caused by a cracking problem of samples that can influence the density of samples
measurements using the Archimedes method.

The analysis of selected samples representing the tested range of ED (low, medium, and
high ED) confirms the previous expectations. The sample with the highest ED showed more
fractures due to the higher thermal stress due to the higher amount of heat delivered.
Meanwhile, the sample with low ED shows a larger problem with lack-of-fusion porosity. By
comparison, the best sample, i.e., with lowest porosity and the best inner structure, seems to
be the sample with the second highest ED from restricted range by the first stage of printing,
which is P75_v800 (ED = 48,7 J/mm3).

The XRD analysis showed the phase CosSi;B which was not detected in other form of the
alloy in this thesis, but was present in the MG with similar chemical composition [388,389].
The second crystal phase detected in BMG was TazB, observed also in powder and the plate
form of the CoBFeTaSiCu alloy. The similar amount of crystal phase in the samples from 41
to 49 J/mm?3 indicates that in this range of the ED does not influence the degree of
crystallization. It also shows that SLM process still maintains the Ta,B phase present in the
feedstock while the CosSi2B phase was developed.

The hardness of the BMG is 19% higher than for ribbon, the elastic modulus is also 19%
higher. Hardening of the amorphous material by the nano-crystallization is a mechanism of
hardening by a solid solution or by the interaction between phases boundaries (amorphous
and crystal) [328,384,385]. Crystallization led to an increase in the overall hardness of the
BMGC. Additionally, the very high hardness of crystalized Ta;B may also increase the average
measured hardness of the prints [374,381].
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Analyses of the SEM image P75_v800 sample showed the nanosized Ta,B precipitation
in whole volume of the sample, suggesting the problem of the crystallization similar that was
observed in the powder form of CoBFeTaSiCu. However, crystallization occurred in half of the
volume of the material, and the precipitations are mostly nanoscale. Some of the larger Ta;B
were large enough to be tested with nanoindentation. The hardness of them was higher than
the hardness of the powder or ribbon, which could increase the average hardness of the
material. The absence of inflection or exothermal peaks on the DSC plot confirmed that the
material was not in a glassy state, and at least the first crystallization observed for the
reference material (ribbon) had already occurred.

The diffraction patterns obtained by TEM confirmed the result from XRD of the presence
of both amorphous and crystal phases. The EDS mapping of elements suggests the segregation
of Cu, Ta and Si. Those elements were observed in other studies as a combination of phases
such as: CusSi+Si+TaSiy, Cu+TaSi»+TasSis or Cu+TasSi+Ta [390]. The tendency of tantalum
segregation [391,392] and silicon segregation in the iron-based crystal structures were
confirmed by previous research [63]. The observed copper segregation could be the result of
the substitutions of atoms in TaB; in the form of a solid solution or the copper on the EDS
mapping can be overrepresented by the secondary fluorescence of the copper grid to which
the tested samples were attached.

The observed parallel cracks in the cross-sections of BMG were distanced between for
about 215 um what makes it three times of the hatching distance (77 um). This behavior can
be interpreted as the accumulation of thermal stress that increases with the next thermal
cycle as the next layer tracks are develop [358]. The accumulation of stress leads to exceeding
the yield strength of an alloy, leading to the development of a crack. According to [134] the
shortening of the laser track can reduce the development of cracks. To do so, the researchers
propose to use the chessboard scanning pattern [133], where the laser track can be shorter
than the proposed critical length, which for the FeCrMoCB alloy of [134] was equal to 650 um.
When the length of the laser track for this alloy was reduced from 650 to 400 um the measured
residual stress was reduced twice (from 572 to 285 MPa).

