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Abstract

FessB24Y4Nbe 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 ability. It is thermally stable
up to 585596°C while primary crystallization of FeoB and 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 alloy contains
a terminal Fe solid solution, Fe>B, FeB, Fes:BsNb; and BFe14Y> 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 1198+21 and 461+65 HV s, respectively and their reduced
Young modulus are close to 174+5 GPa. The deformation ability of the fully crystallized alloy
is twice that of the glassy alloy.
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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 [1-2]. The early Fe based metallic glasses (Fe-
P-C) ribbons have been developed in 1967 and since then, many other Fe-based 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 elements [1-
4]. This leads to an increase of the degree of randomly dense packed structure on the
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topological and chemical points of view, hence to the formation of a liquid with
multicomponent short-range interactions. This order entails i) an increase of the solid/liquid
interfacial energy leading to the suppression of crystalline phase nucleation, ii) a reduction of
the atomic diffusivity and an augmentation of viscosity originating atomic rearrangement
hindering and glass transition temperature rise and iii) the necessity of long-range atomic
rearrangement for crystallization to occur and thus suppression of crystalline phase growth
[3]. In addition, according to Lin, the production of a FeBM metallic glass (M for metal)
requires that (i) M is an element with an atomic radius at least 130% that of Fe, (ii) M
generates eutectics with both Fe and B and (iii) the M-Fe eutectic is at the Fe-rich end of the
binary equilibrium phase diagram [S].

A FeqB24Y4Nbs metallic glass has been developed for the present study on the
background of literature papers dealing with other Fe-B-Y-Nb metallic glasses which all
present a high glass forming ability and a large supercooled liquid region [6-12]. The latter
material state can be relevant during metal forming. For the designed FeesB24YsNbs, the
aforementioned requirements exposed by Inoue to obtain a metallic glass are met since

@) Fe, B, Y and Nb atoms present Goldschmidt radii of 128 pm, 97 pm, 181 pm
and 147 pm, respectively [13], which satisfies the condition related to the
difference in atomic size;

(i1) the heats of mixing are -50 to -35 kJ/mol, -26 to -16 kJ/mol, -39 kJ/mol and -16
kJ/mol for the Y-B, Fe-B, Nb-B and Fe-Nb systems, respectively, [2,8,12,14]
while that for Y-Nb is positive (30 kJ/mol) [11,15] and

(iii)  Fe-B and Fe-Nb present a deep eutectic [13].

Y was added since it was expected to trap oxygen. Y indeed presents an O scavenging role
since the -1904 kJ/mol Gibbs energy of Y>Os3; formation is very low compared to the -820.5
kJ/mol, -1273 kJ/mol and -101 kJ/mol values for Fe>Os B20s3 and Nb2Os, respectively
[12,13].

The aims of the present study consist in analyzing the thermal stability at conventional and
high heating rates of the present FeesB24YsNbs metallic glass ribbon and of its bulk
counterpart and characterizing their phase transformations as well as some of their mechanical
properties.

2. Experimental procedure

The FessB24Y4Nbs master alloy was produced, from high purity metallic elements, by
arc melting under a high purity argon atmosphere, after the melting of titanium, set next to the
crucible containing the master alloy, for residual oxygen removal. The alloy was re-melted
four times to ensure its chemical homogeneity. Quenched alloys with the FeesB24Y4Nbs
composition were then elaborated as melt spun ribbons or as bulk rods. The 2 mm wide, 50
um thick and 30 mm long ribbons were prepared by single-roller melt spinning on a Cu
rotating wheel at-a-ceeling-speed-of10510°°C/sBesides;while the 2 mm diameter bulk rods
were obtained at-a—ceelingspeed-of3550°C/s by injection of the molten alloys in a water-
cooled copper mold.

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



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

Element Fe B Nb Y C Bi Cr
at.% 64.305477 24.60059770 6.037668 4.346562 0.113268 0.00268 0.0102+

+0:000090.00 | +6-000500.05 | +0:000050.00 | +0:000060.00 | +0-000420.04 | +6:000020.00 | +6-660090.00

9 0 5 6 2 2 9

Cu Mn Al Pb Si As N [0)
0.03346 0.031679 0.42927 0.07769+ 0.01527 0.00454 <6-000360.03 <0:000310.03

+0:000080.00 | +0-000090.00 | +0-000430.01 | +6:000020.00 | +6-000080.00 | +0-600070.00 6 1

8 9 8 2 8 7

The thermal stability of the quenched alloys was investigated through conventional
and high-rate differential scanning calorimetry (DSC) analyses. The conventional DSC
analyses were performed in alumina pans under flowing argon using a DSC404C Netzsch™
equipment at heating rates in-between 10 and 50 K/min and temperatures from room
temperature up to 1400°C. For high-rate DSC, a Mettler Toledo Flash DSC2™ calorimeter
with chip sensors was used. The experiments were achieved from room temperature up to
1000°C under flowing argon so as to investigate the effect of the 500, 1000 and 5000 K/s high
heating rates on the metallic alloys phase transformations. Owing to the absence of melting of
the FeqsB24Y4Nbg alloys below the 1000°C maximum temperature allowed by the flash DSC
equipment, the sample was changed at each run in order to analyze the effect of a single
thermal cycle on the phase transformations of the raw metallic glass.

In conventional differential scanning calorimetry, some interrupted thermal treatments
were achieved at a heating rate of 10 K/min and a cooling rate of 50 K/min in order to identify
the phase transformations generating the endo or exothermal peaks detected in the DSC
patterns.

The samples were grinded and polished up to the 1 um grade. Their microstructure
was analyzed by means of a Cameca SX 100™ electron probe microanalyzer (EPMA)
equipped with an X-ray wavelength dispersive spectrometer (WDS). The boron content was
calculated by difference with the total amount of the Fe, Nb, O and Y remaining elements.
Nevertheless, as the B content measurement is very ticklish and dependent on the B bearing
crystal structures [16], the presented X-ray maps only enable to differentiate the phases
according to their qualitative chemical composition.

