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Abstract - Development of metallic glasses is hindered by the difficulties in manufacturing
bulk parts. We report on the preparation of glassy alloys using the spark plasma sintering
of gas atomized powders. The Zrs;CuzpAl1oNigTis alloy processed has a high glass forming
ability. Densification is obtained at the glass transition temperature (390 °C) under high
pressure (500 MPa). Systematic study of the effect of powder particles size and sintering
time is performed through structural and thermal analyses. Local and partial devitrifica-
tion of the amorphous alloy is detected, resulting from local temperature overshoots. From
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Accepted 18 November 2011 proposed.

ulk metallic glasses (BMGs) elabo-

ration has been developed since the

1960s. Formation of amorphous al-
loys is kinetically controlled and obeys em-
pirical rules stated by Inoue [1]. BMGs
are essentially manufactured using cast-
ing and rapid quenching techniques, lim-
iting dimensions and shapes of the avail-
able pieces [2]. One interesting way consists
in preparing bulk pieces from a fine amor-
phous powder (even presenting a low glass
forming ability) [3]. In this respect, atomiza-
tion of MG powders has been studied since
the early 1980s [4]. Attempts for sintering
were carried out by hot pressing [5], extru-
sion [6] and, more recently, by spark plasma
sintering [7-13].

This paper deals with the analysis of
SPS densification of a Zrs;CuygAl;gNigTis
MG prepared by gas atomization. Several
studies have already been performed on
this alloy, and is thus the relevant reference
for comparison with sintered parts [14, 15].
Structural and thermal analyses of sintered
samples with various grain sizes have been
carried out in order to identify specific
SPS densification and consolidation mecha-
nisms. This study aims at approaching the
specific mechanisms of SPS of MGs, with
particular interest in localized phenomena
(in particular at particles sintering necks).

1 Experimental

Powders prepared by high pressure gas
atomization [16] were sintered in a Syn-
tex SPS-515S (Syntex, Japan), using WC/Co
die and punches. For Zrs;CuyyAljgNigTis,
the sintering and densification temperature
domain available is narrow (about 60 °C)
between the glass transition temperature
(T, =~ 385 °C) and the crystallisation tem-
perature (T = 450 °C). For our experiments,
the temperature of the sintering plateau has
thus been fixed at 390 °C (just above T;). To
reach full densification, samples (10 mm in
diameter and 4.5 mm final thickness) were
compressed at a loading rate of 20 kN.min ™
up to 40 kN (about 500 MPa on the sam-
ple). A heating rate of 60 °C.min™! was
then applied from room temperature up to
300 °C. The heating rate was slowed down
to 10 °C.min! from 300 °C to 390 °C. Hold-
ing time varied from 3 to 10 min, depending
on the sample (see Tab. 1 for experimental
details). All experiments were carried out
under vacuum (7.5 x 10? torr). The nec-
essary electric energy for heating is pro-
vided by high current intensity (intensity
is recorded up to ~1200-1300 A), balanced
by an appropriate voltage (less than 2V).
In the Syntex equipment, the pulsed cur-
rent is periodically input following a set of
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Table 1. Experimental details, values of density, enthalpy of first crystallization measured by DSC

and failure stress (measured in compression, at é

5 % 10~° s71), compared to a bulk sample

prepared by casting.
Sample holding time (min) Powder grain size (um) Density = Herys J.g)  Omax (MPa)
bulk - - 6.59 61.9 1700
G1 3 No selection: dsy = 70 6.57 36.8 1250
G2 5 No selection: dsy = 70 6.59 23.7 1300
G3 5 32-63 6.60 43.5 1625
G4 5 63—125 6.58 51.0 1400
G5 10 32-63 6.61 374 1675
G6 10 63—125 6.60 452 1650

12 pulses (2 ms on 1 ms off) followed by
2 pauses (3 ms off). Temperature is mon-
itored through a K-type thermocouple in-
serted in the die at approximately 2.5 mm
of the sample. Density measurements were
performed using Archimedes principle, us-
ing propan-1-ol as a medium. Thermal
analysis was performed using differential
scanning calorimetry (DSC Mettler-Toledo
DSC822 calorimeter, Intl. Inc., Switzerland)
at a heating rate of 20 °C.min™!. Struc-
tural characterisation was carried out by
XRD measurements, with a X-ray powder
diffractometer (XPert PRO MPD, PANalyt-
ical, the Netherlands). Local observations
were performed with an analytical transmis-
sion electron microscope (TEM TECNAI-FEI
F20, FEI, USA) operating at 200 kV. The thin
foils were prepared by mechanical polish-
ing and Ar* ion beam milling. Finally, me-
chanical behavior was assessed by uni-axial
compressive experiments, carried out on a
100 kN MTS-20/M system, at a strain rate of
5x107° 571

