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ARTICLE INFO ABSTRACT

Keywords: This manuscript proposes subjecting gas-atomized powders of ZrCusg g5Y2 37Al; g metallic glass to spark plasma
Bulk metallic alloys sintering (SPS). This bulk metallic glass (BMG) sinters at a temperature between its crystallization (Ty) and glass
Zr-Cu alloy

transition (Tg) temperatures, found to be 457 °C and 368 °C, respectively, via Differential Scanning Calorimetry
(DSC). Several samples were sintered at different temperatures within the mentioned range (380, 390, 400, 415
and 430 °C). Experimental results confirmed successful sintering of the BMG by SPS at 390 °C and a pressure of
35 MPa. Fully amorphous compacts with almost 100% relative density were sintered at this temperature,
reaching Young’s modulus, Vickers hardness and compression strength values of 64.7 GPa, 396 HV0.3 and 1174
MPa, respectively. Sintering at higher temperatures involved crystallization of the sample. Results suggest that
ZrCusg g5Y2.37Al; g metallic glass fabricated by SPS is a promising material for applications in different sectors,

Spark plasma sintering
Amorphous alloys
Densification

Sintering

particularly jewelry, due to the wear resistance conferred by its hardness.

1. Introduction

The first Bulk Metallic Glasses (BMGs) appeared approximately 40
years ago. However, over the last decades, they have regained consid-
erable interest due to their good mechanical strength, hardness, fracture
toughness, corrosion resistance and yield strength [1-5]. The challenge
with BMGs has always been to obtain a dense material while conserving
the original amorphous structure. In this context, BMGs with low glass
forming ability are seriously limited by their shape, size, and chemical
composition [6]. Overcoming shape limitations involves machining in
most cases, which can induce problems such as the crystallization of the
already formed BMG. For this reason, the size of sintered BMGs has al-
ways been a challenge. Klement et al. manufactured the first metallic
glasses (gold-silicon alloys) in 1960, which consisted only of thin rib-
bons [7]. Since then, BMG size has increased over the years: from 1 cm in
the 90s [4,8,9] to samples of several centimeters, such as that obtained
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by Nishiyama et al. (80 mm in diameter, 85 mm in length and 3432 g of
weight, in Pdgs5CusoNiysP2o) around 2010 [10]. Currently, the
maximum diameters reported for common BMGs are: Zr-based alloys,
20-73 mm; Ti-based alloys, 12 mm; Cu-Zr-based alloys, 30 mm;
Mg-based alloys, 15 mm; Pd-based alloys, 80 mm [11].

Different densification methods have been proposed to obtain BMGs,
including cold pressing [12], equal channel angular extrusion [13], hot
pressing [14-17], injection [18], warm extrusion [16,17], injection
mold casting, die mold casting, suction casting, squeeze casting, cen-
trifugal casting, arc-melting casting [11,19], and spark plasma sintering
(SPS). Among them, SPS or pulsed electric current sintering (PECS) has
attracted special interest due to it allowing high-speed powder consol-
idation [20,21] and has, therefore, become a promising technique for
BMG manufacturing [3]. Several types of BMGs have been manufactured
via SPS, seeking applications in different fields: Cu-, Fe-, Ti-, Pb-, Zr-, Ni-
and Al- based [2-4,6,22-35]. The main applications for BMGs include
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sports equipment, optical mirrors, communication equipment, magnetic
applications, or engine components [36,37].

