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Abstract

®
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Amorphous metals display an extraordinary mechanical strength and elasticity and can at the
same time be formed like thermoplastic polymers. These properties make them the ideal
material for industrial applications where complex parts have to withstand high mechanical
loads. In this work, the thermoplastic formability of amorphous metals is evaluated and
discussed in connection to their thermophysical properties. Formability is experimentally
assessed in thermoplastic deformation experiments with a constant heating rate, and in
isothermal experiments. The results are compared to the theoretical formability values
calculated from the thermophysical material properties and found to perfectly coincide. The
formability of amorphous alloys can be reliably calculated based on a viscosity measurement
in the supercooled liquid region. In isothermal experiments, the maximum formability is
obtained at the highest temperatures where crystallization can still be avoided.
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1. Introduction

Among all metallic materials, only amorphous metals can be
thermoplastically formed like polymers, providing a unique
advantage over other alloys. Additionally, amorphous met-
als, or bulk metallic glasses (BMGs), display an extraordinary
strength in combination with a large elastic limit, making them
interesting for industrial applications. The possibilities of ther-
moplastic forming (TPF) allow for an easy shaping of parts
after the production of the amorphous feedstock material, as
it becomes moldable above the glass transition temperature.
Complex shapes or elaborate surface patterns can be realized in
a single processing step [1]. In order to exploit these possibil-
ities, a profound knowledge about the material, its properties,
and the perfect processing conditions are crucial.

Soon after the discovery of the first amorphous metals, the
possibility to shape them like a thermoplastic in the super-
cooled liquid (SCL) region was already considered [2]. It was
however not before 1978, when Patterson and Jones reported
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on the hot forming (or TPF) of amorphous metals near the
glass transition [3]. In the following years, BMGs with a sig-
nificantly higher thermal stability were developed, e.g. the
Be-containing Zr-based alloys of the Vitreloy family [4], or
later the alloys in the Pt—P system [5]. These compositions
had a sufficiently high thermal stability to allow for super-
plastic forming in the SCL region, which was reported for
the first time in 2005 by Schroers [6]. In the following years,
many more TPF techniques were investigated, mimicking the
processes known from thermoplastics.

One of the possible applications for TPF of BMGs is the
fabrication of microstructures and micro-electromechanical
systems (MEMS) [7-10], or even metallic photonic crystals
[11]. Such products are difficult to produce from metallic
materials by conventional fabrication techniques, and com-
plex methods based on lithography, electroplating, and mold-
ing are in use. BMGs however, can simply be forged by
reusable micro-dies, resulting in three-dimensional MEMS
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structures, as first demonstrated by Saotome ef al [12]. A dif-
ferent approach to exploit the formability of BMGs is blow
molding. BMGs can be formed by this technique, which is
commonly used for example to produce plastic bottles. Shapes
that cannot be realized by any other metal processing method
can be achieved. The blow molding of BMGs was reported for
the first time in 2007 by Schroers et al [13]. They succeeded
in obtaining a strain of around 400% for the free expansion
of a disk during blow molding. Only some years later, they
presented a significantly refined process where actual product
shapes could be achieved [14], and in 2019 Kim et al reported
on blow molding of BMGs using an infrared rapid heating
technique [15]. In order to exploit the maximum formability
during TPF, Johnson et al developed a TPF process with ultra-
fast heating of the sample by a capacitive discharge heating
method [16]. Using this technique, they could achieve heating
rates of 10% K s~!, bypassing the critical heating rate for crys-
tallization and making accessible the complete SCL region,
even above the so-called crystallization nose. Later, they fur-
ther improved their method [17] and included the possibility of
shaping by electromagnetic pulsing [18]. In the last years, sig-
nificant advances were made in the field of TPF of BMGs. TPF
was performed on new classes of BMGs, e.g. Fe-based [19, 20]
and Ti-based ones [21]; the production of carbon fiber-BMG
composites by TPF was reported by Shamlaye et al [22], and
Monfared et al investigated the adhesion between BMGs and
the dies during TPF [23].

While the TPF of BMGs offers multiple new forming pos-
sibilities, only a limited processing window is available. Pro-
cessing temperatures and times need to be exactly known and
controlled in order to exploit the potential of this technol-
ogy. The reason for this lies in the metastable nature of the
SCL region and hence the limited time till the onset of crys-
tallization. Therefore, a profound understanding of the time-
temperature-transformation (TTT) diagrams of each alloy is
crucial. The formability of BMGs is strongly temperature
dependent, due to the interplay between viscosity and crys-
tallization time.