Summary Co42B26.5Fe20Tas sSisCui SLM

e SEM, XRD, STEM and DSC results indicate the presence of crystal phase
( Ta2B and CosSizB) on level of around 50%, which are perceptions in
the amorphous matrix (STEM)

e Absence of Tg and Ty

e H;7=18.0GPa, E;t=225.4 GPa

Manufacturing of Co42B26.5Fex0Tas5SisCur by SLM resulted in developing BMG
composites with nano and micro crystals of Ta;B and CosSi>B. The samples exhibited large
problems with cracking and the lack-of fusion porosity. It was shown by the literature that
crystal phase in the amorphous matrix above some percentage increase the cracking problem
which is indicated by the thermal stress that occurs during the development of the samples.
Lack-of-fusion porosity was connected to the too high hatch spacing combined with not
enough wide molten pool and the feedstock problem which showed the magnetization
properties what reduced the continuity of the powder layer before the melting. Most
important conclusion about developing a BMG sample by SLM from C042B26.5Fe20Tas.5SisCus is

124



that the ED should be between 41 and 50 J/mm3. Additionally, the samples showing the best
structure were developed with laser power 75 W, scanning speed 800 mm/s, layer thickness
at 25 um, hatch distance was set at 77 um from a powder 17.2 - 50.3 pum.

The crystallization of the SLM samples was at level around 50% what makes the material
the BMGC (bulk metallic glass composite), where the reinforcement is the crystals suspended
in the amorphous matrix. Such high crystallization led to mention problems with cracking,
increased hardness of the material and embrittlement. Three factors that were discussed
previously for plate form which in crystallization also occurred conclude:

a) Not high enough glass forming ability of the tested alloy
- Literature review showed that the D and ATx of Co42B26.5F€20Tas 5SisCus are high, in
conclusions the alloy should have a good glass-forming ability. However, the DSC
analysis of the prints showed the absence of Tg indicating that alloy could have lowered
glass forming ability.

b) Not fully homogenized alloy before melting by the laser
- the powder showed the segregation of chemical elements in form of precipitations
however the literature study showed that even the non-fully-amorphous feedstock
after melting by laser beam in the SLM process can form an amorphous structure [375].

c) The cooling rate of SLM might be too small to develop amorphous structure

- the cooling rate of the SLM process ranges from 10% to 107 °C/s [37,117-119].
However, for alloys with not high enough glass-forming ability the segregation could
be observed for SLM technologies. The phenomena occurring in SLM process that
leading to segregation might be the thermocapillary flow [393] or Marangoni effect
[131-133] that took place in the molten pool or the HAZ [394,395]. The surface tension
gradients along with temperature gradients of the melt pool leads to the radial flow of
the melt (from the center to the edges of the pool) or create a loop flow inside the
melt pool, respectively thermocapillary flow and Marangoni effect. Both effects can
lead to segregation of chemical element in the molten pool [134]. Those two
phenomena are not able to lead to crystallization in SLM due to mention very high
cooling rates of the process but later influence of the heat of the next scanning (HAZ)
may lead to crystallization what was shown in [394,395].

3.5. CoBFeTaSiCu atmospheric plasma sprayed coating

The macroscopic view of the Cos2Bae.sFexoTassSisCui coatings developed via APS is
typical for thermal spraying and had a developed, rough surface [361,362]. Such a surface
gives no suggestion if the material is in a glassy or crystallized state as it was possible for the
other manufactured forms of Co2B26.5Fe20Tas sSisCus. The surfaces of the CoBFeTaSiCu plasma
sprayed samples are visually similar. The Ra:R; values oscillate around 1:6, and similar values
can be obtained after machining, making them moderate [363]. The characteristics flat with
high surface splats observed on the surface representing good plasma spraying parameters,
while observed only partially deformed spherical-shaped powder particles suggest to low
energy supplied for those particles. Different behaviors of feedstock deposition may have an
origin in a wide range of particle sizes. The feedstock used has diameters from 37.9
to 107.4 um, while the D50 was 63.50 um. Particles with smaller diameter tend to accelerate
more in the plasma jet and establish the maximum velocity earlier than the large particles.
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Furthermore, the temperature of the smaller particles drops much faster with increasing
distance from the plasma nozzle [364]. If the particles do not have enough kinetic or thermal
energy, they will not be deposited or will be deposited with only partial deformation observed
as a particle deformed. Particles that had enough energy melt in the plasma jest and in the
deposition process form the splat [137]. The roughness of the coatings sprayed with 90, 100
and 110 mm had similar values, which suggests that a change in the praying distance in the
mentioned range does not influence the deposition of CoBFeTaSiCu by the APS process. On
the surface of the coating, the presence of micro precipitation can be observed, suggesting
that the process of crystallization occurred. However, precipitations observed in the partial
deformed particles have an origin in the partial crystallized powder, which showed the
presence of a second phase. Because of not fully melting of those particles, the crystallization
from the as-atomized state was preserved in the particles deformed particles.