This manuscript focuses on Zr-based BMGs. This is a particular group
of metallic glasses that has shown excellent mechanical properties, such
as high specific strength, high hardness, good wear resistance, super-
plasticity in the supercooled liquid region, excellent physical and
chemical properties (good anti-corrosion resistance, special expansion
characteristics, special magnetic features, etc.) [38], and potential for
biomedical applications due to its biocompatibility and non-cytotoxicity
[39]. Therefore, a wide range of potential engineering applications has
been proposed for Zr-based BMGs, which include sporting goods, energy
penetrators, medical tools, ornaments, writing tools, and even promising
applications in tribological and wear-resistant uses such as roller bear-
ings [38]. BMGs from the Zr—Cu binary system have been widely studied
alongside several microalloying elements: ZrCuAl (three adjacent eu-
tectics in the Zr-Cu-Al alloy system [40]), ZrCuAlY (CuygeZrs2Al;Y5 [3]),
ZrCuAgAl (Zr10o—x—y(Cu,Ag1_,)yAly (where x = 7-9 at.%, y = 38-50 at.
% and z = 0.75-0.875), [41]; Cu4z_xZrsazxAgsAlg [42]), ZrCuAgTi
(CU44.25Ag14.7521‘36Ti5 [43]), ZrCuGdAl (CU46Zr45Al7Gd2, [44]; CU46Z-
I'45A17Gd2 [45]), ZrCuYAl (Cu452r47,xAl7YX (0<X < 10, in at. %) [46]),
ZrCuFeAl (Zr60CU30A110, ZI‘60C1125A110FQ5 and ZI'62V5CUZ2_5A11()F85, [47],
ZrgoCugsFesAljg [48]), and other possible combinations. The aim of the
present work was to obtain ZrCugg g5Y2.37Al; g bulk metallic glass sam-
ples by spark plasma sintering gas-atomized powders with a dense and
amorphous structure. This composition was chosen by Richemont In-
ternational SA to be used in jewelry (watch gears) due to its wear
resistance. Additionally, the proposed composition is close to that of the
920 °C eutectic in the Zr-Cu binary diagram, where yttrium and
aluminum are added with the aim of avoiding allotropic transformations
of zirconium and oxidation-nitriding problems during the manufacture
of the amorphous material. The effect of the sintering temperature and
its influence on the properties of the BMG are investigated in this
manuscript.

2. Experimental procedures

ZrCusg g5Y2.37Al; g metal alloy powders were used as the starting
material. The synthesis of these metal alloy powders was carried out by
atomizing the precursors using high gas pressure. Powders were sup-
plied by Varinor (Richemont International SA).

First, ZrCusg gs5Y2.37Al; g powders were placed into a graphite die
(50 mm inner diameter). A uniaxial pressure of 35 MPa was applied from
the beginning of the cycle. A heating rate of 50 °C/min was employed up
to the sintering temperature (380, 390, 400, 415 and 430 °C) and
samples were held at that temperature for 5 min. Temperature was
controlled by means of a thermocouple inserted into an opening in the
mold wall. Finally, samples of 50 mm in diameter and 12 mm in
thickness were obtained after sintering.

The microstructural characterization of ZrCusggsYs.37Al; g glassy
powders and sintered samples was performed by scanning electron mi-
croscopy (SEM) on a Hitachi TM3000 Scanning Electron Microscope
equipped with a Bruker Quantax 70 Energy Dispersive X-ray Spec-
trometer. Fracture surfaces and polished surfaces of the sintered samples
were subjected to SEM characterization after etching with 1%HF+1%
HNOg3. Etching with hydrofluoric acid was performed to reveal the
contours of the initially spherical powders, which in some cases can
adopt a polygonal shape due to sintering mechanisms.

The crystallinity of the gas-atomized powders and sintered samples
was investigated via X-Ray Diffraction (XRD) using a Bruker D8 Advance
Powder X-ray Diffractometer with Cu-ka radiation (A = 0.15406 nm).
Working conditions included a copper anticathode cooled with water
with an intensity of 40 mA and a voltage of 40 kV, a sweep between 5
and 70° with a step size of 0.03° and a step time of 0.5 s.

Thermal stabilities (glass transition, crystallization temperatures,
etc.) were investigated by differential scanning calorimetry (DSC) using
a TA Instruments SDT Q600 thermobalance. Analysis conditions
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included a heating rate of 5 °C/min, a temperature range of 30-800 °C,
an argon atmosphere, and an alumina crucible.

The relative density of the sintered samples was determined via a
geometric model using Eq. (1).

p (%):d/dm.loo (€Y

Where d is the measured-apparent density and dy is the theoretical
density obtained by Helium pycnometry using an AccuPyc 1330 V2.04
N.

Vickers microhardness was determined using a Buehler Micromet
5103 microindentator. Measurements were made by applying loads of
300 gf, with an indentation time of 10 s, on samples polished down to a
roughness of 1 pm. The applied load was worked out considering the
Kick Law. Hardness was determined according to Eq. (2).

H,=1.853 P/dz 2)

Where P stands for the applied load (in N) and d is the diagonal length of
the indentation (in mm).