In the present work, the thermoplastic formability of 12
different BMGs is assessed in a simple deformation experi-
ment with a constant heating rate. Based on these findings, two
alloys are selected for further experiments, resulting in time-
temperature-deformation (TTD) diagrams. Finally, the ther-
moplastic formability of BMGs is discussed and related to the
thermophysical material properties.

2. Experimental methods

2.1. Sample production

Alloys were synthesized from high purity raw elements with
purities ranging from 99.95 wt% to 99.9995 wt%. For alloys
containing phosphorus (P), Ni-P and Fe—P prealloys were
produced by inductively melting the two raw elements in a
silica tube in a high purity argon atmosphere (see reference
[24]). Subsequently, the prealloys were fluxed by re-melting
them in dehydrated B,Os3 in a silica tube in order to remove
heterogeneous nucleation sites [25]. The raw elements and the
prealloys were alloyed by melting quantities according to the

desired composition in an arc-melting furnace under a high
purity Ti-gettered argon atmosphere. In order to obtain homo-
geneous master alloys, samples were flipped and remelted at
least three times.

The master alloys were cast into rods with a length of 50
mm and a diameter of 3 mm, using an arc melting furnace with
a suction casting inset. There, the alloy was melted in a high
purity Ti-gettered argon atmosphere on top of a water-cooled
copper mold and then sucked into the mold cavity, thus rapidly
cooling the melt and forming an amorphous sample.

The amorphous structure of the samples was checked by
x-ray diffraction (XRD) with a PANalytical X'Pert Pro diffrac-
tometer using Cu K, -radiation.

2.2. Thermoplastic forming

TPF deformation experiments with a constant heating rate and
isothermal ones were conducted to assess the thermoplastic
formability of the amorphous alloys. The as-cast rods were cut
into cylindrical samples with a diameter of 3 mm and a length
of 7 mm and these standardized samples with a volume of 49.5
mm? were used for all TPF experiments.

A custom-built TPF machine was used that allows for rapid
heating, pressing, and cooling of samples in a high purity Ar-
atmosphere. In first approximation, the TPF machine can be
described as a pneumatic hot-press within a vacuum cham-
ber. Samples were positioned between two vertical Cu-pistons
whose temperature can be precisely controlled. These pis-
tons were brought in contact with the sample, causing a rapid
heating due to heat conduction until the sample reached the
temperature of the pistons. Typically, heating rates of around
30 K s~! could be reached in the center of the sample. The
desired pressing force of 500 N was then also applied by
the Cu-pistons. Hence, the two Cu-pistons acted as heating
and pressing unit at the same time. After the desired press-
ing time, the samples were rapidly removed from the heat-
ing and pressing stage by an automatic rotation of the sam-
ple holder and positioned between two cold Cu-pistons cooled
by a thermoelectric cooler. A rapid cooling of the samples
was achieved by pressing the cold Cu-pistons against the sam-
ples. Typically, cooling rates of around 30 K s~! could be
reached.

Deformation experiments with a constant heating rate were
used to assess the maximum deformability of an alloy in a sin-
gle scan. The temperature of the Cu-pistons was adjusted to a
temperature 50 K below the glass transition temperature of the
sample (T, — 50 K). After equilibrating, the whole setup (Cu-
pistons and sample) was heated with a constant heating rate of
0.333 K s~ ! up to a temperature at least 10 K above the crystal-
lization temperature of the chosen rate (T + 10 K), resulting
in a finally crystalline sample. During the experiment, the tem-
perature of the pistons as well as the displacement of the upper
piston were recorded (while the lower piston remains static).
After each experiment, the sample was cooled to room tem-
perature by removing it from the combined heating and press-
ing stage and its mean diameter and its exact thickness were
measured with a micrometer screw.

In the case of isothermal deformation experiments, the
Cu-pistons were set to the desired pressing temperature and
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then brought into contact with the samples in order to rapidly
heat them. The samples were then pressed at the chosen tem-
perature for different periods of time. After pressing, they
were rapidly cooled between the cold Cu-pistons as described
above, in order to preserve the obtained microstructure at the
end of the pressing time. The obtained results allow to con-
struct a TPF TTD diagram. The main advantage of this exper-
imental procedure over the one with a constant heating rate is
that here the amorphous structure of the sample can be pre-
served, thus maintaining the advantageous properties of the
metallic glass. The selected process parameters were evaluated
regarding deformation and the conservation of the amorphous
structure.