Besides, some thin foils of the ribbon in the metallic glass quenched state or at the
beginning of first crystallization were prepared by focused ionic beam (FIB) with a FEI Strata
DB 235 ™ device. They were then analyzed by transmission electron microscopy using a FEI
Titan Themis 300 ™ microscope, equipped with a probe aberration corrector and a
monochromator, allowing spatial resolution of 70 pm and energy resolution of 150 meV. The
microscope has also a super-X windowless 4 quadrant SDD (silicon drift detector) detection
system for the STEM-EDX (Scanning Transmission Electron Microscopy - Energy
Dispersive Spectroscopy) mapping and several annual dark field detectors. The experiment
has been performed at 300 kV with a spot size of about 500 pm, semi-convergence angle of
21 mrad and probe current of approximately 100 pA. For the high angle annular dark field
(HAADF) images, collection angles have been between 50 mrad and 200 mrad.

In situ X-ray microdiffraction was performed on a 140 um diameter area of the ribbon
set on a silicon support in a Rigaku™ equipment. These analyses were executed at a heating
rate of 10 K/min under He and with a Cu anticathod (A=1.54060 A). The diffractograms were
registered every 25°C over the 25 to 900°C temperature range. X-ray microdiffraction was
also performed on a 140 pm diameter area of the bulk sample after interrupted heat




treatments. The latter experiments were performed under air at room temperature and again
with a silicon support and a Cu anticathod (A=1.54060 A).

Instrumented Vickers hardness tests were finally carried out under 500 g with a MHT
CSM Instruments™ device to estimate both the hardness, the Young modulus and the rigidity
of the bulk alloy either in the quenched state or after heat treatments. Four tests were
performed by sample.

3. Results
3.1. Raw samples

The observation of the ribbons reveals that one face is shiny while the other one is
dull. This suggests that there was a thermal gradient during the elaboration of the ribbon and
that there were different solidification rates on both faces of the ribbon. The difference of
shininess may also result from the process for which the ribbon face in close contact with the
wheel presents a dull aspect. According to the X-ray diffraction analyses, both sides of the
ribbon are rather amorphous as evidenced by the broad hump proving the absence of long-
range order. A small X-ray diffraction peak may however exist on the pattern of the shiny
face (figure 1). This peak very likely results from the temperature gradient across the ribbon
thickness which causes a difference of solidification rate between both ribbon faces. The
existence of a critical solidification rate is indeed evidenced by this trend towards partial
crystallization which is more pronounced on the ribbon face in direct contact with the
atmosphere which presents the smaller cooling rate [17] (figure 1). Contrary to numerous
literature data, the present observation proves that the melt spun ribbon face with the more
intense metallic luster is not always the face with the more amorphous structure.
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Figure 1: Room temperature X-ray diffraction patterns of the shiny and dull faces of the
ribbon at the quenched state.

In addition, figure 2 displays a TEM image of the ribbon at the quenched state. The selected
area electron diffraction pattern (SAEDP) presents two diffuse and continuous rings
corresponding to the 0.205 and 0.124 nm mean atoms spacings. These rings unveal the
existence of organized domains within an amorphous matrix. Two of these ordered zones with
interatomic spacings corresponding to the aforementioned distances are for instance encircled
in figure 2.
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Figure 2: TEM image of the quenched aly ribbon and the correponding SAEDP.

Besides, figure 3 shows important microstructural features inside one of the bulk rods
at the quenched state. Concentric segregation zones decorated by submicrometric crystals are
detected in the back scattered electrons (BSE) mode. These B and Nb bearing crystals contain
less Fe and Y than the matrix. This means that for this particular rod, the cooling rate was not
sufficient and lower than the critical cooling rate required to avoid primary crystallization
during the elaboration process.
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Figure 3: Microstructure within a bulk sample at the raw state (EPMA/BSE). | |

3.2. Thermal stability of the metallic glasses?

According to the DSC patterns depicted in figure 4, both metallic glasses, ribbon shaped
and bulk, present the same behavior during the 10 K/min heating stage. Upon heating, after
a Tg glass transition endothermic peak, they present a supercooled liquid region followed
by four exothermal crystallizations (Tx;, i = 1 to 4) and at last by an important endothermal
peak. The onset temperature of the latter transformation corresponds to the melting
temperature, i.e. to the beginning of melting, while its offset temperature stands for the
liquidus temperature. For the ribbon, an additional endothermal peak (Txs) was also
detected between Txs and the melting event. The onset temperatures of the common
reactions are very close for both kinds of metallic glass (table 2). The high ratio between
(Tx1-Tg) and (T liquidus-Tg) suggests their high thermoplastic formability (table 2); Many



studies reported in literature have indeed already shed light on the high formability of
supercooled metallic glasses of different natures [18-21].
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Figure 4: DSC pattern of the metallic glass at a heating rate of 10 K/min. The sample mass
was 6.710 mg for the ribbon (a) and 74.719 mg for the bulk (b) sample, respectively. The
inserts in the figure are local enlargements of the curves evidencing the glass transition.

Table 2: Data from the DSC patterns recorded at a heating rate of 10 K/min (temperatures in
K). Tg stands for the glass transition temperature measured at the onset of the transformation,
Txi (1 =1 to 5) for the onset temperature of the i crystallization peak-ensettemperature-event.
Because of the convolution of peaks 1 and 2 and peaks 3 and 4, the determination of the peaks
2 and 4 onset temperature is somewhat inaccurate. The melting temperature and liquidus
temperature are assumed to be the onset and end temperatures of the prominent endothermic
peak.
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As expected, and according to the DSC analyses, the phase transformations are
delayed with an increase of the heating rate as exemplified in figure 5.
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Figure 5: Effect of heating rate on the metallic glass ribbon phase transformations (the sample
mass was 6.710, 2.964, 2.730 and 2.801 mg for the 10, 20, 40 and 50°C/min heating rate,
respectively).