Uniaxial compression testing was conducted to investigate the me-
chanical properties of the BGM samples, using a universal mechanical
testing machine (Instron, Model 8562). Quadrangular prisms with sides
of 2.5 mm and heights of 4.9 mm were fixed on the testing platen. The
compression strength was determined from the maximum load of the
stress-strain curve, obtained from the load-displacement measurements
by applying a 10 kN load cell and a strain rate of 1.7-10~*s L. Stress (o)
was evaluated using Eq. (3). Tests were repeated three times (n = 3) for
each sintering temperature.

o=F, &)

Where F is the compressive load and A is the cross sectional area of the
specimen.

Finally, electrical conductivity was determined on both surfaces of
the sintered disc using a Helmut Fischer GMBH Sigma Scope SMP350.
The average value of 9 measurements was considered as a representative
value of the electrical conductivity of the sample.

Fig. 1. SEM image of ZrCugsg gsY> 37Al; g glassy powders, raw material.
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3. Results
3.1. Gas-atomized powders

ZrCusg g5Y5.37Al; g powders were characterized by SEM-EDX, XRD
and DSC. The morphology of the initial powder is shown in Fig. 1.
Particles are spherical in shape, displaying different sizes, as well as
clean surfaces. Most of the particles are within the size range 20-100 pm
(mean size (dsp) of 50 pm).

The thermodynamic parameters of the ZrCusg g5Y2.37Al; g powders
were determined via DSC, as shown in Fig. 2. The curve is typical for an
amorphous material, with two peaks being observed. The first peak is
located at around 368 °C (labeled Tg) and belongs to a second order
transition corresponding to the glass transition temperature of the ma-
terial. The second and exothermic peak, labeled Ty, at around 457 °C, is
a first order transition and indicates that the material is beginning to
crystallize. The temperature difference ATy of the supercooled liquid
region (SLR), described as the difference between the glass transition
temperature (Tg) and the crystallization temperature (Ty), is approxi-
mately 90 °C. The SPS temperature should be within the given range, to
avoid crystallization.

3.2. Influence of sintering temperature on densification

The aim of the present manuscript was to obtain a dense but amor-
phous material. Therefore, the sintering temperature had to be lower
than the crystallization temperature (Tx, 457 °C), and within the range
defined by this last temperature and the glass transition temperature (Tg,
368 °C). In this way, it is suitable for the densification of the powders to
operate with low viscosity, to achieve an adequate viscous flow during
sintering. Viscosity diminishes as temperature decreases, so it is usual to
proceed at temperatures close to the glass transition temperature [6].
Moreover, temperature is a critical parameter for BMGs because crys-
tallization can occur during heating, so sintering temperatures must not
be excessively high. In this manner, X-ray diffraction patterns (at 415
and 430 °C) clearly reveal the crystalline phases formed during the
sintering process: CujoZry, CuZr and Cus;Zr; 4, as will later be indicated.
These temperature values seem to be significantly lower than those
obtained by DSC but, according to the literature [6], several reasons can
explain this difference. The most relevant one is that the measured
temperature may be significantly lower than the processing tempera-
ture, even if the thermocouple is close to the sample (the electric current
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Fig. 2. DSC curve of the glassy powders.
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may induce temperature differences and, at grain contact points, tem-
perature may be significantly higher than that measured). So, SPS
temperature is always below the glass transition temperature [3,6,27,
28,49].

A dilatometric analysis up to 600 °C was performed in the Spark
Plasma apparatus to determine the sintering behavior of the
ZrCusg g5Y2.37Al; g powders. The linear shrinkage curve and its deriva-
tive are shown in Fig. 3. The material starts shrinking at 360 °C and the
final sintering temperature is 470 °C. The maximum speed is reached at
430 °C. During the entire cycle, a pressure of 16 MPa was applied, and
the heating rate was 50 °C/min. The dilatometric analysis determines
the largest shrinkage velocity of the material, so that the different pa-
rameters, such as the final sintering temperature, the holding time, and
the best moment for applying the pressure can be determined. As the
dilatometric analysis is carried out at the minimum pressure admitted by
the SPS equipment (16 MPa), all the processes take place at lower
temperatures when sintering at greater pressure (35 MPa).

