N

N

h?2 K H bi #BHBiv- T? b2 i  Mb7Q K iBQMb |
T'QT2'iB2b Q7 62e9"k9u9L#e K2i HHB+
J ' B2@LQ HH2 p2ii M/@6 MQ H-Jv J "BMQp - _QH |

hQ +Bi2 i?Bb p2 ' bBQM,

J 'B2@LQ HH2 p2ii M/@6 MQ H- Jv J 'BMQp - _QH M/ h BHH /- q:
Biv- T? b2 i° Mb7Q K iBQMb M/ K2+? MB+ H T'QT2'iB2b Q7 62e9"k
MH Q7 HHQvb M/ *QKTQmM/b- kykR- CQm M H Q7 HHQvb M/ °
RyXRyRefDXD HH+QKXkykyXR8dye3 X ? H@yjjdj8Ry

> G A/, ? HQyjjdj8RYy
2iiTh,ff?2 HXmMBp@HBHH2X7 f? H@yjjdj8RYy
am#KBii2/ QM ke a2T kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

Bbi'B#mi2/ mM/2" * 2 iBpRi*EMOKBREM @ LQM*QKK2 +B H% 9Xy AMi2"
GB+2Mb?2


https://hal.univ-lille.fr/hal-03373510
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0925838820334320
Manuscript_140ee9898868cfc542ac46ae75ef6bbb

Thermal stability, phase transformations and mechanical properties
of a FesaB24Y 4Nbs metallic glass.

M.-N. Avettand-Féno&’, M. Marinova®, R. Taillard?, Wei Jang

a: Univ. Lille, CNRS, INRAE, Centrale Lille, UMR 8207 — UMET - Unité Matériaux Et
Transformations, F-59000 Lille, France

b: Univ. Lille, CNRS, INRA, Centrale Lille, Univ. Artois, FR 2638 — IMEC — Institut Michel-
Eugene Chevreul, F-59000 Lille, France

c: School of Materials Science and Engineering, Hefei University of Technology, Hefei
230009, China

* Corresponding author — E-mail: marie-noelle.avettand-fenoel@univ-lille.fr
Tel: 33(0)320436927

Abstract

FessB24YsNbs metallic glass ribbon and its bulk counterpart were characterized by
conventional and high rate differential scanning calorimetry, electron probe microanalysis, in-
situ X-ray diffractometry, high resolution transmission electron microscopy and instrumented
microhardness. The metallic glass possesses a high glass forming abilitiyetirially stable

up to 585596°C while primary crystallization of-Beand FeB occurs at 677°C. Estimated by

the Kissinger and Moynihan’s methods, the activation energy of glass transition was shown to
be lower than that of primary crystallization. After total crystallization, the bulk adoyains

a terminal Fe solid solution, BB, FeB, FeBgNb7 and BFesY2 phases while the ribbon
contains additional yttria as well. The loading and unloading curves as well as the indentation
features are very suitable in order to evidence the effect of the various crystallization events
on the mechanical behavior of the bulk alloy. The hardness of the amorphous and fully
crystallized bulk alloys amount to 1198k and 46165 HVo 5, respectively and their reduced
Young modulus are close to 1&&Pa. The deformation ability of the fully crystallized alloy

is twice that of the glassy alloy.

Keywords
Metallic glass; thermal stability; crystallization; microstructure; instrumented microhardness

1. Introduction

The class of the metallic glasses (MG) is very widespread and among them, the Fe
based metallic glasses are particularly attractive for various applications such as sensors,
inductor cores or radio-frequency identification systems because of their soft magnetic
properties with rather high saturation magnetization, their high electrical resistivity, their
elevated mechanical strength and their low cost [TH2¢ early Fe based metallic glasses (Fe-
P-C) ribbonshave been developed in 1967 and since then, mamry &#trbased MG with
distinct chemical compositions were designed as reported in different reviews [1-2]

The design of bulk multicomponent metallic glasses is rendered possible provided the
three following empirical rules proposed by Inoue are checked. The materials should contain
more than 3 elements, with a significant difference in atomic size, namely above 12% among
the main three elements. There should be negative heats of mixing among their dlements
4]. This leads to an increase of the degree of randomly dense packed structure on the

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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topological and chemical points of view, hence ttee formation of a liquid with
multicomponent short-rangateractions. This order entails i) an increasehef solid/liquid
interfacial energy leading to the suppression gétalline phase nucleation, ii) a reduction of
the atomic diffusivity and an augmentatioh viscosity originating atomic rearrangement
hindering and glass transition temperature rise iahdhe necessity of long-range atomic
rearrangement for crystallization to occur and tBuppression of crystalline phase growth
[3]. In addition, according to Lin, the production @fFeBM metallic glass (M for metal)
requires that (i) M is an element with an atomidiua at least 130% that of Fe, (i) M
generates eutectics with both Fe and B and (i@)NkFe eutectic is at the Fe-rich end of the
binary equilibrium phase diagray.

A FessB24YaNbe metallic glass has been developed for the prestmy on the
background of literature papers dealing with otRerB-Y-Nb metallic glasses which all
present a high glass forming ability and a largeescooled liquid regiof6-12]. The latter
material state can be relevant during metal formifgr thedesigned FeB24YsNbs, the
aforementioned requirements exposed by Inoue @mimbtmetallic glass are nshce

(1) Fe, B, Y and Nb atoms present Goldschmidt radil28 pm, 97 pm, 181 pm
and 147 pm, respectiveljd3], which satisfies the condition related to the
difference in atomic size;

(i) the heats of mixing are -50 to -35 kJ/mol, -261t6 kJ/mol, -39 kJ/mol and -16
kJ/mol for the Y-B, Fe-B, Nb-B and Fe-Nb systenespectively[2,8,12,14]
while that for Y-Nb is positive (30 kJ/md}1,15]and

(i)  Fe-B and Fe-Nb present a deep eutdig.

Y was added since it was expected to trap oxygemd¥ed presents an O scavenging role
since the -1904 kJ/mol Gibbs energy ofOf formation is very lowcompared to the -820.5
kJ/mol, -1273 kJ/mol and -101 kJ/mol values for@e B>0Oz and NbOs, respectively
[12,13].

The aims of the present study consist in analy#megthermal stability at conventional and
high heating rates of the presentedBesYsNbs metallic glass ribbon and of its bulk
counterpart and characterizing their phase tramsitions as well as some of their mechanical
properties.