In order to determine the apparent activation energy of both the glass transition and
primary crystallization, the Kissinger’s analysis [22,23] was performed based on equation 1

B\__E
ln(sz »T C (1)
where [ is the heating rate, T is either the peak temperature of the primary crystallization or of
the Feg-glass transition temperature, E is the apparent activation energy, R is the perfect gas
constant and C is a constant. The slope of the plot of In(B/T?) vs. 1/T presented in figures 6a
and b is used to calculate the apparent activation energy of the glass transition and of the
primary crystallization for the ribbon. They amount to +2874x10>¥mel305.7 kl/mol and
4.0080x10°Fmel-400.80 kJ/mol, respectively, by considering the 10, 20, 40 and 50 K/min
lower heating rates (figure 6a). If the high heating rates of 500, 1000 and 5000 K/s are also
considered, these activation energies increase to 3.59434x10°—FHmel438.3 kJ/mol and
7-32674%10° Hmel-732.67 kJ/mol, respectively (figure 6b).

Owing to its usual application to phases—ehangesglass transition in amorphous
materials, the Moynihan’s method [24-25] was also considered to evaluate the apparent
activation energy of the—phase—transformationsglass transition. This approach relies on
equation 2:

d(InP) / d(1/T) = -E/R (2)
According to this relation, the slope of the plot of In(3) vs. 1/(RT) presented in figures 6¢ and
d gives the apparent activation energy of the glass transition and-efthe-primary-erystallization
for the ribbon. Fheylt amounts to +4343x10% Hmel-320.4 kl/moland—431709x10°F/mel;
respeetively; by considering the 10, 20, 40 and 50 K/min lower heating rates (figure 6¢). If the
high heating rates of 500, 1000 and 5000 K/s are also considered, thesethis apparent
activation energiesy increases to 3-7502x10°—J/mel-454.2 kl/moland—7-4983x10°J/mel;
respeetively (figure 6d). It is worth noting that the results are very close to those obtained with
the Kissinger’s equation.
According to these results, the nucleation of primary crystals requires a larger activation
energy than glass transition, as it implies important changes of the atomic arrangement even
within the short range ordered domains depicted in figure 2. Primary crystallization indeed
requires at least a perfecting of the crystal lattice. In addition, the existence of two values of
the activation energy according to the heating rate, proves that both phase transformations are
hampered at high heating rates. This may suggest a control of crystallization by nucleation.
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Figure 6: Kissinger analysis for the ribbon by considering the 10 K/min, 20 K/min, 40 K/min
and 50 K/min (a) plus the 500, 1000 and 5000 K/s (b) heating rates. The lines are the linear
fits for In(B/T?) vs. 1/RT, where T is either the glass transition peak temperature or the peak

temperature at-peak-maximum of the primary crystallization.



Moynihan’s method for the ribbon by considering the 10 K/min, 20 K/min, 40 K/min and 50
K/min (c¢) plus the 500, 1000 and 5000 K/s (d) heating rates. The lines are the linear fits for
In(B) vs. 1/T, where T is either-the glass transition temperature at the peak maximum er-the

maximbm-peak-temperature-of the primary-erystallization.

The fragility index m defined as the rate of viscosity increase of an undercooled liquid
at the glass transition temperature in the cooling process [2426] is given by equation 3:
m = E/(RxTxIn10) 3)
with E, the apparent activation energy.
This index enables to classify the glass forming liquid either as strong or fragile liquid when
m is below 16 or in-between 16 and 200, respectively [2425]. According to [2], strong liquids
are on the contrary qualified by m values under 20 to 40, and fragile liquids by m values in-
between 60 and 150 [2425]. According to the first classification [25], tFhe present metallic
glass, whose m value rematnsbelow—16 is close to 26-27 with a heating rate of 10 K/min, is
then a streng fragile liquid irrespective of the method employed to determine the activation
energy of the glass transition (table 3).

Table 3: Apparent activation energy for both the glass transition and primary crystallization of
the ribbon at a heating rate of 10 K/min. The fragility index has been estimated using the
Kissinger’s and the Moynihan’s methods. Glass transition temperature 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 2874 343 F74 8-60
transition 438.3 454.2 26.3 27.3
Primary 10 964.1 400.80 H709 - -
crystallization

3.3. Phase transformations
3.3.1. Primary crystallization

According to the DSC analyses (figure 4 and table 2), the primary crystallization peak
occurs at 677.6°C with the ribbon. In order to identify the nature of the primary crystal, the
metallic glass ribbon was heated at 10 K/min up to the 681°C very slightly higher temperature
and cooled at 50 K/min by using the conventional DSC equipment. At the HRTEM scale, the
ribbon presents some few micrometer polyhedral grains (zone 1), with a heterogeneous
distribution and a low surface fraction, and smaller 150 nm sized spheroidal particles (zone 2)
dispersed inside a metallic glass matrix (zone 3) (figure 7).




Figure 7: Microstructure of the ribbon heated up to 681°C with the 10 K/min heating rate
(HAADF image).

The electron diffraction analysis of zone 1 revealed that it consists of large FesNb7Bg
particles (figure 8), very likely formed during the quenching step of elaboration since the
production process of the master alloy was a priori suitable to lead to a homogenized alloy
(see §2. Experimental procedure). The atomic structure of zone 1 (figure 8a) indeed agrees
with the structural representation of the crystalline lattice of FesNbsBsg (figure 8b) (the
elements at higher atomic number are seen with the highest intensity (figure 8a)) and the
electron diffraction pattern of zone 1 (figure 8c) is consistent with Vesta simulation of
FesNb7Bg structure (figure 8d). It is however worth noting that light elements such as boron
present in a crystalline network of heavy atoms cannot be seen in the HAADF micrograph.
Discovered by Zheng [16], the FesNb;Bg phase presents a Kagome type of atoms arrangement
made of a planar hexagonal lattice of Fe atoms which contains a planar hexagonal Nb lattice
again containing a planar hexagonal boron lattice with a Nb atom at its centre surrounded by
B atoms (figure 8b). FesNbsBs possesses a hexagonal crystal lattice with the space group
P6/mmm, and the a = 8.33460 A and ¢ = 3.29410 A lattice parameters. It also contains some
crystal defects such as twins and dislocations (Figure 9a) and zones of atomic disorder
(encircled in figures 8a and 9b).