The apparent density of the samples (d) was determined by means of
the geometric method for specimens sintered at different temperatures:
380, 390, 400, 415 and 430 °C. The theoretical density (dg,) of the BMG
powders was obtained via Helium pycnometry, its value was found to be
6.9851 + 0.0026 g/cm®.

Table 1 shows the values of the apparent densities of the samples
sintered by SPS as a function of the sintering temperature and the
relative density calculated using equation (1). It is possible to confirm
that almost 100% densification is reached by all the samples except for
the sample sintered at 380 °C, which was not considered for further
analysis due to the low densification achieved under those conditions.
Samples sintered at 415 and 430 °C exhibit crystalline phases resulting
from the transformation of the powders. These new crystalline phases
imply a change in volume, thus leading to apparent densities greater to
those of the original powders.

3.3. Microstructural analysis of the sintered samples

The XRD patterns obtained from the ZrCusg gsY2 37Al; g bulk alloy
powders and the samples sintered at different temperatures are pre-
sented in Fig. 4. The initial BMG powders show a typical diffuse
diffraction pattern corresponding to a glassy phase, where a broad band
between 30 and 50° is observed. This indicates that the powder is
completely amorphous. In the case of the sintered samples, it is possible
to appreciate that the specimens sintered above 400 °C lose their
amorphous behavior. At 400 °C, the peak corresponding to Cus;Zr;4
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Fig. 3. Dilatometric linear shrinkage and speed curve for ZrCusg gsYs 37Al; g
powders at 600 °C, applying a heating rate of 50 °C/min and a holding time of
1 min.
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Table 1
Apparent density of samples sintered by SPS at different sintering temperatures
and values of their relative densities.

Sintering temperature (°C) Apparent density (g/cm®) p (%)
380 5.31 76
390 6.98 99.6
400 6.98 99.6
415 7.06 100
430 7.01 100
* Cu,Zr,
* * ‘ cu.ﬂzru
v CuZr
“Tay
3 Xy X V300
<
N
>
=
(7]
c
1] 400°C
£
390°C
__,____._.A—-/m\_~ 380°C
w Raw material

25 30 35 40 45 50 55 60 65 70

Fig. 4. XRD patterns of the product sintered at different temperatures. The
pattern of the gas-atomized alloy powder is also shown for compari-
son purposes.
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appears when 20 is 26.5° alongside other incipient peaks in the 30-50°
band, which indicates that the sample is not completely amorphous and
explains some of the mechanical properties later determined. Specimens
sintered at 415 and 430 °C exhibit a clearly crystalline behavior, since
the diffraction peaks related to intermetallic phases are observed in the
20 range of 30-50°, corresponding to CujgZry, CuZr and CusiZri4.

It is important to notice that crystallization is strongly dependent on
the sintering temperature, because the transition from amorphous state
to crystalline state takes place within a narrow temperature range
(90 °C) as was deduced from the DSC analysis. Anyway, it would make
sense to think that an amorphous material would be obtained between
368 °C (glass transition temperature) and 457 °C (crystallization tem-
perature). However, X-ray diffraction analyses indicate that an amor-
phous material is obtained only when T < 400 °C. Considering X-ray
diffraction results and density values, the specimen sintered at 390 °C
would be amorphous and almost 100% dense (99.6%). However, several
pores/voids in the microstructure can be observed in Fig. 5a.

The microstructure of the sintered samples was observed by Scan-
ning Electron Microscopy (Fig. 5a—d). Fig. 5a and b are SEM micro-
graphs of the polished and etched surfaces of samples sintered at 390 °C
and 400 °C, respectively. Analogous micrographs were obtained for
samples sintered at 415 °C and 430 °C (Fig. 5¢ and d). The formation of
necks between powder particles can be observed. The original
morphology of the powder particles is maintained, though certain
deformation of the powder particles can be observed. Small pores were
identified at triple points (triangular shape) in the sample sintered at
390 °C. Pores were not identified in the samples sintered at 400, 415 and
430 °C.

3.4. Mechanical properties and mode of fracture

It is common for metallic materials with glassy structures to exhibit
very high strength and hardness values, a relatively low Young’s
modulus and almost perfect elastic-plastic behavior upon room tem-
perature deformation [50]. Compressive test and Vickers hardness
measurements are typically used to evaluate the deformation and frac-
ture mechanisms of BMG materials.