2. Experimental procedure

The FesB24Y saNbs master alloy was produced, from high purity metadliements, by
arc melting under a high purity argon atmosphdter ¢he melting of titanium, set next to the
crucible containing the master alloy, for residoaygen removal. The alloy was re-melted
four times to ensure its chemical homogeneity. @bed alloys with the ReB24Y 4Nbe
composition were then elaborated as melt spun nblow as bulk rods. The 2 mm wide, 50
pm thick and 30 mm long ribbons were prepared Inglstroller melt spinning on a Cu
rotating wheel-at-a-coeling-speed-of-10530/sBesides,while the 2 mm diameter bulk rods
were obtained-at-a—coeling-speed-of 550°C/s byciige of the molten alloys in a water-
cooled copper mold.

Table 1 summarizes the measured chemical composfithe metallic glass. The C,
N and O contents were measured by LECO, while thHBand Y amounts were evaluated
by Inductively Coupled Plasma (ICP) — Atomic Enussi Spectrometry (AES) after
mineralization of the samples. The Fe content wely estimated by difference. According
to table 1, the metallic glass is Al bearing, Arywékely coming from impurities left on the
wall of arc melting furnace chamber.



Table 1: Chemical composition of the bulk metadjiass (at.%).

Element Fe B Nb Y C Bi Cr
at.% 64.3054+7 24.60059470 6.037668 4.346562 0.113268 0.00208 0.01021

+0.000090.00| +0:000500.05| +0.000050.00| +0.000060.00| +0.000420.04| +0.000020.00| +0:000090.00

9 0 5 6 2 2 9

Cu Mn Al Pb Si As N (@]
0.03346 0.0316749 0.42927 0.077691 0.01527 0.00451 <0:000360.03| <0:000310.03

+0.000080.00| +0.000090.00| +0.000180.01| +0.000020.00| +0.000080.00| +0.000070.00 6 1

8 9 8 2 8 7

The thermal stability of the quenched alloys wagestigated through conventional
and high-rate differential scanning calorimetry (@Sanalyses. The conventional DSC
analyses were performed in alumina pans under figargon usinga DSC404C Netzsc¢M
equipment at heating rates in-between 10 and 50irK/amd temperatures from room
temperature up to 1400°C. For high-rate DSC, a IsteTtoledo Flash DSC¥ calorimeter
with chip sensors was used. The experiments wdre\ax from room temperature up to
1000°C under flowing argon so as to investigateefifect of the 500, 1000 and 5000 K/s high
heating rates on the metallic alloys phase transitions. Owing to the absence of melting of
the F@sB24Y sNbe alloys below the 1000°C maximum temperature allbg the flash DSC
equipment, the sample was changed at each runder 0 analyze the effect of a single
thermal cycle on the phase transformations of diaemetallic glass.

In conventional differential scanning calorimetspme interrupted thermal treatments
were achieved at a heating rate of 10 K/min anodddireg rate of 50 K/min in order to identify
the phase transformations generating the endo othesmal peaks detected in the DSC
patterns.

The samples were grinded and polished up toltlpen grade. Their microstructure
was analyzed by means of a Cameca SX™@#ectron probe microanalyzer (EPMA)
equipped with an X-ray wavelength dispersive spactter (WDS). The boron content was
calculated by difference with the total amount loé e, Nb, O and Y remaining elements.
Nevertheless, as the B content measurement istiokiigsh and dependent on the B bearing
crystal structure416], the presented X-ray maps only enable to diffeaémtthe phases
according to their qualitative chemical composition

Besides, some thin foils of the ribbon in the metallass quenched state or at the
beginning of first crystallization were preparedfbgused ionic beam (FIB) with a FEI Strata
DB 235™ device. They were then analyzed by transmissieatt@in microscopy using FEI
Titan Themis 300™ microscope, equipped with a probe aberration ctoreand a
monochromator, allowing spatial resolution of 70 and energy resolution of 150 meV. The
microscope has also a super-X windowless 4 quad@Bii (silicon drift detector) detection
system for the STEM-EDX (Scanning Transmission ftec Microscopy - Energy
Dispersive Spectroscopy) mapping and several amar&l field detectors. The experiment
has been performed at 300 kV with a spot size oilab00 pm, semi-convergence angle of
21 mrad and probe current of approximately 100 pér. the high angle annular dark field
(HAADF) images, collection angles have been betwsemrad and 200 mrad.

In situ X-ray microdiffraction was performed on 401lum diameter area of thiébon
set on a silicon support in a RigdRiequipment. These analyses were executed at anpeati
rate of 10 K/min under He and with a Cu anticatfioell.54060 A). The diffractograms were
registeredevery 25°C over the 25 to 900°C temperature raXgey microdiffraction was
also performed on a 140 pm diameter area of th& kample after interrupted heat



treatments. The latter experiments were perforonadker air at room temperature and again
with a silicon support and a Cu anticathbe1.54060 A).

Instrumented Vickers hardness tests were finallyied out under 500 g with a MHT
CSM InstrumentS! device to estimate both the hardness, the Yourdutas and the rigidity
of the bulk alloy either in the quenched state fteraheat treatments. Four tests were
performed by sample.

3. Results
3.1. Raw samples

The observation of the ribbons reveals that one facshiny while the other one is
dull. This suggests that there was a thermal gnadiering the elaboration of the ribbon and
that there were different solidification rates asttbfaces of the ribbon. The difference of
shininess may also result from the process for lwthe ribbon face in close contact with the
wheel presents a dull aspect. According to the YKedidfraction analyses, both sides of the
ribbon are rather amorphous as evidenced by thadbnamp proving the absence of long-
range order. A small X-ray diffraction peak may lewer exist on the pattern of the shiny
face (figure 1). This peak very likely results frahe temperature gradient acrake ribbon
thickness which causes a difference of solidifmatrate between both ribbon faces. The
existence of a critical solidification rate is imdkeevidenced by this trend towards partial
crystallization which is more pronounced on thebaob face in direct contact with the
atmosphere which presents the smaller cooling [t (figure 1). Contrary to numerous
literature data, the present observation provesth@melt spun ribbon face with the more
intense metallic luster is not always the face \higa more amorphous structure.
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Figure 1: Room temperature X-ray diffraction patteof the shiny and dull faces of the
ribbon at the quenched state.

In addition, figure 2 displays a TEM image of thigbon at the quenched state. The selected
area electron diffraction pattern (SAEDP) presetw® diffuse and continuous rings
corresponding to the 0.205 and 0.124 nm mean agpasings. These rings unveal the
existence of organized domains within an amorplmoatix. Two of these ordered zones with
interatomic spacings corresponding to the aforeimead distances are for instance encircled
in figure 2.



Figure 2: TEM image of the quenchdalloy ribbod corrsponding SAEDP.

Besides, figure 3hows important microstructural features inside ohthe bulk rods
at the quenched state. Concentric segregation ztmwsated by submicrometric crystals are
detected in the back scattered electrons (BSE) midtese B and Nb bearing crystals contain
less Fe and Y than the matrix. This means thathisrparticular rod, the cooling rate was not
sufficient and lower than the critical cooling raequired to avoid primary crystallization
during the elaboration process.