2 Results

Efficiency of SPS for sintering MG pow-
ders was studied with respect to annealing
time and particles size, which are detailed
in Table 1. From DSC measurements plot-
ted in Figure 1, one can first notice that
the enthalpy of first crystallization for all
the sintered samples (G1 to G6) is lower
than the one measured on the bulk, as well
as on the powder (54.8 J.g7! [16]), indicat-
ing that partial devitrification is likely oc-
curing during the SPS annealing. Moreover,
comparison of values measured on G2, G3
and G4 (see Fig. 1) indicates that devitrifica-
tion is linked to the particles size. Indeed,
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Fig. 1. DSC scans of Zr57Cu20Al10Ni8Ti5 amor-
phous powder and G2-G4 sintered samples.

small particle size and wide particle size
distributions result in an increased average
number of contacts points between particles,
and consequently in a larger devitrification
amount. Finally, from Table 1, it also comes
that Hgs > Hgs, Hgp > Hgr and Hgs > Hgs,
meaning that G1, G5 and G6 are more crys-
tallized than G2, G3 and G4, respectively.
According to this, increasing annealing time
logically induces more crystallization in the
sample.

Occurence of partial crystallization is
supported by TEM observations, as shown
in Figure 2. Crystalline particles with diam-
eter of about 20 nm are visible on the polyg-
onal surfaces, which correspond to former
neck zones between particles.

Partial X-ray diffraction patterns for G2
and G5 are displayed in Figure 3. XRD
confirms the partial devitrification of MG
during SPS, as already observed on DSC
experiments (see Tab. 1 for enthalpy values).
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Fig. 2. TEM micrograph of a sintered sample,
where nano-precipitates are clearly present in
the central part of the particle facet. Inset: se-
lected area diffraction pattern showing broad
rings characterizing the amorphous matter, but
also some crystalline spots.
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Fig. 3. Zoom on small angles of XRD patterns
obtained on G2 and G5, with indexed crystal-
lized phases.

Indeed, for sintered samples, crystaline re-
flections appear superimposed the broad
peaks of the amorphous phase. For G5,
the main phase produced during SPS is
Ni,Zr3 (which is metastable), in equilibrium
with NiZr;, NiZr and ZrCu. For G2, Al5Tis,
NiyZr3, NiZr, and CuZr, have been identi-
fied. One can notice that no reflection of any
oxide, especially ZrO,, has been detected in
any sample. The ZrCu phase, wich is sta-
ble above 730 °C according to the phase di-
agrams, has also been detected on G3 and
G4 (short annealing time, see Tab. 1). It indi-
cates that high temperature and less stable
phases (as ZrCu or NiyZr3) appear first at
short annealing time and likely react with
the amorphous matrix after further anneal-
ing to form stable phases at room tempera-
ture; like CuZr, or NiZr;.
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Fig. 4. XRD patterns obtained on annealed bulk
samples of Zrs;Cuy0AloNigTis MG. Tempera-
tures of annealing are 440, 550 and 680 °C. Heat-
ing rate was fixed at 10 °C.min".

Moreover, XRD analyses were carried
out on annealed samples at 440, 550 and
680 °C, which correspond to the peaks of
crystallization of the alloy, as shown in
Figure 4. At 440 °C, the amorphous phase
related broad bands are still present, but
presence of some crystalline reflections, cor-
responding to ZrCu and Ni,Zr; metastable
phases, can be noticed. Those two phases ap-
pear first during the devitrification process
of the alloy, likely because their atomic ar-
rangement is the closest of the amorphous
atomic stacking. At 550 °C, further crys-
tallization is observed, even if some amor-
phous phase seems to be still present. New
phases are detected, such as Al5Ti3, or CuZr,,
which is stable at room temperature and
probably appears by reaction of ZrCu (no
longer visible at 550 °C) and the amorphous
matrix. Finally, at 680 °C, the amorphous al-
loy seems to be fully crystallized, as no amor-
phous signal has been detected. Further-
more, no reflections from metastable phases
are detected.

Results indicate that full densification
(see values of density listed in Tab. 1) of
MGs using SPS (with pulsed current), is
reached through two distinct steps. The co-
hesion between particles is first achieved
during initial stages of the sintering at the
contact between powder particles. This first
step occurs at narrow necks (meaning the
current density at the necks is large, thus
leading to large increase of temperature), but
leads to partial cohesion, along with partial
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Fig. 5. Schematic representation of the compaction mechanism of MG by SPS: (a) during the early
stages, neck size is very fine, leading to high current densities in their vicinity, and thus likely to
temperatures larger than T,, responsible for nano precipitation in those areas; (b) when the neck
size is sufficient, all the particle is homogeneously heated at around T, leading to plastic flow; (c)

total densification is finally reached.

devitrification of the MG (Fig. 5a). However,
as total densification is reached, further den-
sification is then happening during a second
stage of the sintering process. It is occurring
when necks are wide enough to allow ho-
mogeneous heating of the powder particles
ataround T, thus allowing Newtonian flow
of the MG but avoiding further crystallisa-
tion in the vicinity of necks (Fig. 5b). Ac-
cording to this study, those two steps are
believed to lead to complete densification.
However, this process is also responsible for
the apparition of a minor devitrification lo-
calised in the vicinity of the particles contacts
(Fig. 5¢).