The rather spheroidal dendrites with a size up to 150 nm (in zone 2) (figures 7 and
10a) and a close to 50 nm spacing are the first crystals to form during heating. The EDX (not
shown here) and EELS analyses (figure 11) unveil that they are enriched with Fe compared to
the amorphous matrix. The electron diffraction pattern displayed in figure 10b is constituted
of the diffuse rings of the metallic glass matrix and of some spots characteristic of the
crystallized particles. These spots put into evidence the existence of interreticular distances of
0.25, 0.183, 0.162, 0.161, 0.160 and 0.141 nm. These distances can be ascribed to the Fe;B
compound, namely 0.253 nm [(200) Bragg peak], 0.182 nm [(112) Bragg peak], 0.162 nm
[(202) Bragg peak], 0.161 nm [(310) Bragg peak] and to the FeB compound, namely 0.259
nm [(011) Bragg peak], 0.180 nm [(121) Bragg peak], 0.163 nm [(200) Bragg peak], 0.1597
nm [(211) Bragg peak], 0.142 nm [(221) Bragg peak] [2527].

According to the EELS analysis of the amorphous matrix (zone 3) (not detailed here),
the Fe/Nb, Fe/Y and Nb/Y atomic ratios are equal to 3.92, 9 and 2.94, respectively, which
suggests the Fe3sB:Y4Nbi1s chemical composition, boron being not measured in the sample
because B-K and Nb-Ms4 core-loss edges are very close in energy, 188 eV and 205 eV,
respectively. The latter composition can be compared with the FeesB24Y4Nbg composition of
the elemental ribbon, which suggests that a great amount of Fe has been consumed to form
both the micrometric (zone 1) and nanocrystalline (zone 2) particles. The Nb content has
however increased despite its consumption for the formation of the particles in zone 1, which
confirms that its evaluation by EELS is ticklish, because of the proximity of its peak with that
of B, and thereby inaccurate.
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Figure 8: FesNb7Bg crystal structure of zone 1 in figure 7: atomic stacking in the (0001)
planes: HAADF (a); schematics of the atomic positions in the present orientation (b);
experimental electron diffraction pattern (c) and its simulation (d) along the [0001] zone axis.

Figure 9: Defects in FesNb7Bg crystal (zone 1 in figure 7): dlslcatlns and twins (HRTEM)
(a) and atomic disorder (HAADF) (b).



Figure 10: 150 nm sized particles (of zone 2 in figure 7) inside the matrix: (a) TEM image and
(b) associated selected area electron diffraction pattern.

HAADF Fe-L;, map Nb-M; ,+B-K map 0-K map Y-L3, map

Figure 11: HAADF and EELS intensity maps of the Fe-L3> (708 eV), Nb-Ms4 (205 eV) and
B-K (188 eV), O-K (530 eV) and Y-L3 (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 of the
phases.

The EPMA analyses of both the ribbons and the bulk sample after the DSC treatment
up to 1400°C (figures 12 and 13) put into evidence the formation of different phases with
distinct morphologies and sizes. It is worth noting that the B content measurement is quite
ticklish so the quantitative contents of B are inaccurate in the X-ray maps in figures 12 and 13
in spite of the presence of the color bar. Then, as aforesaid in the §2. Experimental procedure,
the X-ray maps just provide an idea of the phases enrichment and of the concentration ratios
of the various elements except in B. Complementary XRD analyses are in fact required to
identify the nature of the phases and their temperature range of formation, as shown in the
following.

As depicted in the BSE micrographs in figures 12 and 13, the fully crystallized ribbon
contains (1) an Fe and B bearing matrix with a grey color [phase a], (i1) some polyhedral
bright particles made of B, Fe and Nb with a Fe/Nb atomic ratio close to 0.45 [phase b], (iii)
an yttria phase with a light grey contrast at the ribbon borders, (iv) a eutectic constituent
composed of the grey matrix [phase a] and of a dark grey phase [phase c] containing also Fe
and B, but with a greater B amount than [phase a] and (v) another eutectic constituent



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

After total crystallization, the bulk sample contains again (i) [phase a], (ii) [phase b],
(iii) [phase c], (iv) a eutectic constituent between [phase a] and [phase c], (v) a eutectic
between [phase a] and [phase c] and (vi) a very local eutectic constituent of [phase a] and
[phase d]. It also contains large acicular particles [phase 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 the ribbon instead of the Fe, Y and B
bearing phase [phase e] detected in the bulk sample can very likely be explained by a distinct
repartition of the elements in both metallic glasses and by the slight oxidation of the fine
ribbon during the DSC analysis as Y203 was not found at the quenched state.

Figure 12: BSE/SEM micrograph of the ribbon after the DSC treatment up to 1400°C at the
10K/mn heating rate and associated B Ka, Fe Ka, Nb Ka, Y Ka and O Ka X-ray maps
(WDS, EPMA). The color bar indicates the element content in at.%.
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Figure 13: BSE/SEM micrograph of the bulk metallic glass after the DSC treatment up

1400°C at the 10K/mn heating rate and associated B Ka, Fe Ka, Nb Ka, Y Ka and O Ka X-
ray maps (WDS, EPMA). The color bar represents the element content in at.%.