Figure 3: Microstructure within a bulk sample a tlawstate (EPMA/BS). |
3.2. Thermal stability of the metallic glasses?

According to the DSC patterns depicted in figuréath metallic glasses, ribbon shaped
and bulk, present the same behavior during the/hirkheating stage. Upon heating, after
a Tg glass transition endothermic peak, they ptesesupercooled liquid region followed
by four exothermal crystallizations (iTx = 1 to 4) and at last by an important endotrerm
peak. The onset temperature of the latter transfoom corresponds to the melting
temperature, i.e. to the beginning of melting, whik offset temperature stands for the
liquidus temperature. For the ribbon, an additioeatothermal peak (Fx was also
detected between Ixand the melting event. The onset temperaturesh@fcommon
reactions are very close for both kinds of metailigss (table 2). The high ratio between
(Tx2-Tg) and (T liquidus-Tg) suggests their high thephastic formability (table 2); Many



studies reported in literature have indeed alrestisd light on the high formability of
supercooled metallic glasses of different nat{t8s21].
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Figure 4: DSC pattern of the metallic glass at atihg rate of 10 K/min. The sample mass
was 6.710 mg for the ribbon (a) and 74.719 mg ler bulk (b) sample, respectively. The
inserts in the figure are local enlargements ofciln@es evidencing the glass transition.

Table 2: Data from the DSC patterns recorded aadifig rate of 10 K/min (temperatures in
K). Tg stands fothe glass transition temperature measured at thet @h the transformation,
Tx; (i = 1 to 5) for the onset temperature of tleeystallization-peak-ensettemperature event.
Because of the convolution of peaks 1 and 2 anksp@and 4, the determination of the peaks
2 and 4 onset temperature is somewhat inaccurdie.melting temperature and liquidus
temperature are assumed to be the onset and epéranres of the prominent endothermic
peak.
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Difficult 015
Ribbon | 868.7858.0| 950.6 | 988.7| 1080.2 to 1184.1| 81.992.6| 1379.1| 1397.2 0.62 ' 250'17
estimate
Difficult
Bulk 865.7 960.8 984.2 1076{4 to - 95.1 1391.8| 1421.9| 0.61 0.171
estimate

As expected, and according to the DSC analyses,phase transformations are
delayed with an increase of the heating rate aspkieed in figure 5.
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Figure 5: Effect of heating rate on the metalliasgl ribbon phase transformations (the sample
mass was$.710, 2.964, 2.730 and 2.801 mg for the 10, 20add 50°C/min heating rate,
respectively).

In order to determine the apparent activation gnefgboth the glass transition and

primary crystallization, the Kissinger's analyf2®,23] was performed based on equation 1

b E

=+

In T2 =T C Q)

where is the heating rate, T is either the peak tempegaif the primary crystallization or of
the Fg glass transition-temperature, E is the appaactivation energy, R is the perfect gas
constant and C is a constant. The slope of theqgblbi(b/T?) vs. 1/T presented in figures 6a
and b is used to calculate the apparent activagimergy of the glass transition and of the
primary crystallization for the ribbon. They amount4-2874-18>3/mel305.7 kJ/mol and
4.0080-10°-I/mel 400.80 kJ/mol, respectively, by considerihg 10, 20, 40 and 50 K/min
lower heating rates (figure 6a). If the high hegtrates of 500, 1000 and 5000 K/s are also
considered, these activation energies increase-58434-10°—J3/mol438.3 kJ/mol and
7-32674-10°-Imelt 732.67 kd/mol, respectively (figure 6b).

Owing to its usual application te—phases—ehangasgltransition in amorphous
materials, the Moynihan’s methd@4-25] was also considered to evaluate the apparent
activation energy of-the—phasetransformationsglaassition. This approach relies on
equation 2:

d(Inb) / d(1/T) = -E/R (2)
According to this relation, the slope of the plbtrgb) vs. 1/(RT) presented in figures 6¢ and
d givesthe apparent activation energy of the glass triamsénd-of-theprimary-erystaliization
for the ribbon.—Fheylt amounts te—1-4343°> J/meol- 320.4 kJ/meland—4-17090°—I/mel,
respectively, by considering the 10, 20, 40 ant&s0in lower heating rates (figure 6c). If the
high heating rates of 500, 1000 and 5000 K/s as® aonsidered—thesethis apparent
activation energiesy increases to—3-750P—J/mel-454.2 kJ/meland—7-49880°J/mol,
respectively (figure 6d). It is worth noting thhetresults are very close to those obtained with
the Kissinger’'s equation.
According to these results, the nucleation of primerystals requires a larger activation
energy than glass transition, as it implies impdrizhanges of the atomic arrangement even
within the short range ordered domains depictefigure 2. Primary crystallization indeed
requires at least a perfecting of the crystaldattin addition, the existence of two values of
the activation energy according to the heating, rateves that both phase transformations are
hampered at high heating rates. This may suggasttaol of crystallization by nucleation.



Figure 6: Kissinger analysis for the ribbon by dadagng the 10 K/min, 20 K/min, 40 K/min
and 50 K/min (a) plus the 500, 1000 and 5000 Kjsh@ating rates. The lines are the linear
fits for In(b/T?) vs 1/RT, where T is either the glass transition peakperature or the peak

temperature-at-peak-maximum of the primary cryggtibn.



Moynihan’s method for the ribbon by considering fiieK/min, 20 K/min, 40 K/min and 50
K/min (c) plus the 500, 1000 and 5000 K/s (d) heptiates. The lines are the linear fits for
In(b) vs 1/T, where T is—either the glass transition terapge at the peak maximum-e+the

: : b o "

The fragility indexm defined as the rate of viscosity increase of attewrooled liquid

at the glass transition temperature in the coghirogesg2426]is given by equation 3:
m = E/(RxTxIn10) 3)

with E, the apparent activation energy.
This index enables to classify the glass formingili either as strong or fragile liquid when
mis below 16 or in-between 16 and 200, respectif@&dp5]. According to[2], strong liquids
are on the contrary qualified by m values undet@®@0, and fragile liquids by m values in-
between 60 and 15@425]. According to the first classificatioj25], tFhe present metallic
glass, whose m valueremains-below 16 is closéid2with a heating rate of 10 K/min, is
then a-streng fragile liquid irrespective of thethwel employed to determine the activation
energy of the glass transition (table 3).

Table 3: Apparent activation energy for both thasgltransition and primary crystallization of

the ribbon at a heating rate of 10 K/min. The fiiggindex has been estimated using the
Kissinger's and the Moynihan’s methods. Glass itemstemperature was measured here at
the peak maximum.