Those results, and especially the obser-
vation of nano-precipitates (Fig. 2), suggest
that, in some parts of the sample, the tem-
perature was large enough to allow pre-
cipitation and growth of crystalline parti-
cles through diffusion processes, as well as
bonding powder particles. Moreover, iden-
tification of phases of the kind of ZrCu also
suggests that during certain stages of the
proces, temperature can be at least higher
that Ty. However, one can emphasize that
the MG is not fully devitrified (Fig. 3). Fur-
thermore, ZrCu, a high temperature stable
phase, is one of the first crystallized phase
appearing (Fig. 4). It then follows that the
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balance between temperature increase (due
to Joule effect) and thermal dissipation from
the necks, leads to an average temperature
not too much larger than T.

The balance between Joule effect (tem-
peraturerise at the necks) and heat flow (dis-
sipation of the temperature gradient taking
place between the necks and the centre of
the powder particles) gives the local temper-
ature rate as: AT/At = (pejz) / (pUC,,), where
pe is the electrical resistivity, p, the volume
weight and C, the heat capacity. Considering
six average contacts per powder particle (av-
erage number of contacts in spheres random
packing), then one can predict the temper-
ature rise in the vicinity of a neck accord-
ing to: ATpeck ® (ATcore/9) / (R/ x)4, where R
stands for the radius of the particle and x
for the radius of the neck. It naturally comes
that the difference in temperatures between
the particle core and the neck region varies
as the sintering degree (x/R), and that the
power of 4 means that, at small neck sizes
(i.e. early stages of the sintering) this differ-
ence is substantial. The temperature gradi-
ent between the neck region and the particle
core leads to heat dissipation from these two
respective zones, with relaxation time of the
order of T ~ R?/a ~ 0.4 ms, with the thermal
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diffusivity, @ = 3.5 x 10° m?.s7! [17]. 7 is
smaller than the on (2 ms) and off (1 ms)
times of an elemental pulse, and is certainly
overestimated. As a matter of fact, in this es-
timate, heat dissipation is supposed to occur
only by conduction in a cylinder of radius
x (radius of the neck), and a large quantity
of matter off this virtual cylinder is not con-
sidered for dissipating energy. Nevertheless,
this rough analysis of the thermal evolution
by current heating, indicates that heat dis-
sipation from the neck to the particle core
occurs concomitantly to heat accumulation
by Joule effect at the neck. Analytical evalua-
tion of an effective temperature as a function
of time at the neck region is thus not possi-
ble since those two concurrent effects have
different time and spatial scales. This would
most likely demand relevant numerical sim-
ulations.

Owing to rapid heat dissipation from
neck to particle core, homogeneous tempera-
tureis rapidly obtained in the overall sample
after the off (1 ms) time, which means that
the monitoring of temperature by external
recording is likely consistent. Most dramatic
is the substantial increase of temperature in
the neck region. For example, one may con-
sider a spontaneous event that is heat ac-
cumulation by Joule effect with negligible
dissipation: At <« 7. Taking At = 7/100, the
temperature rises higher than T, (AT start-
ing from room temperature) for neck sizes
smaller than 500 nm during such a sponta-
neous event. This rough evaluation shows
that, since the very beginning of the sinter-
ing, the SPS pulses are able to produce spon-
taneous temperature increases larger than
T,. The heat is most likely maintained to this
range of temperature by cumulative events
during the 12 pulses sequence, and then to-
tally dissipated during the 6 ms extra-pauses
sequence. These local temperature increases
are obviously not detected by external av-
erage measurements, since the pulses fre-
quency is very high and the total volume of
the neck regions is very small, ~ (x/ R)4 /4.

3 Conclusions

Spark plasma sintering was efficiently used
to produce sintered Zrs;CunAloNigTis bulk
metallic glass with strength similar to that
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of the bulk alloy produced by solidifica-
tion. This process opens interesting per-
spectives for the production of multiphase
and architectured materials having selected
properties. Characterisation of the sintered
parts using X ray diffraction, differential
scanning calorimetry and transmission elec-
tron microscopy revealed elemental features
of the micromechanisms involved in the
sintering process of this particular metallic
glass, but also leading to some extension to
metallic powders more generally.

Densification of MGs using SPS might
thus be described as follows: heat level gen-
erated at initial particles necks is extremely
large in the first stage of the sintering, when
necks are small, and its relaxation is very fast
due to high thermal diffusivity of metallic
alloys. High intensity pulsed current is thus
detrimental, and leads to partial devitrifica-
tion of the metallic glass, formation of high
temperature phases and stress gradient by
alternate heating and cooling. When necks
are wide enough to limit current density,
heating becomes homogeneous, and amor-
phous particles can flow, thus leading to a to-
tal densification. It must be emphasized that
these first stages of sintering are dominant
for the properties of the sintered MG. Unfor-
tunately, those events cannot be controlled
by macroscopic monitoring in SPS (temper-
ature measurements and sintering rate) since
they are localised in the vicinity of particle
necks, and their volume fraction is negligi-
ble. Gradual increase of the macroscopic cur-
rent intensity to moderate current density at
the growing particles neck seems relevant
to avoid detrimental temperature as well as
pronounced devitrification. Finite elements
modelling should be useful in order to con-
trol these localized processes.
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