3.3.2.2. Phases: nature and formation temperature range.

The in-situ X-ray diffraction patterns of the ribbon recorded vs. temperature (figure
14) are in agreement with the DSC analyses (figure 5) with regard to the phase
transformations temperatures despite the change of the atmosphere (Ar in DSC vs. He in XRD
and the greater thermal conductivity of He compared to Ar). Indeed, the glass transition
occurs between 575°C and 600°C vs. 595.7°C in DSC. Bragg peaks then appear from 625°C
against the close to 677°C temperature of primary crystallization onset determined by DSC.
The identification of the various Bragg peaks exemplified here in figure 15 at 675 and 825°C
remains ticklish but seems to unveil the presence of an Fe terminal solid solution [phase a],
FesNbsBg [phase b] and Fe:B [phase c]. The existence of [phase b] has been proved by
electron diffraction and it is also consistent with its close to 0.45 Fe/Nb atomic ratio measured
by WDS. The existence of [phase c] has also already been evidenced by electron diffraction
(see round particles in zone 2 in figure 10b). Suspected by XRD at 675°C and 825°C (figure
15), the FeB presence was confirmed by electron diffraction at 681°C (figure 10b). FeB was
then also assimilated to [phase c]. BFe14Y2 is also suspected to exist at 825°C according to the
XRD analyses (figure 15) but it was not identified by EPMA (figure 12).

X-ray diffratometry analyses of the bulk metallic glass after interrupted thermal
treatments were performed at room temperature (figure 16). These heat treatments were
monitored up to the onset temperatures of the four crystallization peaks, i.e. up to 690, 720,
805 and 850°C, in conventional DSC equipment with a heating rate of 10 K/min and a
cooling rate of 50 K/min. A sample heated up to 1400°C at 10 K/min but slowly cooled at 10
K/min was also considered. Contrary to the latter sample case, the X-ray diffractograms of the
interrupted heat treated samples exhibit the large domain of diffraction of the amorphous
phase and Bragg peaks over this hump. The hump intensity decreases with the peak
temperature. The analyses of the 690 and 720 °C samples confirmed the existence of the
FesNbsBg compound very likely present in the raw metallic glass, as already said, and showed
the presence of the FeB, and Fe>B phases and of a Fe solid solution. At 805°C, an additional
phase is formed, namely BFei4Y2. At 850°C, no significant evolution is noticed. The X-ray
diffractogram of the remelt and fully crystallized sample heated up to 1400°C agrees with this
phases identification. It verifies the existence of the five phases already detected by EPMA
(figure 13), namely a Fe terminal solid solution [phase a], FesNb7Bg [phase b], FeB and Fe.B
[phase c] and BFei14Y> [phase e].

In addition, the presence of a eutectic constituent comprising Fe [phase a] and Fe.B
[phase c] (figure 12) is consistent with the Fe-B equilibrium phase diagram which indicates a
eutectic transformation at 1177°C [13]. This equilibrium temperature is nevertheless curiously
a few degrees higher than the 1106°C onset melting temperature in the DSC signal (figure 4
and table 2).

Finally, according to the current analyses, Al does not take part significantly to the
different steps of crystallization.
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Figure 14: In-situ X-ray diffraction patterns of the ribbon vs. temperature.
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Figure 15: X-ray diffraction pattern of the ribbon continuously heated at 10 K/min up to

675°C and up to 825°C.
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Figure 16: Room temperature X-ray diffractograms of the bulk metallic glass heated at 10
K/min up to a 690°C, 720°C, 805°C, 850°C or 1400 °C peak temperature. Except 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 ribbon, no hardness measurement has been
performed on the ribbon because of the low reliability of the measurements on thin samples
due to the mounting resin elasticity [2628].

With regard to the different samples, the loading and unloading curves in figure 17 enable
to classify them in two categories according to their behavior: the first class comprises the raw
metallic glass and the samples treated at 690, 720, 805 and 850°C, while the second category
is limited to the only sample fully crystallized after the 1400°C heat treatment. The second
category is more deformable and less hard.

As expected, the bulk metallic glass presents an elastic behavior. Its 500 g Vickers
hardness (HVos), rigidity (S) and reduced Young modulus (E) are 1198+21, 3.95+0.13 N/um
and 174+5 GPa, respectively (tableau 4). Therefore, according to the relationship between the
Young Modulus (E) and the fracture strength at an elastic strain of 0.02 (Oy) reported in the
literature (E = 50 x Or) [1], the fracture strength at an elastic strain of 0.02 of the metallic glass
should be close to 3480 MPa. The Fe based bulk MG of the metal-metalloid kind are indeed
known to be intrinsically brittle because of their covalent bonds between metal-metalloid
atomic pairs [1].

Table 4 further shows that:

(1) The mean Young modulus of the metallic glass is similar in all the samples except
after a heat treatment at 850°C where it increased a little.

(i1))  The average hardness of the bulk sample increases with the interrupted heat treatment
peak temperature to reach 1318 HV s after an interrupted heat treatment at 850°C. It is on the
contrary noticeably reduced to 461 HVs after the 1400°C remelting and full crystallization. It
is worth noting more or less scattered values of hardness according to the sample (table 4).
The more scattered values very likely result from the heterogeneousness of the local
microstructure.



Examples of hardness indents are displayed in figure 18. The samples which were
given the 690°C, 720°C and 805°C interrupted heat treatments, exhibit some radial cracks
propagating from the indent apexes along the indent diagonals axes. Such a feature is
characteristic of a brittle material. The ratio of the crack length (1), i.e. the distance between
the tip of the indentation and the tip of the crack, and the half diagonal of the indentation (a) is
lower than 2.5 which suggests that the cracks are Palmqvist type cracks according to Niihara
[2729]. K. can be estimated by the following equation 4 [2830]:

Kic = 0.0143%(E/H)**x(1/a) % xPxc 2 4)
with ¢ the distance between the indentation centre and the tip of the crack, E the Young
modulus (in GPa), H the hardness (in GPa) measured at the P load (in MN), a, ¢ and 1 in m.
The application of equation 4 to the 690, 720 and 805°C heated samples gives Kjc values of
2.0, 3.4 and 3.6 MPa.m®>, respectively. Such estimates are characteristic of brittle materials.
They are of the same order of magnitude as those of some Fe based metallic glasses [2].