Heating rate| T (K) | Activation | Activation Fragility Fragility
(K/min) energy energy | index m by| index m by
deduced deduced | Kissinger’'s| Moynihan’s
from from method method
Kissinger's| Moynihan’s
method method
(kJ/mol) (kJ/mol)

Glass 10 868.7] 1284 34313 ++4 860
transition 438.3 454.2 26.3 27.3
Primary 10 964.1 400.80 41709 - -

crystallization

3.3. Phase transformations

3.3.1. Primary crystallization

According to the DSC analyses (figure 4 and tabletl® primary crystallization peak
occurs at 677.6°C with the ribbon. In order to tifgrthe nature of the primary crystal, the
metallic glass ribbon was heated at 10 K/min uth&o681°C very slightly higher temperature
and cooled at 50 K/min by using the conventionaCOsgjuipment. At the HRTEM scale, the
ribbon presents some few micrometer polyhedralngrgzone 1), with a heterogeneous
distribution and a low surface fraction, and small®0 nm sized spheroidal particles (zone 2)
dispersed inside a metallic glass matrix (zondigie 7).



Figure 7: Microstructure of the ribbon heated ups81°C with the 10 K/min heating rate
(HAADF image).

The electron diffraction analysis of zone 1 revddlgat it consists of large géb7Bs
particles(figure 8), very likely formed during the quenchistep of elaboration since the
production process of the master alloy was a psaiiable to lead to a homogenized alloy
(see §82. Experimental procedurdhe atomic structure of zone 1 (figure 8a) intlagrees
with the structural representation of the crystallilattice of FeNbzBs (figure 8b) (the
elements at higher atomic number are seen withhijeest intensity (figure 8a)) and the
electron diffraction pattern of zone 1 (figure 8s) consistent with Vesta simulation of
FesNb7Bsg structure (figure 8d). It is however worth notirigat light elements such as boron
present in a crystalline network of heavy atomsnocare seen in the HAADF micrograph.
Discovered by ZhenfiL6], the FeNb;Bs phasgresents a Kagome type of atoms arrangement
made of a planar hexagonal lattice of Fe atoms lwbantains a planar hexagonal Nb lattice
again containing a planar hexagonal boron lattith & Nb atom at its centre surrounded by
B atoms (figure 8b). RBlb7Bs possesses a hexagonal crystal lattice withsihece group
P6/mmm, and the a = 8.33460 A and ¢ = 3.29410 tkcéaparameters. It also contains some
crystal defects such as twins and dislocati@iigure 9a) and zones of atomic disorder
(encircled in figures 8a and 9b).

The rather spheroidal dendrites with a size up30 am (in zone 2) (figures 7 and
10a) and a close to 50 nm spacing are the first&iyto form during heating. The EDX (not
shown here) and EELS analyses (figure 11) unvall tiiey are enriched with Fe compared to
the amorphous matrix. The electron diffraction @attdisplayed in figure 10b is constituted
of the diffuserings of the metallic glass matrix and of some spadtaracteristic of the
crystallized particles. These spots put into evigetine existence of interreticular distances of
0.25, 0.183, 0.162, 0.161, 0.160 &nd41 nm. These distances can be ascribed to i Fe
compound, namely 0.253 nm [(200) Bragg peak], 0.482[(112) Bragg peak], 0.162 nm
[(202) Bragg peak], 0.161 nm [(310) Bragg peak] &amdhe FeB compound, namely 0.259
nm [(011) Bragg peak], 0.180 nm [(121) Bragg pe&@kl,63 nm [(200) Bragg peak], 0.1597
nm [(211) Bragg peak], 0.142 nm [(221) Bragg pda&p7].

According to the EELS analysis of the amorphousrim&tone 3) (not detailed here),
the Fe/Nb, Fe/Y and Nb/Y atomic ratios are equaB.@?, 9 and 2.94, respectively, which
suggests the keBxYsNbi1.s8 chemical composition, boron being not measurethénsample
because B-K and Nb-j} core-loss edges are very close in energy, 188 eV 205 eV,
respectively. The latter composition can be congpavith the FesB24Y sNbs composition of
the elemental ribbon, which suggests that a gnemtuat of Fe has been consumed to form
both the micrometric (zone 1) and nanocrystallinengé 2) particles. The Nb content has
however increased despite its consumption for dhne&tion of the particles in zone 1, which
confirms that its evaluation by EELS is tickliskedause of the proximity of its peak with that
of B, and thereby inaccurate.



Figure 8: FeNbsBs crystal structure of zone 1 in figure 7: atomiacking in the (0001)
planes: HAADF (a); schematics of the atomic posgian the present orientation (b);
experimental electron diffraction pattern (c) atsdsimulation (d) along the [0001] zone axis.

Figure 9: Defects in BBlb;Bs crystal (zone 1 in figure 7): dislocations andrisviHRTEM)
(a) and atomic disorder (HAADF) (b).



Figure 10: 150 nm sized particles (of zone 2 inifeg7) inside the matrix: (a) TEM image and
(b) associated selected area electron diffractaitem.

Figure 11: HAADF and EELS intensity maps of thelke-(708 eV), Nb-M 4 (205 eV) and
B-K (188 eV), O-K (530 eV) and Y4 (2080 eV) edges for the zones 1, 2 and 3.

3.3.2. Crystallization of the metallic glass

3.3.2.1. Microstructural aspect and chemical composition ofthe
phases.

The EPMA analyses of both the ribbons and the batkple after the DSC treatment
up to 1400°C (figures 12 and 13) put into evidetiw formation of different phases with
distinct morphologies and sizes. It is worth notthgt the B content measurement is quite
ticklish so the quantitative contents of B are maate in the X-ray maps in figures 12 and 13
in spite of the presence of the color bar. Therafasesaid in th&2. Experimental procedure
the X-ray maps just provide an idea of the phasestenent and of the concentration ratios
of the various elements except in B. Complemenk¥RpD analyses are in fact required to
identify the nature of the phases and their tentpegarangeof formation, as shown in the
following.

As depicted in the BSE micrographs in figures 1@ &8, the fully crystallized ribbon
contains (i) an Fe and B bearing matrix with a geelor [phase a], (i) some polyhedral
bright particles made of B, Fe and Nb with a FeAtiimic ratio close to 0.45 [phase b], (iii)
an yttria phase with a light grey contrast at thion borders, (iv) a eutectic constituent
composed of the grey matrix [phase a] and of a degly phase [phase c] containing also Fe
and B, but with a greater B amount than [phase a] andafwther eutectic constituent



comprising again [phase a] and a filamentary whphase [phase d] which contains B, and
equal atomic contents of Fe and Nb (figure 12).