Fig. 5. SEM micrographs of the polished and etched surfaces of samples sintered at 390 °C (a), 400 °C (b), 415 °C (c) and 430 °C (d). The arrows in Fig. 5(a) reveal
the pores (dark areas). In Fig. 5(b), crystalline grains appear in bright grey color (CuZr, Cus;Zr,4 and CuyoZry).
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The Vickers microhardness of the samples sintered at 390, 400, 415
and 430 °C was determined using equation (2). The average hardness
values (10 indentations) of the samples sintered at the different tem-
peratures are shown in Table 2. According to the literature [51], the
increase in hardness with temperature could be attributed to (1) better
inter-particle bonding, (2) higher density, (3) retained amorphous phase
and (4) uniformly distributed hard intermetallic phases in the amor-
phous matrix. The slight decrease in hardness at 430 °C may be asso-
ciated with the enhanced nucleation/growth of crystalline phases in the
amorphous matrix [31]. At higher temperature, samples are denser, and
hardness is greater due to the presence of crystalline particles [6].

Regarding the Young’s modulus (E), Wang et al. [52] proposed a
rough linear relationship between the Vickers hardness and the Young’s
modulus:

_006E . 9.8HV

HV=—"""E=
9.8 0.06

@

The Young’s modulus values determined using equation (4) are
collected in Table 3. It is possible to see that the Young’s modulus of the
crystalline alloy is greater than that of the metallic glass. This is common
for bulk metallic glasses [53].

The compressive properties of the sintered samples were evaluated
by conventional compression testing. The stress-strain curves of the
compression tests are represented in Fig. 6. It is possible to appreciate
that the BMG’s best compressive strength is reached when sintering at
lower temperature, since the presence of crystalline particles can
weaken the material [54]. The amorphous specimen (Fig. 6a) exhibits
the greatest compressive strength value. The metallic glasses exhibit
greater strain in the elastic domain than the crystalline alloys, but they
do not show elastic behavior and barely present plastic deformation at
room temperature due to the absence of dislocations or sliding planes,
which represent an important factor in the plastic deformation of the
crystalline alloys [53]. There is no plastic domain in either the amor-
phous or the crystalline samples. Therefore, the metallic glass exhibits
greater mechanical strength than the crystalline alloy.

The fracture surfaces of the samples sintered at 390 °C and 400 °C
were analyzed using Scanning Electron Microscopy. Both samples
exhibit different fracture morphologies. At low temperature (390 °C,
Fig. 7a), the powder particles retain their original spherical shape. Due
to incomplete densification, the fracture surface of the sample exhibits
an intergranular rupture mode, which reveals that the bond strength
between grain interfaces is weak [55]. On the contrary, specimens sin-
tered at 400 °C (Fig. 7b), which exhibit better densification and strong
bonding, show cleavage breaking due to splitting along atomic planes.
Metallic glass usually exhibits greater elastic deformation until fracture
but, on the contrary, it does not show plastic deformation. This can be
justified through the absence of both dislocations and sliding planes,
which are important in the case of crystalline materials. Therefore, in
the case of the sample sintered at 400 °C, which is at least partially
crystalline, fracture occurs mostly along atomic planes and results in the
morphology indicated in Fig. 7b, which is completely different from that
seen in Fig. 7a, where fracture takes place at particle interfaces. How-
ever, plastic behavior is not observed, as can be deduced from Fig. 6.

Finally, the electrical conductivity was determined in different zones
of the sintered discs. Results are collected in Table 4. It is possible to
confirm that electrical conductivity is independent of the direction of the
applied pressure and increases as the crystallinity of the sample

Table 2
Vickers hardness of the sintered samples.

Sintering temperature (°C) Hardness (HV0.3)

390 396
400 479
415 493

430 482
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Table 3
Young’s modulus of the sintered samples.

Sintering temperature (°C) Young’s modulus (GPa)

390 64.68
400 78.24
415 80.52
430 78.73

increases. Samples exhibit electric conductivity comparable to that of
other metals or alloys such as manganese or nichrome. The electrical
conductivity of the alloy is lower than that of the crystalline alloy due to
the random arrangement of the atoms, which prevents the smooth
movement of electrons [53].