Coatings developed with lower values of the spraying distance showed lower porosity
and. With a change in the spraying distance from 110 to 90 mm, porosity was reduced by 24%.
Research [365] establishes that particles deposited with higher energy form a coating with
lower porosity. In the above work, the higher energy was obtained by the higher power of
plasma, whereas in this work, the higher energy of particles is connected to the kinetic energy
of particles. The higher kinetic energy of the particles could also be obtained by reducing the
spraying distance, which was done in this work. In work [364] the most sensitive to loss of
kinetic energy are the smaller particles, which at the same time can be easier to melt properly
in the plasma jet and form a coating with lower voids [153,366]. Bright precipitations observed
by SEM on the surface of the splats and undeformed particles are also visible in the whole
volume of the coating, as was shown by the cross-section observation. Precipitations are
regular for most of the splats and undeformed particles; however, on some of the splats (long
and flat), precipitations do not occur or show only the few visible precipitations. Splats are
particles that fully melt in the spray process. This melting enables a process of rapid
solidification to take place and suppresses crystallization, which leads to the presence of an
amorphous phase with only minor crystallization. Meanwhile, partial melting of particles
resulted in supplying extra thermal heat to already present nanocrystals in the feedstock
leading to growth of the second phase. The XRD analyses confirmed the SEM observation, no
amorphous halo indicates the absence or low volume of amorphous phase (thin splats). The
observed peaks indicate the presence of only LRO structures forming the (Co, Fe),B and TaB;
phases. Those phases were also detected in powder. Alloys with similar chemical compositions
that showed the presence of (Co, Fe).B are [276,373] and TaB; [374]. The DSC analyses did not
show inflection typical for transition from glassy state to non glassy state in the heating
process. However, the exothermic peak presents the crystallization at 590°C, which confirms
the presence of some amorphous phase in the plasma sprayed coating from an
Co42B265Fex0Tas sSisCus.

The Hir of the coating was lower than the hardness of the ribbon by 7% and Eir was 4%
higher. According to research done on the Fe-based alloy [328,384—-386] first crystallization in
the amorphous structure should result in the increasing the hardness while in this work the
hardness decreased. As was observed, the structure of the coatings is highly heterogeneous.
The presence of strongly crystalized areas and some with only several precipitations mixed
with amorphous matrix and the presence of porosity result in the lowering the initial hardness
of the material comparing both to the powder form and the ribbon form of the
Co42B265Fe20Tas sSisCus.
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The wear resistance of the coating has a moderate value. Changes in spray distance did
not show an influence on wear rate in the tested range. The similar rate for Fe-based MG
(FeaszCrisMo16C10BsP10) was established in [153]. In most of the other research the wear rate
is much higher what was shown in the [203]. The highest wear rate was reported for Mg-based
MG (around 40 -10°> mm?3/Nm), Zr-based MG reported 10 times larger wear rate. The MG that
showed the best wear resistance, so the lowest wear rate was reported for Pd-based MG
(PdaoCusoNi1oP20).

Summary Coa2B26.5Fez0Tas sSisCu; coatings

e SEM, XRD and DSC show high crystallization with some amorphous
phase

e Txequal 590°C

e Hir=14 GPa, E;r=198, GPa

e Specific war rate around 1.9- 10°> mm3/Nm

The obtained coatings showed strong crystallization of the deposited feedstock;
however, DSC and SEM showed the presents of some amount of amorphous phase. The
coating shows a high problem of poor joining of the splats and high content of only partial
deformed particles. The porosity problem was also notable, but reduction of the spraying
distance influences the reduction of porosity positively. Nevertheless, the specific wear rate
of coatings was very high. The observed issues and imperfections of coating in the plasma
spaying may be resolved by better homogenization of the feedstock and use of smaller size of
the feedstock. The crystallization that occurs might be the result of:

a) Not high enough glass forming ability of the tested alloy
- like discussed above the literature review showed that the D. and ATx of alloy are
high, which should result in a good glass-forming ability of Co42B265Fe20Tas5SisCus.
However, the crystallization occurred strongly in the APS samples.