After total crystallization, the bulk sample commiagain(i) [phase a], (ii) [phase b],
(i) [phase c], (iv) a eutectic constituent betwefphase a] and [phase c], (v) a eutectic
between [phase a] and [phase c] and (vi) a versl leatectic constituent of [phase a] and
[phase d]. It also contains large acicular parsi¢ghase e] made of B, Fe and Y with a Fe/Y
atomic ratio close to 3.7 (figure 13).

It can be noted that the formation of yttria in tilgbon instead of the Fe, Y and B
bearing phase [phase e] detected in the bulk sacaplerery likely be explained bydistinct
repartition of the elements in both metallic glassed by the slight oxidation of the fine
ribbon during the DSC analysis asOé was not found at the quenched state.

Figure 12: BSE/SEM micrograph of the ribbon aftee DSC treatment up to 1400°C at the
10K/mn heating rate and associated B, Ke Ka, Nb Ka, Y Ka and O Ka X-ray maps
(WDS, EPMA). The color bar indicates the elememttent in at.%.

Figure 13: BSE/SEM micrograph of the bulk metatliass after the DSC treatment up to
1400°C at the 10K/mn heating rate and associatéd Be Ka, Nb Ka, Y Ka and O kKa X-
ray maps (WDS, EPMA). The color bar representsetment content in at.%.



3.3.2.2. Phases: nature and formation temperature range.

The in-situ X-ray diffraction patterns of the ribbboecordedvs. temperature (figure
14) are in agreement with the DSC analyses (fighjewith regard to the phase
transformations temperatures despite the changeatmosphere (Ar in DSEG.He in XRD
and the greater thermal conductivity of He compaiedir). Indeed, the glass transition
occurs between 575°C and 600°C vs. 595.7°C in E8&gg peaks then appear from 625°C
against the close to 677°C temperature of primaygtallization onset determined by DSC.
The identification of the various Bragg peaks exkied here in figure 15 at 675 and 825°C
remains ticklish but seems to unvtike presence of an Fe terminal solid solution [phes
FesNb7Bs [phase b] and BB [phase c]. The existence of [phase b] has beemepr by
electron diffraction and it is also consistent wtthclose to 0.45 Fe/Nb atomic ratio measured
by WDS. The existence of [phase c] has also alrémdy evidenced by electron diffraction
(see round particles in zonar2figure 10b). Suspected by XRD at 675°C and 82@f§lire
15), the FeB presence was confirmed by electrdnadifon at 681°C (figure 10b). FeB was
then also assimilated to [phase c]. Bffe is also suspected to exist at 825°C accordinbeo t
XRD analyses (figure 15) but it was not identifled EPMA (figure 12).

X-ray diffratometry analyses of the bulk metallitags after interrupted thermal
treatments were performed at room temperature réigl6). These heat treatments were
monitored up to the onset temperatures of the éoystallization peaks, i.e. up to 690, 720,
805 and 850°C, in conventional DSC equipment witheating rate of 10 K/min and a
cooling rate of 50 K/min. A sample heated up to@4Dat 10 K/min but slowly cooled at 10
K/min was also considered. Contrary to the lattengle case, the X-ray diffractograms of the
interrupted heat treated samples exhibit the lalgmain of diffraction of the amorphous
phase and Bragg peaks over this hump. The hummsityedecreases with the peak
temperature. The analyses of the 690 and 720 °(lsanconfirmed the existence of the
FesNb7Bs compound very likely present in the raw metalliasg, as already said, and showed
the presence of the FeB, andB-@hases and of a Fe solid solution. At 805°C, @dtiteonal
phase is formed, namely BR¥,. At 850°C, no significant evolution is noticed. el )X-ray
diffractogram of the remelt and fully crystallizedmple heated up to 1400°C agrees with this
phases identification. It verifies the existencetld five phases already detected by EPMA
(figure 13), namely a Fe terminal solid solutiohdpe a], FéNbsBs [phase b], FeB and
[phase c] and BReY 2 [phase e].

In addition, the presence of a eutectic constitwemprising Fe [phase a] and.Be
[phase c] (figure 12) is consistent with the FeeiiBbrium phase diagram which indicates a
eutectic transformation at 1177fC3]. This equilibrium temperatutie nevertheless curiously
a few degrees higher than the 1106°C onset meiimgperaturen the DSC signal (figure 4
and table 2).

Finally, according to the current analyses, Al does take part significantly to the
different steps of crystallization.



Figure 14: In-situ X-ray diffraction patterns okthbbonvs.temperature.

Figure 15: X-ray diffraction pattern of the ribboantinuously heated at 10 K/min up to
675°C and up to 825°C.



Figure 16: Room temperature X-ray diffractogramgahaf bulk metallic glass heated at 10
K/min up to a690°C, 720°C, 805°C, 850°C or 1400 °C peak tempezaExcept the last one,
all these samples were cooled at 50 K/min.

3.4. Instrumented hardness

Above all, given the 50 um thickness of the ribboa,hardness measurement has been
performed on the ribbon because of the low relighdf the measurements on thin samples
due to the mounting resin elasticj628].

With regard to the different samples, the loading anloading curves in figure 17 enable
to classify them in two categories according tarthehavior: the first class comprises the raw
metallic glass and the samples treated at 690,8@®and 850°C, while the second category
is limited to the only sample fully crystallizedterf the 1400°C heat treatment. The second
category is more deformable and less hard.

As expected, the bulk metallic glass presents astiel behavior. Its 500 g Vickers
hardness (HYs), rigidity (S) and reduced Young modulus (E) at®8t:21, 3.9530.13 N/um
and 1745 GPa, respectively (tableau 4). Therefore, acogrth the relationship between the
Young Modulus (E) and the fracture strength at lastie strain of 0.02s() reported in the
literature (E 50 xs¢) [1], the fracture strength at an elastic strain o2 @Dthe metallic glass
should be close to 3480 MPa. The Fe based bulk MiBeometal-metalloid kind are indeed
known to be intrinsically brittle because of thewvalent bonds between metal-metalloid
atomic paird1].

Table 4 further shows that:

0] The mean Young modulus of the metallic glass isilamin all the samples except
after a heat treatment at 850°C where it increadétle.

(i) The average hardness of the bulk sample increasieshe interrupted heat treatment
peak temperature to reach 1318 dd¥fter an interrupted heat treatment at 850°C. dnishe
contrary noticeably reduced to 461 tBafter the 1400°C remelting and full crystallizatidt

is worth noting more or less scattered values ofifiess according to the sample (table 4).
The more scattered values very likely result frohe theterogeneousness of the local
microstructure.