4. Discussion
4.1. General considerations

Spark plasma sintering (SPS) is a newly developed rapid sintering
technique that has great potential to produce amorphous materials or
nanocrystalline materials in a short sintering time [20]. SPS is one of the
novel techniques that is finding applications in different fields where fast
heating rates are considered. Other potential competing techniques,
although still not sufficiently developed, might be lasers, plasma, or
concentrated solar energy, which are currently used in sintering but also
in other different applications in the field of materials [56-61].

The GFA (glass-forming ability) of BMGs tends to increase when
more components are added to the alloy [52]. This is called the
“confusion principle”, which implies that more components in the alloy
system destabilize competing crystalline phases that may form during
cooling [52]. This effect limits the tendency of the alloy to crystallize
since it makes the melt more stable against crystalline phases. Inoue
[62] proposed three rules for the formation of glass in multicomponent
alloys: 1) multicomponent systems consisting of more than three ele-
ments, 2) a significant difference in atomic sizes with size ratios above
about 12% among the three main constituent elements, and 3) negative
heats of mixing among the three main constituent elements (although it
has been recently reported that minor additions of elements that have a
positive heat of mixing (PHM) with the constituent elements is also
beneficial for improving GFA [63]). According to Inoue [62], alloys that
satisfy these three empirical rules have atomic configurations in liquid
state that favor glass formation in terms of thermodynamics, kinetics,
and microstructure development. In this manuscript, Zr, Cu, Y and Al are
the components of the system, their atomic diameters are 186- 1 x
1072 m, 140- 1 x 1072 m, 219- 1 x 107> m and 184- 1 x 107*? m,
respectively, and their heats of mixing are negative according to the
tables in Ref. [64]. Therefore, the formation conditions for the proposed
BMG are favored.

4.2. Densification mechanism

Bulk metallic glasses of a wide variety of alloy systems, including Zr-
based, Cu-based or Ti-based alloys, among others, have been manufac-
tured by sintering glassy powders. However, little has been reported
about the densification mechanisms of metallic glass powders. Con-
cerning this matter, the research of Liu et al. [65], Yang et al. [66] and Li
et al. [67] provides details that could help understand the densification
mechanism of BMGs. They describe the densification behavior of the
glassy alloy using the instantaneous relative density, according to the
variation in height of the consolidated specimen. In this way, the
instantaneous relative density (p at time t) of the specimen is calculated
using equation (5):

ho

P=ro() 5
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Fig. 6. Compressive stress-strain curve: 390 °C (a), 400 °C (b), 415 °C (c) and 430 °C (d).

Fig. 7. SEM images of the fracture surfaces of the samples sintered by SPS at 390 °C (a) and 400 °C (b).

Table 4
Electrical conductivity data.

Sample Electrical conductivity (MS/m)
390 °C 0.4595
400 °C 0.5277
415 °C 0.5578
430 °C 0.5321

where p, is the initial relative density, ho is the initial height of the
specimen and h is the height at time t. The relative density as a function
of the SPS temperature of the ZrCugg g5Y2.37Al; g sample is represented
in Fig. 8. It can be observed that the consolidated alloy has high relative
density (>99.6%), as is quite common in BMGs.

Sintering of the BMG takes place via a solid-state sintering mecha-
nism. In this way, particle bonding and densification are produced via
the application of heat (and pressure) at temperatures well below the
melting point (considering the Cu-Zr binary diagram, the minimum
temperature required for the appearance of a liquid phase would be at
least 920 °C (the eutectic point is close to the chemical composition
chosen in this manuscript)). According to the literature [68,69] densi-
fication of BMGs by SPS could happen in two steps. At the beginning of
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Fig. 8. Relative density as a function of the temperature during SPS of the MG
ZrCU39'85Y2.37A11'8 powders.
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the sintering process, cohesion between the particles is achieved and
narrow necks are formed between them. Further densification should
then occur during a second stage, which can be explained by the tran-
sition into the super-cooled liquid region of the material [70]. In this
case, wider necks between the particles are formed, allowing a viscous
flow but avoiding crystallization in the vicinity of the necks. The viscous
flow of the amorphous powder has played a crucial role in densification
with noticeable devitrification [51]. Viscosity decreases as sintering
temperature increases, leading to increased viscous flow. When sinter-
ing temperature increases, crystalline particles can precipitate and grow
through diffusion processes, as well as through powder particle bonding.
In the case of BMGs sintered between 380 and 400 °C, a two-step process
takes place. However, if temperature rises above 400 °C, crystallization
happens.