b) Not fully homogenized feedstock before the plasma spraying
- the powder showed the segregation of chemical elements in form of precipitations.
However, in the atmospheric plasma spraying the feedstock should be melted
completely in the plasma jet so this should not be considered.

c) The cooling rate of APS is too low
- the cooling rate of APS can ranges up to 10° - 107°C/s [144], such high R¢ could ensure
a rapid solidification of molten feedstock and establish an amorphous structure even
for alloys with moderate glass forming ability. However, in this work the melting did
not occur for man feedstock showing that the even if the cooling was high enough then
still the not melting enough let to inherit the crystallization that was present in
feedstock and additionally led to grew of the crystallization phase.

4. Comparison of CoBFeTaSiCu samples

In this subchapter the summary of all forms of Co42B26.5Fe20Tas.5SisCus are collected and used
for discussion about the hypothesis tested in this work. Fig. 92 shows the stage of comparison
that the hypothesis concerns. Summarizing the discussion results of the Co-based alloy namely
the Co42B36.5Fe20Tas sSisCus the hypothesis will be validated.
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The first Ph.D. hypothesis constitutes the possibility that amorphous or amorphous
nanocrystal structures can be developed by thermal spraying or by printing technologies from
an alloy based on cobalt. For the alloy Co42B265Fez0Tas sSisCui, an amorphous structure with
both nanoscale and microscale crystallization was successfully achieved using SLM. The work
establishes the parameters that enable this and points to further steps to improve the quality
of the prints and reduce crystallization. These steps include better homogenization of the
feedstock, reducing the hatch distance, and changing the scanning pattern for the prints. The
second technology from the thermal spraying group showed mediocre results. The samples
showed many defects; however, one sample relevant to this hypothesis revealed that the
coating was mostly crystallized, which did not support the hypothesis for the experiments
conducted on Coa2B26sFeTassSisCui. Nevertheless, like the results from SLM, improving
feedstock quality is expected to significantly enhance outcomes. In this case, along with better
homogenization, reducing the particle size of the feedstock may also help decrease
crystallization and lower porosity.

The second Ph.D. hypothesis states that it is possible to obtain mechanical properties of
new BMG and coatings from the Co-based alloy that are like those obtained by traditional
methods of developing amorphous alloys, which is casting. For Co42B265Fe20TassSisCus,
challenges arose even during casting, leading to the use of a method that ensures a high
cooling rate, specifically melt spinning. The obtained ribbons had fully amorphous structures
and served as reference samples. The SLM technology led to obtaining a hardened structure
due to nano and micro crystallization processes in the whole volume of the amorphous phase.
The hardness of the obtained BMGs was not at a similar level as the cast ribbons- the hardness
of prints was much higher. Similarly, the elastic modulus of BMG was increased for related
reasons. APS technologies resulted in nearly complete crystallization, which reduced material
hardness. For atmospheric plasma spraying (APS) technologies, almost full crystallization led
to a decrease in the hardness of the material; however, the elastic modulus remained at a
similar level. Thus, obtaining a similar level of mechanical properties for
Co42B26.5Fez0Tas 5SisCu1 alloy was not successfully achieved, leading to a lack of confirmation
of the hypothesis for this material.

For Coa2BzssFezoTassSisCui, both scientific hypotheses were rejected. However, the
results obtained have greatly improved our understanding of printing and spraying methods
and provided valuable insights into partially crystalline MGs, including changes in structure
and mechanical properties. A summary of the most important information is presented in Tab.
43,
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Tab. 43. Summary of Co42B265Fe20Tas.sSisCu1 development technologies analysis