Examples of hardness indents are displayed in didi8. The samples which were
given the 690°C, 720°C and 805°C interrupted hestinents, exhibit some radial cracks
propagating from the indent apexes along the indBagonals axes. Such a feature is
characteristic of a brittle material. The ratiotbé& crack length (1), i.e. the distance between
the tip of the indentation and the tip of the craakd the half diagonal of the indentation (a) is
lower than 2.5 which suggests that the cracks amadprist type cracks according to Niihara
[2729] Kic can be estimated by the following equatid2830]:

K1c = 0.0143x(E/HY3x (I/a)y®5xPxc3? (4)
with ¢ the distance between the indentation ceatr@ the tip of the crack, E the Young
modulus (in GPa), H the hardness (in GPa) measurde: P load (in MN), a, c and | in m.
The application of equation 4 to the 690, 720 ad8°8 heated samples givescKalues of
2.0, 3.4 and 3.6 MPa%n respectivelySuch estimates are characteristic of brittle malteri
They are of the same order of magnitude as thoseroé Fe based metallic glasgs

Figure 18 further shows that the indentation sha@ages with the heat treatment. Its
obvious pincushion morphology with the sample heage to 850°C arises from a noticeable
sinking in, and then plastic deformation of the eni@l around the flat faces of the pyramidal
indenter. Such a behavior contrasts with the brigks of the samples heated up to the lower
peak temperatures. The remelt sample is charaeteby a significant plastic expulsion of
material at the specimen surface at the indentgtsiphery.

Figure 17: Example of charge-discharge curves efbilk material either quenched state or
after the interrupted heat treatments (HT).

Figure 18: Aspect of the hardness indentations madg00 g load on the bulk sample at the
raw state or after the interrupted heat treatments.



Table 4: Microhardness analysis of the bulk samipézg treated or not.

Sample Quenched After After After After After heat
interrupted| interrupted| interrupted| interrupted| treatment
heat heat heat heat at 1400°C

treatment | treatment | treatment| treatment| + slow

at 690°C +| at 720°C +| at 805°C +| at 850°C +| cooling

cooling cooling cooling cooling

HVos 1198t21 12274106 | 1189137 | 131925 131835 46165
E (GPa) 174+5 1746 1786 1743 208t4 1726
S (N/um) | 3.950.13 | 3.9%0.07 | 4.060.13 | 3.760.06 | 4.5%0.13 | 6.320.63

4. Discussion

4.1. High glass forming ability (GFA) of the Fe4B24Y aNbs metallic glass

According to the ‘confusion principle’ proposed Beer, the glass forming ability,
which is the capability of an alloy to form a glpsstate[1], tends to increase with the
constituent number in the metallic glass since mooee constituents will delay the formation
of competing crystalline phases during cooljgf The GFA is determined by both structural
factors (geometrical arrangement of atoms, chenmtatactions between atoms, and atomic
size effect) and kinetical parameter (cooling fiatieed to crystallization kineticq)].

Numerous and miscellaneous empirical consideratiensl to agree, alone or in
combination, with-thea high GFA of the studied4BesY sNbs MG:

® The large extent of the supercooled liquid redidn defined as TxTg (table
2), implies the high stability of the supercooléguid against crystallization,
equivalent to a high GFA. The respective 8293 otCIBT ranges for the
ribbon and the bulk (table 2) are indeed prettgdathan the usual supercooled
liquid region-which-exists-ever40°C-in-Co,-50°COrL-80°CintLa-63°C-in
Mg45°Cin-Nd-65°Cin-Ni,-94°C-in-Pd75°CinBaaring observed in most
of the metallic glassd2,6:29-4331-45]By way of contrast, the 146°C, 123°C
and 125°C extents ofDT in the ZnoesTi1o3CliioNitoBerxs s [4],
TisZrsBexgFes [4446] and NdoAliocCuoFeo [4] amorphous alloys
respectively are larger than the present ones.
According to the Turnbull criteria based on theatienship between the
kinetics of crystals nucleation and the meilscosity, the reduced glass
transition temperatures (Tg/T melting) of 0.6 ftwetribbon and the bulk
metallic glass (table 2) are very close to 2/3,cwhineans a very sluggish
crystallization and thus a high GHA4].
It is also well-known that deep eutectics alloy pasitions are good glass
formers[1]. It is very likely the case of the present alloogse composition
does not differ markedly from that of the Fe-17d&%nd Fe-Nb deep eutectics
[13].
{iv)  The fragility index m[2425]}remains under 16 which means that the glass is a

Egami and Miracle have suggestdtat importantlattice strains due to the
addition of chemical elements to Fe can lead glaasy state. The induced
deformation disturbs the Fe crystal lattice whimdcomes amorphous once a

crltlcal straln |s exceedeki] Ihe—sekﬁe—a%ems—ef—B—Nb—andAL\m#y—hkely

The Iarge dlfferences of atomlc radu between ﬁé B, Y or Nb namely 31

(ii)




pm, 19 pm and 53 pm, respectively are sufficiengeénerate important local
strain at the lattice scale because of contraciiafilatation of the Fe lattice.

(v) The high GFA of the studied metallic glass may dsoconsistent with the
larger electronegativity of the major addition e@rhcompared to HRJ: it is
|ndeed 2 04 for B agamst 1.83 for Fe.

(vi)

d4seel¥|ng—|{—m—the—mel{4.—4546} The st0|ch|ometry of the current alloy checks
the empirical rules developed by Shignm47] for the case of Fe based bulk

MGs with a high GFA. Fe, Nb and Y are metallic edents with different
atomic sizes; and B is a metalloid whose conter#disat.%, and thus in the
vicinity of 20 at%. In addition, the Y-B, Fe-B, NB-Fe-Y and Fe-Nb heats of
mixing amount to -50 to -35 kJ/mol, -26 to -16 kdlm39 kJ/mol, -1 kJ/mol
and -23 kJ/mol, respectivelf8,11,12,14] which means that the cohesive
forces between these atoms are strong. These meggive heats of mixing
caused a confusion effect in the pressydtem of 4 elements with different
atomic radii. The ensuing dense atorpicking in the liquid state inhibits
crystallization and then promotes glass formatiaring) the solidificatior[8].
Atomic simulations, EXAFS and XRI[)4648] also proved the existence of
local composition fluctuations in the metallic glas, which can affect the
nucleation and growth of competing crystalline @saguring solidification.
Some Nb and Y segregations may exist in the metglass as shown by
[4648]) The presence of large-sized Nb and Y atoms (181 B47 pm,
respectively), withan atomic size difference of at least 12% with Rd 8
verifies the empirical rules suggested by Inouearigand Miracle for
improving the GFA, as they contribute to the disorth the metallic glass and
frustrate the atom arrangement of the competingtalijne phases.

i The aforementioned criteria aad

fortiori with their combination tend to suggest that theent alloys present a high GFA.