Viscosity is important for densification [65-67]. The decreased vis-
cosity of the BMG powder in the supercooled liquid region leads to a
drastic reduction in porosity between the powder particles and promotes
high densification rates.

Temperature is also an important factor in the densification of bulk
metallic glasses. Too low sintering temperature induces an incomplete
densification process; specimens are amorphous but not dense (i. e.
porous), and their hardness is low. This is the case of the specimen
sintered at 380 °C, its densification or relative density value is <80% and
its properties are, for this reason, very poor. On the contrary, sintering at
high temperatures leads to dense and hard specimens while crystalline
behavior is increasingly lost. In this context, authors such as Zhang et al.
[71] reported that annihilation of the free volume resulting from crys-
tallization could increase the density. This is observed in samples sin-
tered at or above 400 °C, which exhibit crystalline behavior and
densification or relative density values of 100%. The nominal sintering
temperature is selected below the glass transition temperature to avoid
local crystallization, as represented in Fig. 9 [72,73]. Consequently,
some colder positions inside the samples do not enter the supercooled
liquid region, making full densification more difficult [3]. Hence, local
overheating is a possibility that should be considered. Excessive defor-
mation of the powder particles can cause them to become polyhedrons
and stick together (the contact area is increased). The pulsed DC current
of the SPS process directly generates joule heat inside the powder par-
ticles and enhances their densification [3,28,74]. Phenomena such as
plasma formation and current density concentration occur, whereby
local overheating takes place at the particle contacts. In this way,
increasing the contact area reduces the difference in current density and
temperature between the particle and the contact region, making the
temperature field more uniform [72].

During sintering, different stages took place concurrent with the
density increase: particle arrangement, localized deformation, viscous
flow, and high temperature. Therefore, during the early stages of the
sintering process, the size of the neck between the particles is very fine,
leading to high current densities in their vicinity and, thus, to temper-
atures above T,, responsible for the nanoprecipitation in these areas
[28]. In this first stage, the heat generated at initial particle necks is
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Fig. 9. Temperature-transformation-time curve.
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extremely large when the neck is small, and its relaxation is very fast due
to the high thermal diffusivity of metallic alloys. High intensity pulsed
current is thus detrimental, and partial devitrification of the metallic
glass is produced, together with the formation of high temperature
phases and residual stresses resulting from the alternate cycles of heat-
ing and cooling. When the neck size is sufficient to limit the current
density, there is homogeneous heating. In this context, there is an
amorphous plastic flow of the particles, and it is possible to achieve
complete densification [28].

4.3. Properties and selection of the BMG

As pointed out at the beginning of the manuscript, the composition of
the BMG, ZrCusg gs5Y2.37Al1 g, was chosen by Richemont International
SA, due to its wear resistance, to be used in jewelry (watch gears). The
sintered product maintained its amorphous structure when sintered via
SPS at 390 °C, reaching almost 100% densification (99.6%) in a super-
cooled liquid region of around 90 °C. The following properties were
measured: Young’s modulus = 64.7 GPa, Vickers hardness = 396 HV0.3
and compression strength = 1174 MPa.

Numerous Zr-based bulk metallic glasses have been studied by
different researchers, as indicated in section 1.1, to be used in various
applications. Their properties can be compared. In terms of Vickers
hardness, the values obtained (396 HV0.3) are below others found in the
literature for Zr-Cu-Al BMGs, such as: Zrs7CuypAl;gNigTis, 540 HV [28],
or CusgZrgsAls, 535 HV [6]. Regarding compression strength, the value
obtained for the amorphous alloy (390 °C) in this research is 1174 MPa.
Other metallic glasses exhibit similar values: Ding et al. [72] reached
~1200 MPa for Zr-based glass alloys, Chu et al. [3] (Cu4eZrsoAl;Ys)
achieved 1200-2000 MPa, Cardinal et al. [6] (CusgZrssAls) obtained
1600 MPa, and Nowak et al. [28] (Zrs;CugAl;oNigTis) attained >1000
MPa. In all cases, a brittle fracture without a plastic domain is observed
in the stress-strain curve. In our experiments, crystalline samples also
show brittle behavior although their compressive strength is signifi-
cantly lower, as observed by Ding et al. [72].