Hir

Eir

Form technology Te[°C] | Tx[°C] | ATx[°C] Structure [GPa] change [GPa] change utility
amorplzssus and solid structure
Ribbon melt-spinning 615 665 50 glassy 15.1 ref 190.1 ref no porosities
size limitation
half amorphous- cracked structure
selective laser half crystal very high hardness
bulk . X 660 X 18.0 +19.2% | 225.4 +18.6% fracture and
melting o
porosities
no size limitation
fully crystallized
atmospheric areas and delimitations
coating P . X 590 X amorphous + 14.0 -7% 198.2 +4% porosities
plasma spraying . -
micro-crystals strong crystallization
areas
amorphous + Proper for SLM
powder = gas-atomization X 595 X nano-crystals 16.8 | +11.3% X X need more
homogenization
pressure die . VerY brittle .
plate . X X X fully crystallized 15.7 +4.6% 3225 +69.7% verry high elastic
casting module
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5. Comparison of CoBFeSiNb to CoBFeTaSiCu

Comparison conduct in this subchapter are shown in Fig. 93. This subchapter compares
the two alloys that were disused in this work.
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Fig. 93. Visualization of the conducted comparison between Co47.6B21.9F€20.4Si5.1Nbs and C042B26.5Fe20Tas.sSisCu1

Sprayed
C047.6B21.9F820.4
Si5 4Nbg

Two alloys tested in this work with potentially high glass forming ability based on cobalt
presented two different behaviors using the same development technology such as casting,
selective laser melting or atmospheric plasma spraying. The first alloy of
C047.6B21.9Fe20.4Sis.1Nbs presented much higher glass forming ability leading to manufacturing
fully amorphous sample with each mentioned technology while the second alloy
Co42B2s5Fez0Tas sSisCur showed the issue with homogenization and therefore with
suppressing the crystallization in the amorphous matrix. However, both alloys showed typical
brittle behavior with only a few share bands represented in the fracture images and the very
high hardness, elastic module and wear resistance. The summary of hardness changes in for
the Co-based alloys developed with different technology is shown in the Tab. 44. I.CoNb and
[I.CoTa represent Coa7.6B21.9Fe20.4Sis.1Nbs and Co42B265Fe20Tas sSisCus, respectively.
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18
12 O O 6 o 180 o

15.6
T 12 14.5 14.2 151 14.0
O 10
8
6 O amorphous
4 amorphous + nano and micro-crystals
2 0 crystal + residual amorphous
0
I.CoNb I.CoNb I.CoNb [I.CoTa II.CoTa [I.CoTa
plate bulk coating ribbon bulk coating

Tab. 44. Indentation hardness and structure of samples developed by casting, SLM and APS from alloy
C047.6B21.9F€20.4Sis.1Nbs (1.CoNb) and Co42B26.5Fe20Tas.sSisCui (11.CoTa)
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VII. CONCLUSIONS

This work contributed to the knowledge about developing metallic glasses from cobalt-
based alloys with modern technologies like additive manufacturing- the SLM, and with
thermal spraying- APS. The thesis proves that it is possible to obtain fully amorphous structure
with good mechanical properties by the mentioned technologies from the
Co47.6B21.9Fe20.4Si5.1Nbs alloy. Further research on the topic of metallic glasses should concern:

- Development of research on 3D printing, including SLM studies with changes in
scanning strategy and scanning distance for cobalt-based alloys with high ability to
reduce the cracking problem.

- Development of research on thermal spraying, including plasma spraying using powder
fractions below 50 um for cobalt-based alloys with a high glass forming ability to
reduce the porosity of the obtained coatings.

- Analysis and development of methods for manufacturing cobalt-based alloys with high
glass forming ability containing refractory chemical elements (for example, tantalum).

- Analysis of the compressive strength of samples developed by the SLM method from
cobalt-based alloys with a high glass forming ability.

Besides confirmation of both hypotheses for Coa7.6B21.9Fe20.4Sis.1Nbs the dissertation
establishes scientific (S1, S2 etc.) and unitary (U1, U2 etc.) conclusion from research the Co-
based alloys with ability to form amorphous or glassy structure:

- (S1) It is possible to obtain the amorphous structure of a Co-based alloy, specifically
Co47.6B21.9Fe20.4Si5.1Nbs , by selective laser melting and atmospheric plasma spraying. The fully
amorphous structure of the Coas7.6B21.9Fe20.4Sis.1Nbs alloy developed using selective laser
melting technology was maintained when the energy density ranged from 39 to 68 J/mm?3. In
the case of atmospheric plasma spraying, all samples were amorphous within the tested range
of parameters.
- (S2) The optimal energy density for selective laser melting processing to achieve a fully
amorphous structure while minimizing porosity for Cos7.6B21.9Fe20.4Sis.1Nbs was 67.5 J/mm3.
- (S3) Reducing the energy density in the selective laser melting process of developing
C047.6B21.9F€20.4Sis.1Nbs and Co4,B2s5FezoTas sSisCui leads to an increase in the porosity of
samples. Increasing the ED leads to more fractures in prints.
- (S4) Manufacturing the Coa7.6B21.9Fe20.4Sis.1Nbs alloy through various rapid solidification
processes, such as selective laser melting, atmospheric plasma spraying, and casting, while
maintaining the amorphous structure of the obtained material, leads to variations in its
mechanical properties (namely hardness and elastic modulus). The values can differ by up to
10%, with the pressure-cast material serving as the reference.
- (S5) Crystallization at a level of 50% of the alloy Co42B26.5Fe20Tas 5SisCus printed by selective
laser melting resulted in a hardness increase of 19% (Hir = 18 GPa) compared to the fully
amorphous samples obtained by melt spinning casting.
- (S6) Not fully homogenized compounds of Coa2Bz6s5Fe20TassSisCus (especially the high-
temperature tantalum) lead to a decrease in the glass-forming ability of the alloy, which was
observed in the cast plates, printed samples by selective laser melting, and atmospheric
plasma spraying.
- (S7) To obtain samples from Co42BassFexTassSisCur with low glass-forming ability by
selective laser melting, the energy density should range from 41 to 50 J/mm?3. Such energy
ensures the obtained sample. Lower energy leads to a lack of joining between the powder
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particles, and higher energy density leads to severe fracturing of samples, leading to
destruction.

- (S8) Atmospheric plasma spraying of Co42B2s5Fez0TassSisCur and Coa7.6B21.9Fe20.4Sis.1Nbs
leads to the development of coatings with a very low abrasive wear rate (approximately
2.0-107° mm?3/Nm).

- (U1) To produce elements from Co-based alloys with a tendency to form amorphous
structures, the energy density should be optimized by setting an upper limit to suppress
crystallization, reduce fractures and a lower limit to reduce the number of porosities.

- (U2) To obtain samples with the lowest porosity while still maintaining the amorphous
structure, the alloy Coa7.6B21.9F€20.4Sis1Nbs should be developed with an energy density
of 67.5 J/mm?3. This can be achieved by setting the laser power at 65 W, scanning speed
at 500 mm/s, layer thickness at 25 um, and spacing between tracks at 77 um.

- (U3) To increase the processability of Co42B265Fe20Tas sSisCus to obtain a fully amorphous
structure, the tantalum must be fully melted and homogenized with other chemical
compounds in the alloy. In other cases, manufacturing samples by SLM from
Co42B26.5Fe20Tas 5SisCus with tantalum precipitation requires using a narrow range of energy
density. Samples developed within this range still show problems with large porosity and
around presents of crystal phase in the amorphous matrix.

- (U4) The high glass-forming ability of the alloy Coa7.6B21.9Fe20.4Si5.1Nbs allows it to process it
by different technologies such as selective laser melting, atmospheric plasma spraying, gas-
atomization or vacuum casting, while still maintaining a fully amorphous structure. While alloy
Co42B26.5Fez0Tas sSisCus due to high temperature tantalum shows the lowered glass forming
ability and processability into solid structures.

- (U5) Co-based alloys with the ability to form amorphous structures are suitable for
developing anti wear coatings, namely high wear resistance coatings, using atmospheric
plasma spraying.

- (U6) The Coa7.6B21.9Fe20.4Si5.1Nbs powders obtained by argon-atomization of the 20-50 um
fraction can be implemented in industrial applications such as 3D printing and thermal

spraying.

Finally, | would like to express my sincere gratitude to my supervisors Prof. Wirginia
Pilarczyk and PhD Aleksandra Matachowska, for their invaluable guidance and support
throughout my research. Their insights have been essential in shaping this thesis. | also extend
my appreciation to all my fellow researchers, colleagues and reviewers that helped in the
process of becoming a young scientist. The journey of working on the PhD for the last 5 years
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