Other factors, not obvious at this early stagehef present investigation, may also
contribute to the high GFA of the present alloy.e¥hconcern the formation of both (i)
icosahedron like clusters, which are incompatibligh wraditional crystalline phases and
which increase the dynamic barrier for atomic miopilvhen they connect to form networks
and (ii) Y-centered large polyhedrons in Y and Nitaining alloyd4648].

Dealing with the literature data, the Fe-based Hetalasses with B rich
compositions have already been shown to preserd¢ sugbercooled liquid region2,4749]
and small additions of Nb and/or Y were evidenaedignificantly promote the GFA of Fe-B
alloys [1,2,5,7,8,12,15;4850]n Fe-Nb-B alloy, an addition of Y, which is chaterized by
the lowest atomic mobility among the 4 eleme®is was reported to improve the thermal
stability of the glassy phase by leading to a nektvad densely packed Fe-Nb-B skeletons in
which trigonal prisms are connected with each othemn edge sharing mode through multi-
bonding atoms of lanthanide and transition mgdl?2]. The presence of Y in the Fe-based
bulk metallic glass further led to the suppressainheterogeneous nucleation in bulk
FersB17Y 3Nbs metallic glas412] while Nb (compared to Ti, Al, Hf or Zr) was evidsd to
broaden the supercooled region if¥a.oé~e.7B0.22)9sNb2 metallic glas$2,4951]



4.2. Second inflection event in the supercooled liquidegion

The presence of a second inflection in the DSC eufigures 4 and 5) which
corresponds to an exothermic event in the supezdolidiuid region is very likely due to a
chemical short-range ordering that is a local atostiucture reorderinfl0,11] caused i) by
the positive mixing enthalpy between Y and Nb ofkddmol [2,15] - these elements indeed
present a repulsive interaction — and ii) by thersg affinity between B and Fe, Y and Nb
compatible with their large heats of mixing, whigads to the formation of random dense
packing structure keeping the undercooled liquidranstable[2]. This observation was
already made in metallic glasses with a similaickiometry namely R 7d322.92Y 4.5Nbs g2
[15] and Ferox B22YsNbx (x=0 — 6 at.%)11]. Local atomic ordering during heat treatments
before crystallization was detected by Y K-edgeeesed X-ray absorption fine structure
(EXAFS) measurements innaetallic glass with a similar composition as therent ong11].

4.3. Glass transition and primary crystallization activation energies

The glass transition activation energy correspdaodbe energy required by a group of
atoms to jump from one metastable state where tit@saare almost static and the alloy is
brittle, to another state where the atoms vibratioorease and the alloy presents a rubber-
like material flow. Around Tg, the structure of tegstem relaxes and the atoms begin to
rearrange. The activation energy of primary cryigaion is the amount of energy necessary
for the nucleation of the first crystalline phase.

The apparent activation energies for the currenaltie glass estimated by both the

Kissinger's and the Moynihan’s methods are veryselto each othewhatever the glass
transition or the primary crystallization case [(gal8). The activation energy for glass
transition was found to be lower than that of pmynerystallization, which means that the
crystallization rate is lower than the glass traosirate. The lowvalue of the apparent
activation energy of the glass transition has pesh@® do with an important free volume
induced by the formation of organized domains edhenched ribbon (figure 2).
The rigorous comparison of the current apparenvattn energies with the literature is
however not possible because of the lack of datgdaternary metallic glasses with a similar
composition. Anyway, the comparison would have biekiish since it depends not only on
the chemical composition of the metallic glass &ab on the efficiency of quenching which
governs the structure compactness as well as dhesadrrangement in the glassy phase.

With regard to the methods used to determine thigadion energies, the Kissinger's
approach assumes that the transformed fractiorhetpeak temperature—er—at-the—enset
temperature—ofreaction does not depend on theingeaate [22]. However, the latter
hypothesis is not necessary justified since the frelume variation in the not transformed
and solute rich material may modify the frequen@yameter in the rate constant of the
Arrhenius equation which intervenes in the Kissitgyeequation. Thus the transformed
fraction at the peak-erenset temperature can ehaith the heating rate. The Kissinger’s
method has also been criticized by Khoeilal. since it leads to apparent attempt frequencies
for glass transition and primary crystallizatiomttlare too high by many orders of magnitude
compared to the Debye frequency 1&Y). According to the same authors, the apparent
atoms frequencies should be at most higher thaDége frequency by one or two orders of
magnitude owing to the atoms vibratif#®52] Nevertheless, the atoms at the glassy state or
in the supercooled liquid state are not linkedheirt neighbors in the same manner as in a
crystal, which could explain the difference obtaindgth regard to the frequency.

In addition, the conditions necessary to the validif the Moyhinan’s method are: (i) the
structural relaxation is describable by a tempeeaindependent distribution of relaxation
times and (ii) the glass is cooled from a tempeeatuell above the transition region and



subsequently reheated at the same rate from angtéemperature well below the transition
region[2324]. Once again, both conditions are not strictly vedfby number of studies and
more particularly the first one which depends andltoms arrangement at the quenched state.

4.4. Crystallization of the metallic glass

According to the analyses of the present alloyha fully crystallized state, various
phases have been identified, that is a Fe solidtisal FeB, FeB, FesNb;Bs and BFesY 2
(figures 8, 10, 15 and 16). The formation okBreand FeB is consistent with their -67.4
kJ/mol and -65.8 kJ/mol low energy of formation/a7°C, respectivel{13]. The formation
of an Fe terminal solid solution, and of the FeBl &®B compounds can also be explained
by the high Fe and B contents in the alloy.

The Fe solid solution and theaBehave also been identified in
i) ternary metallic glasses such as
a) FeoNbioBx (with x=10, 20 or 30), which also containssB¢5153]. Whenx
is equal to 20 or 30, these phases have origirfabed the decomposition of the
(Fe,Nb»3Bs primary crystal and when x=10, they were formed the
transformation of a metastable supersaturatée solid solution.
b) FeroNbioB2otogether with-FeNbB and FeNbsB1o [5254].
c) Fer1dNDbs.1B22.7 (thin film) after annealing at 610°C for 10 njB855]
d) Fes2NbgB3o, together with FeNiiB» [5456]
i) quaternary alloys similar to the current onayrely FeosdB21.56Y5.8d\Nb2 (4 mm diameter
rod) and the FeB22Y4Nb, (5 mm diameter rod) together with NbB ancB-¢4951], while
the crystallization of Fa@B17Y 3Nbs led to the formation of aa-Fe solid solutiorj12].