Figure 18 further shows that the indentation shape changes with the heat treatment. Its
obvious pincushion morphology with the sample heated up to 850°C arises from a noticeable
sinking in, and then plastic deformation of the material around the flat faces of the pyramidal
indenter. Such a behavior contrasts with the brittleness of the samples heated up to the lower
peak temperatures. The remelt sample is characterized by a significant plastic expulsion of

material at the specimen surface at the indentation periphery.
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Figure 17: Example of charge-discharge curves of the bulk material either quenched state or
after the interrupted heat treatments (HT).
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Figure 18: Aspect of the hardness indentations under a 500 g load on the bulk sample at the
raw state or after the interrupted heat treatments.
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Table 4: Microhardness analysis of the bulk samples heat 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 1198421 1227+106 | 1189+137 1319425 1318435 46165

E (GPa) 1745 174+6 178+6 1743 208+4 17246
S (N/um) | 3.95+0.13 | 3.91+0.07 | 4.06£0.13 | 3.76+£0.06 | 4.51+0.13 | 6.32+0.63

4. Discussion

4.1.

High glass forming ability (GFA) of the Fes1aB24Y4Nbes metallic glass

According to the ‘confusion principle’ proposed by Geer, the glass forming ability,
which is the capability of an alloy to form a glassy state [1], tends to increase with the
constituent number in the metallic glass since numerous constituents will delay the formation
of competing crystalline phases during cooling [2]. The GFA is determined by both structural
factors (geometrical arrangement of atoms, chemical interactions between atoms, and atomic
size effect) and kinetical parameter (cooling rate linked to crystallization kinetics) [1].

Numerous and miscellaneous empirical considerations tend to agree, alone or in
combination, with thea high GFA of the studied FessB24Y4Nbs MG:

@

(ii)

(i)

The large extent of the supercooled liquid region AT, defined as Tx;-Tg (table
2), implies the high stability of the supercooled liquid against crystallization,
equivalent to a high GFA. The respective 8293 or 95°C AT ranges for the
ribbon and the bulk (table 2) are indeed pretty larger than the usual supercooled
liquid reglon wh&eh—ea&s%s—eveﬂ@—&m—@eé@—@m—@a—%@—@m—]:a—é%—@m
- < ing-observed in most
of the metallic glasses [2,6, 29-4331 45]. By way of contrast, the 146°C, 123°C
and 125°C extents of AT in the Zrs63Ti1237Cu1125NioBexsss [4],
Tis1ZrsBexsFes [4446] and NdeoAlioCuioFeao [4] amorphous alloys
respectively are larger than the present ones.
According to the Turnbull criteria based on the relationship between the
kinetics of crystals nucleation and the melt viscosity, the reduced glass
transition temperatures (Tg/T melting) of 0.6 for the ribbon and the bulk
metallic glass (table 2) are very close to 2/3, which means a very sluggish
crystallization and thus a high GFA [1,4].
It is also well-known that deep eutectics alloy compositions are good glass
formers [1]. It is very likely the case of the present alloy whose composition
does not differ markedly from that of the Fe-17at% B and Fe-Nb deep eutectics
[13].

(iv)

Egami and Miracle have suggested that important lattice strains due to the
addition of chemical elements to Fe can lead to a glassy state. The induced
deformation disturbs the Fe crystal lattice which becomes amorphous once a

cr1t1ca1 strain 1s exceeded [1] %&SGE&%&{G%FE—GPB—Nb—&Hd%LV%Py—hk%I-}‘

The large differences of atomlc radu between Fe and B, Y or Nb namely 31



pm, 19 pm and 53 pm, respectively are sufficient to generate important local

strain at the lattice scale because of contraction or dilatation of the Fe lattice.
(v) The high GFA of the studied metallic glass may also be consistent with the
larger electronegativity of the major addition element compared to Fe [2]: it is
indeed 2.04 for B against 1.83 for Fe.

(vi)

dissolvingitin-the-melt 54546} The stoichiometry of the current alloy checks
the empirical rules developed by Shen [1,47] for the case of Fe based bulk
MGs with a high GFA. Fe, Nb and Y are metallic elements with different
atomic sizes; and B is a metalloid whose content is 24 at.%, and thus in the
vicinity of 20 at%. In addition, the Y-B, Fe-B, Nb-B, Fe-Y and Fe-Nb heats of
mixing amount to -50 to -35 kJ/mol, -26 to -16 kJ/mol, -39 kJ/mol, -1 kJ/mol
and -23 kJ/mol, respectively [8,11,12,14], which means that the cohesive
forces between these atoms are strong. These large negative heats of mixing
caused a confusion effect in the present system of 4 elements with different
atomic radii. The ensuing dense atomic packing in the liquid state inhibits
crystallization and then promotes glass formation during the solidification [8].
Atomic simulations, EXAFS and XRD [4648] also proved the existence of
local composition fluctuations in the metallic glasses, which can affect the
nucleation and growth of competing crystalline phases during solidification.
Some Nb and Y segregations may exist in the metallic glass as shown by
[4648]. The presence of large-sized Nb and Y atoms (181 and 147 pm,
respectively), with an atomic size difference of at least 12% with Fe and B
verifies the empirical rules suggested by Inoue, Egami and Miracle for
improving the GFA, as they contribute to the disorder in the metallic glass and
frustrate the atom arrangement of the competing crystalline phases.