The values calculated in section 3.4 indicate that ZrCusg g5Y2 37Al1 g
exhibits high strength and high hardness. The hardness of the sintered
samples increases from 390 °C to 415 °C, which is attributable to an
increase in the sintered density and the amount of devitrification with
increasing sintering temperature, while it decreases at 430 °C due to
precipitation/crystallization reactions and crystalline growth. However,
the tendency of the strength is different, since by increasing the sintering
temperature the compression fracture mode of the alloy transforms from
a typical amorphous fracture to a crystalline brittle fracture.

Compared to other BMGs, including Zr-based BMGs, the densifica-
tion of our alloy is almost complete. The supercooled liquid region is
different, depending on the BMG (i. e., CuspZrssAls, 58 °C in Ref. [6];
CU4GZI'42A17Y5, ~100 °C in Ref. [3]; ZI'57C1120A11()Ni8Ti5, 60 °C in
Ref. [28]). The pressure applied in our experiments was 35 MPa,
reaching almost full densification when sintering at 390 °C, which in-
dicates that it was sufficient to compensate the tensile stress between the
particles during the shrinkage process. The pressures required to obtain
100% densification of other Zr-based BMGs are significantly higher: 90
MPa [6] for CuspZrysAls; 100, 200 and 300 MPa (>97.20%) [72] for
different Zr-based BMGs; 600 MPa [3] for CuggZrssAl;Ys; 500 MPa [28]
for ZI'57C1120A110Ni8Ti5.

Considering the above-mentioned properties and experimental con-
ditions, bulk metallic glasses could find application in different fields.
Inoue and Takeuchi [75] pointed out that there are BMGs undergoing
practical use trials (or BMGs already in use) in companies in the fields of
structural materials for machinery (due to their high strength) and op-
tical precision (due to their high hardness). Wang et al. [52] indicate
that bulk metallic glasses may be applied in the field of cutting mate-
rials. They also indicate that BMGs are attracting the interest of the fine
jewelry industry as they can achieve an excellent surface finish along-
side high performance characteristics and unique properties. Therefore,
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considering the properties measured in this research, the
ZrCusg g5Y2.37Al1 g BMG could be applied in the manufacture of gears for
watches.

Ashby and co-authors were pioneers in the subject of material se-
lection [76,77] since they proposed several relationships based on the
mechanical properties of materials (properties of the most common
materials are collected in Chapter 7 of [78]) for comparison purposes.
The BMG obtained in this manuscript, ZrCusg g5Y2 37Al; g, exhibits me-
chanical properties like those of common metals, although the vitreous
nature of this material limits its potential application as a structural
material. However, its mechanical properties (hardness and compressive
strength) are sufficient for functional applications as well as for other
non-demanding applications. The main difficulty that arises when
obtaining a BMG using SPS technology is the size of the sintered product,
as well as its shape, since the former limits the potential applications and
the latter requires additional machining operations.

5. Conclusions

A fully dense ZrCugg gsY2.37Al; g bulk metallic glass was successfully
manufactured from gas-atomized glassy alloy powders using Spark
Plasma Sintering. Material crystallization is strongly dependent on the
sintering temperature since the transition from the amorphous to the
crystalline structure takes place within a narrow temperature range.
Therefore, sintering was carried out using SPS equipment at different
temperatures within the range 380-415 °C, with a consolidation pres-
sure of 35 MPa and a dwell time of 5 min. Sintered discs of 50 mm in
diameter and 12 mm in thickness were subjected to a densification,
microstructural and mechanical properties (hardness, Young’s modulus,
and compressive strength) study. The best results were obtained for the
sample sintered at 390 °C, which resulted in an amorphous structure,
almost 100% densification and the following properties: Young’s
modulus = 64.7 GPa, Vickers hardness = 396 HV0.3 and compression
strength = 1174 MPa. Samples sintered at higher temperature also
exhibited 100% densification and greater hardness, but they were
partially or completely crystalline. On the contrary, samples sintered at
380 °C showed an amorphous structure and poor densification (~75%),
and therefore poor mechanical properties. ZrCusggsY2 3yAl; g bulk
metallic glass was successfully sintered using SPS, and it was possible to
verify that sintering temperature plays an important role when trying to
obtain an amorphous alloy with adequate densification.
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