The FeNbsBs compound has on the contrary never been identifiedetallic glasses
with a similar composition. This boride, whose stwie reminds the clusters one presented
by [9], has been put into evidence for the first time ia bulk form by Zheng et a[16].
These authors have synthesized\¥EeBs by arc-melting followed by annealing at 1000°C for
12 h and at 1500°C for 48 fhis suggests that, in the current study, this @hasich is
essentially antiferromagnetic below F 240 K[16], was very likely already present at the
guenched sate of the initial ribbon. This phadenmwn to decompose into NbB, JBeanda-

Fe at 1580°C via an endothermal transformajtidj.

The BFesY> compound was not identified in similar specimensthe literature,
instead, some authors have reported the formafiBasbes2Y 3 in Fe-B-Y systenj5557].

It is worth noting that the E¢Be boride was not detected in the current samples. A
very likely explanation consists in its decompasitat higher temperature like in a previous
work [5353] FesBs was indeed reported to form together wak-e in Fe-B-Y systems
[46,56,5748,58,59hNnd to be the primary precipitate in Fe-B-Nb rsystemd1,4749] such
as Fess.7dB22.92Y4sNbs g2 [15], and the F@NbioBio, FeoB2oNbio and FeoBszoNbio alloys
according to ab initio molecular dynamical simwatj4749]. The large FgBsfcccell phase
with a 1.1 nm lattice parameter and a unit voluimescsting of 96 atomfgl] can host Y atoms
on its 8c sites up to a 6.9 at.% Y content. Sucbraentration entails a serious distortion of
the FesBs crystal lattice hence the so-called Y-induced getoynfrustration[1]. This phase
presents a local anti-Archimedean atomic configamasimilar to that of the Fe-Nb-B glassy
alloys. Some authors thus explain the primary precipitatidnFesBe by the similarity
between this phase and the local atomic configumatiof the supercooled liquid,15].
Contrarily, other authors assess that the formaifdfesBeis difficult since itrequires a long
range atomic diffusion compareddeFe, which grows from the bcc-like medium rangeeord
regions in a F&BoNb7 glassy alloy2].



The formation of other phases in the open litemttein be explained by the local
composition fluctuations in the metallic glasseteragolidification[4648] which can affect
the nucleation and growth of competing crystallpieases and the nature of the formed
phases.

5. Conclusions
The investigated ReB24Y4Nbs metallic glass with a high glass forming ability
presents a glass transition temperature of5855@6tCcrystallizes from 677°C.
Whatever its calculation with the Kissinger's oretiMoyhinan’s method, the
activation energy of the glass transition was lowkan that of primary
crystallization. The activation energy of the glasmsition was low very likely
because of the free volume importance.
X-ray diffractometry and electron diffraction re\ea that the primary crystals are
FeB and F&B. The XRD analysis and the electron probe micrbaes of the fully
crystallized alloy put into evidence the additiopatésence of an Fe solid solution
and of the FéNbsBs and BFe4Y 2 compounds.
The hardness, the Young modulus and the rigidityhef bulk metallic glass are
1198t21 HVos, 1745 GPa, 3.950.13 N/um respectively vs. 4665 HVos,
172t6 GPa and 6.30.63 N/um for the fully crystallized alloy. Instremted
hardness is also suitable to characterize thetedfiepartial or full crystallization
on the alloy ductility.
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Figure captions

Figure 1: Room temperature X-ray diffraction patteof the shiny and dull faces of the
ribbon at the quenched state.

Figure 2: TEM image of the quenched alloy ribbod #re corresponding SAEDP
Figure 3: Microstructure within a bulk sample a tiaw state (EPMA/BSE).

Figure 4: DSC pattern of the metallic glass at atihg rate of 10 K/min. The sample mass
was 6.710 mg for the ribbon (a) and 74.719 mg ler bulk (b) sample, respectively. The
inserts in the figure are local enlargements oftiln@es evidencing the glass transition.

Figure 5: Effect of heating rate on the metalli@sgl ribbon phase transformations (the
samples masses were respectively 6.710, 2.9640 2@ 2.801 mg for the 10, 20, 40 and
50°C/min heating rates).

Figure 6: Kissinger analysis for the ribbon by adagng the 10 K/min, 20 K/min, 40 K/min
and 50 K/min (a) plus the 500, 1000 and 5000 Kjsh@ating rates. The lines are the linear
fits for In(b/T?) vs 1/RT, where T is either the glass transition peakperature or the peak

temperature-at-peak-maximum of the primary cryiggibn.
Moynihan’s method for the ribbon by considering flteK/min, 20 K/min, 40 K/min and 50

K/min (c) plus the 500, 1000 and 5000 K/s (d) heptiates. The lines are the linear fits for
In(b) vs 1/T, where T is—either the glass transition terapge at the peak maximum-e+the

maximum peak temperature of the primary crystaitra

Figure 7: Microstructure of the ribbon heated ups81°C with the 10 K/min heating rate
(HAADF image).

Figure 8: FeNbsBs crystal structure of zone 1 in figure 7. atomiacking in the (0001)
planes: HAADF (a); schematics of the atomic posgian the present orientation (b);
experimental electron diffraction pattern (c) atsdsimulation (d) along the [0001] zone axis.

Figure 9: Defects in BBlb7Bg crystal (zone 1 in figure 7): dislocations andrsv(HRTEM)
(a) and atomic disorder (HAADF) (b).

Figure 10: 150 nm sized particles (of zone 2 inifeg7) inside the matrix: (a) TEM image and
(b) associated selected area electron diffractaitem.

Figure 11: HAADF and EELS intensity maps of thelke-(708 eV), Nb-M 4 (205 eV) and
B-K (188 eV), O-K (530 eV) and Y4 (2080 eV) edges for the zones 1, 2 and 3.

Figure 12: BSE/SEM micrograph of the ribbon aftee DSC treatment up to 1400°C and
associated B K, Fe Ka, Nb Ka, Y Ka and O kKa X-ray maps (WDS, EPMA). The color bar
indicates the element content in at.%.

Figure 13: BSE/SEM micrograph of the bulk metatliass after the DSC treatment up to
1400°C and associated BaKFe Ka, Nb Ka, Y Ka and O kKa X-ray maps (WDS, EPMA).
The color bar represents the element content9f. at.



Figure 14: In-situ X-ray diffraction patterns ofthibbonvs.temperature.

Figure 15: X-ray diffraction pattern of the ribboantinuously heated at 10K/mn up to 675°C
and up to 825°C.

Figure 16: Room temperature X-ray diffractogrambuk metallic glass after interrupted
thermal treatment at 690°C, 720°C, 805°C, 850°@,alter heat treatment up to 1400°C and
slow cooling.

Figure 17: Example of charge-discharge curvesefaiv bulk metallic glass (quenched
state) and of the bulk sample after heat treatm(@his.

Figure 18: Aspect of hardness indents under a S0@djof the bulk sample in raw state and
after various heat treatments.