The-high-GFA-of the-current-alloysis-—consistent-with-the The aforementioned criteria and a

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

Other factors, not obvious at this early stage of the present investigation, may also
contribute to the high GFA of the present alloy. They concern the formation of both (i)
icosahedron like clusters, which are incompatible with traditional crystalline phases and
which increase the dynamic barrier for atomic mobility when they connect to form networks
and (i1) Y-centered large polyhedrons in Y and Nb-containing alloys [4648].

Dealing with the literature data, the Fe-based metallic glasses with B rich
compositions have already been shown to present wide supercooled liquid regions [2,4749]
and small additions of Nb and/or Y were evidenced to significantly promote the GFA of Fe-B
alloys [1,2,5,7,8,12,15,4850]. In Fe-Nb-B alloy, an addition of Y, which is characterized by
the lowest atomic mobility among the 4 elements [9], was reported to improve the thermal
stability of the glassy phase by leading to a network of densely packed Fe-Nb-B skeletons in
which trigonal prisms are connected with each other in an edge sharing mode through multi-
bonding atoms of lanthanide and transition metal [2,12]. The presence of Y in the Fe-based
bulk metallic glass further led to the suppression of heterogeneous nucleation in bulk
Fe74B17Y3Nbe metallic glass [12] while Nb (compared to Ti, Al, Hf or Zr) was evidenced to
broaden the supercooled region in a (Yo.06Feo.72B0.22)9sNb> metallic glass [2,4951].




4.2. Second inflection event in the supercooled liquid region

The presence of a second inflection in the DSC curve (figures 4 and 5) which
corresponds to an exothermic event in the supercooled liquid region is very likely due to a
chemical short-range ordering that is a local atomic structure reordering [10,11] caused 1) by
the positive mixing enthalpy between Y and Nb of 30 kJ/mol [2,15] - these elements indeed
present a repulsive interaction — and ii) by the strong affinity between B and Fe, Y and Nb
compatible with their large heats of mixing, which leads to the formation of random dense
packing structure keeping the undercooled liquid more stable [2]. This observation was
already made in metallic glasses with a similar stoichiometry namely Fegs76B22.92Y45Nb3 82
[15] and Fe7x B22YeNbx (x=0 — 6 at.%) [11]. Local atomic ordering during heat treatments
before crystallization was detected by Y K-edge extended X-ray absorption fine structure
(EXAFS) measurements in a metallic glass with a similar composition as the current one [11].

4.3. Glass transition and primary crystallization activation energies

The glass transition activation energy corresponds to the energy required by a group of
atoms to jump from one metastable state where the atoms are almost static and the alloy is
brittle, to another state where the atoms vibrations increase and the alloy presents a rubber-
like material flow. Around Tg, the structure of the system relaxes and the atoms begin to
rearrange. The activation energy of primary crystallization is the amount of energy necessary
for the nucleation of the first crystalline phase.

The apparent activation energies for the current metallic glass estimated by both the

Kissinger’s and the Moynihan’s methods are very close to each other whatever the glass
transition or the primary crystallization case (table 3). The activation energy for glass
transition was found to be lower than that of primary crystallization, which means that the
crystallization rate is lower than the glass transition rate. The low value of the apparent
activation energy of the glass transition has perhaps to do with an important free volume
induced by the formation of organized domains in the quenched ribbon (figure 2).
The rigorous comparison of the current apparent activation energies with the literature is
however not possible because of the lack of data for quaternary metallic glasses with a similar
composition. Anyway, the comparison would have been ticklish since it depends not only on
the chemical composition of the metallic glass but also on the efficiency of quenching which
governs the structure compactness as well as the atoms arrangement in the glassy phase.

With regard to the methods used to determine the activation energies, the Kissinger’s
approach assumes that the transformed fraction at the peak temperature er—at—the—enset
temperature—of reaetion does not depend on the heating rate [22]. However, the latter
hypothesis is not necessary justified since the free volume variation in the not transformed
and solute rich material may modify the frequency parameter in the rate constant of the
Arrhenius equation which intervenes in the Kissinger’s equation. Thus the transformed
fraction at the peak er-enset temperature can change with the heating rate. The Kissinger’s
method has also been criticized by Khonik et al. since it leads to apparent attempt frequencies
for glass transition and primary crystallization that are too high by many orders of magnitude
compared to the Debye frequency (10'* s™). According to the same authors, the apparent
atoms frequencies should be at most higher than the Debye frequency by one or two orders of
magnitude owing to the atoms vibration [5052]. Nevertheless, the atoms at the glassy state or
in the supercooled liquid state are not linked to their neighbors in the same manner as in a
crystal, which could explain the difference obtained with regard to the frequency.

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



subsequently reheated at the same rate from a starting temperature well below the transition
region [2324]. Once again, both conditions are not strictly verified by number of studies and
more particularly the first one which depends on the atoms arrangement at the quenched state.

4.4. Crystallization of the metallic glass

According to the analyses of the present alloy in the fully crystallized state, various
phases have been identified, that is a Fe solid solution, FeB, Fe:B, FesNb7Bs and BFei4Y>
(figures 8, 10, 15 and 16). The formation of Fe;B and FeB is consistent with their -67.4
kJ/mol and -65.8 kJ/mol low energy of formation at 727°C, respectively [13]. The formation
of an Fe terminal solid solution, and of the FeB and FeoB compounds can also be explained
by the high Fe and B contents in the alloy.

The Fe solid solution and the Fe;B have also been identified in
i) ternary metallic glasses such as
a) FeooxNbioBx (with x=10, 20 or 30), which also contains FesB [5353]. When x
is equal to 20 or 30, these phases have originated from the decomposition of the
(Fe,Nb)23Bs primary crystal and when x=10, they were formed by the
transformation of a metastable supersaturated a-Fe solid solution.
b) Fe7oNbioBao together with FeNbB and Fes3sNbsBio [5254].
c) Fe712Nbe.1B22.7 (thin film) after annealing at 610°C for 10 min [5355].
d) Fes:NbgB3, together with FeNb,B» [5456].
ii) quaternary alloys similar to the current one, namely Fe70.56B21.56Y5.88Nb2 (4 mm diameter
rod) and the Fe72B22Y4Nb2 (5 mm diameter rod) together with NbB and FesB [4951], while
the crystallization of Fe74B17Y3Nbg led to the formation of an a-Fe solid solution [12].

The FesNbsBg compound has on the contrary never been identified in metallic glasses
with a similar composition. This boride, whose structure reminds the clusters one presented
by [9], has been put into evidence for the first time in the bulk form by Zheng et al. [16].
These authors have synthesized FesNb7Bg by arc-melting followed by annealing at 1000°C for
12 h and at 1500°C for 48 h. This suggests that, in the current study, this phase, which is
essentially antiferromagnetic below Tn = 240 K [16], was very likely already present at the
quenched sate of the initial ribbon. This phase is known to decompose into NbB, Fe;B and a-
Fe at 1580°C via an endothermal transformation [16].

The BFei4Y> compound was not identified in similar specimens in the literature,
instead, some authors have reported the formation of Bi14Fes2Y3 in Fe-B-Y system [5$557].

It is worth noting that the Fe»3Be boride was not detected in the current samples. A
very likely explanation consists in its decomposition at higher temperature like in a previous
work [5453]. Fex3Be was indeed reported to form together with a-Fe in Fe-B-Y systems
[46556,5748,58,59] and to be the primary precipitate in Fe-B-Nb rich systems [1,4749] such
as Fees76B22.92Y45Nbsg> [15], and the FegoNbioBio, FeoB20Nbio and FesoB3oNbio alloys
according to ab initio molecular dynamical simulation [4749]. The large Fe23Bs fcc cell phase
with a 1.1 nm lattice parameter and a unit volume consisting of 96 atoms [4] can host Y atoms
on its 8c sites up to a 6.9 at.% Y content. Such a concentration entails a serious distortion of
the Fe»;3B¢ crystal lattice hence the so-called Y-induced geometry frustration [1]. This phase
presents a local anti-Archimedean atomic configuration similar to that of the Fe-Nb-B glassy
alloys. Some authors thus explain the primary precipitation of Fez3Be by the similarity
between this phase and the local atomic configurations of the supercooled liquid [1,15].
Contrarily, other authors assess that the formation of Fez3Be is difficult since it requires a long
range atomic diffusion compared to a-Fe, which grows from the bcc-like medium range order
regions in a FegaBoNb7 glassy alloy [2].



The formation of other phases in the open literature can be explained by the local
composition fluctuations in the metallic glasses after solidification [4648] which can affect
the nucleation and growth of competing crystalline phases and the nature of the formed
phases.

5. Conclusions

* The investigated FessB24Y4Nbe metallic glass with a high glass forming ability
presents a glass transition temperature of 585596°C and crystallizes from 677°C.
Whatever its calculation with the Kissinger’s or the Moyhinan’s method, the
activation energy of the glass transition was lower than that of primary
crystallization. The activation energy of the glass transition was low very likely
because of the free volume importance.

* X-ray diffractometry and electron diffraction revealed that the primary crystals are
FeB and Fe:>B. The XRD analysis and the electron probe microanalyses of the fully
crystallized alloy put into evidence the additional presence of an Fe solid solution
and of the FesNb7Bg and BFe14Y> compounds.

* The hardness, the Young modulus and the rigidity of the bulk metallic glass are
1198+21 HVos, 1745 GPa, 3.95+0.13 N/um respectively vs. 46165 HVys,
17226 GPa and 6.32+0.63 N/um for the fully crystallized alloy. Instrumented
hardness is also suitable to characterize the effect of partial or full crystallization
on the alloy ductility.
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Figure captions

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

Figure 2: TEM image of the quenched alloy ribbon and the corresponding SAEDP
Figure 3: Microstructure within a bulk sample at the raw state (EPMA/BSE).

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

Figure 5: Effect of heating rate on the metallic glass ribbon phase transformations (the
samples masses were respectively 6.710, 2.964, 2.730 and 2.801 mg for the 10, 20, 40 and
50°C/min heating rates).

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

temperature at-peak-aximum of the primary crystallization.
Moynihan’s method for the ribbon by considering the 10 K/min, 20 K/min, 40 K/min and 50

K/min (c) plus the 500, 1000 and 5000 K/s (d) heating rates. The lines are the linear fits for
In(B) vs. 1/T, where T is either-the glass transition temperature at the peak maximum er-the

maximbm-peak-temperature-of the primary-erystallization.

Figure 7: Microstructure of the ribbon heated up to 681°C with the 10 K/min heating rate
(HAADF image).

Figure 8: FesNb;Bg crystal structure of zone 1 in figure 7: atomic stacking in the (0001)
planes: HAADF (a); schematics of the atomic positions in the present orientation (b);
experimental electron diffraction pattern (c) and its simulation (d) along the [0001] zone axis.

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

Figure 10: 150 nm sized particles (of zone 2 in figure 7) inside the matrix: (a) TEM image and
(b) associated selected area electron diffraction pattern.

Figure 11: HAADF and EELS intensity maps of the Fe-Ls> (708 eV), Nb-Ms 4 (205 eV) and
B-K (188 eV), O-K (530 eV) and Y-L3 (2080 eV) edges for the zones 1, 2 and 3.

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

Figure 13: BSE/SEM micrograph of the bulk metallic glass after the DSC treatment up to
1400°C and associated B Ka, Fe Ka, Nb Ka, Y Ka and O Ka X-ray maps (WDS, EPMA).
The color bar represents the element content in at.%.



Figure 14: In-situ X-ray diffraction patterns of the ribbon vs. temperature.

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

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

Figure 17: Example of charge-discharge curves of the raw bulk metallic glass (quenched
state) and of the bulk sample after heat treatments (HT).

Figure 18: Aspect of hardness indents under a 500 g load of the bulk sample in raw state and
after various heat treatments.