2.3. Calorimetry

Differential scanning calorimetry (DSC) measurements were
performed with a power compensated Perkin-Elmer Hyper-
DSC8500 calorimeter. For all samples, DSC standard scans
with a constant heating rate of g, = 0.333 K s~! were per-
formed. The onset of the glass transition temperature, 7', as
well as the onset of crystallization, Tk, were determined by
tangents on the measurement curves.

In order to measure the low-temperature part of the TTT
diagram, isothermal DSC crystallization experiments were
performed. Samples were heated to different annealing tem-
peratures with a rate of 2 K s~! and held isothermally until the
end of the crystallization event. The heat flow during crystal-
lization was then integrated to determine the enthalpy release
and the integration results were used to determine the times
of the crystallization transformation for each temperature. A
further explanation and visualization of the method can be
found in reference [26]. Knowledge about this lower part of
the crystallization curve is crucial in order to adjust times and
temperatures for all further TPF experiments.

2.4. Viscosity measurements

At temperatures around the glass transition, viscosity was
measured by three-point beam bending experiments in a Net-
zsch TMA 402 thermomechanical analyzer. As-cast amor-
phous rectangular beams were placed on two sharp supporting
edges and a load of 0.1 N was applied downwards to the cen-
ter of the beam using a wedge-shaped fused silica head. The
samples were heated to the desired temperature and then held
isothermally at least until the end of the relaxation process
while the beam deflection rate during relaxation was measured.
The corresponding viscosity can be calculated from the beam
deflection rate and geometry [27]. A more detailed explana-
tion of the three-point beam bending (3PBB) TMA viscosity
measurements can be found in references [28, 29].

3. Results

The results of the thermoplastic deformation experiments upon
heating with a constant rate of 0.333 K s~! and a pressing force
of 500 N are summarized in table 1. The experiments were
performed on 12 different alloy compositions from different

alloy families, including Zr-, Cu-, Fe-, Ni-, Pt-, and Au-based
alloys.

The values for the glass transition temperature, T, and the
length of the supercooled liquid (SCL) region, ATy, originate
from DSC measurements. AT, is defined as the difference
between the onset crystallization temperature upon heating,
Ty, and T,. The liquidus temperatures, T are taken from liter-
ature. D* corresponds to the kinetic fragility parameter accord-
ing to the Vogel-Fulcher—Tammann (VFT) equation, which is
typically used to describe the viscosity of a liquid as a function
of temperature. The VFT equation can be written as [30]:

DT,
N (1) =no GXP(T;O)’ )

where D* is the kinetic fragility parameter which describes
how much the temperature-induced change in viscosity departs
from Arrhenius behavior. Kinetically strong liquids with a high
value of D* display a slower change in viscosity with temper-
ature around 7. T is the VFI-temperature, where viscosity
diverges. The pre-exponential factor, 79, represents the vis-
cosity at infinite temperature. The D*-values in table 1 are
taken from literature if indicated or result from own viscos-
ity measurements. The viscosity values at Ty are the lowest
values measured in the TMA viscosity scans. The final sample
deformation after the experiment is labeled as ¢ and is calcu-
lated according to the equation: @ = In (h1 / ho) where hg is
the initial height of the sample and /; the deformed height.
In the last column, references for original work on the alloy
and TMA viscosity measurements are given. The deformation
curve during the TPF experiment and the corresponding vis-
cosity scan for the AMZ4 alloy are exemplarily shown in the
supplementary information in figure SI 1.

The results in table 1 clearly show a strong correlation
between the maximum sample deformation ¢ and the mini-
mum viscosity at Tx. As the Pt42 alloy has a very low viscosity
of 5 x 10° Pa s at T, it reaches a deformation of 281%, which
corresponds to a final sample thickness of only 0.42 mm for
an initially 7 mm high sample. Samples of the Cu-based alloy
CuTi for example only reach a maximum deformation of 155%
(1.49 mm final sample thickness), and the minimum viscos-
ity at Ty is 6.9 x 10® Pa s, and hence roughly three orders of
magnitude higher than in Pt42.

The other material properties listed in the table do not show
a direct correlation with deformability. However, when only
one property is changed in a system, a direct influence of said
property can be observed. For example in the AMZ4 system,
the deformation in pure AMZ4 is much larger (190%) than in
the industrial grade version AMZ4 Zr7% (165%). The main
difference between the systems is that the SCL region is about
10 K shorter in the industrial grade alloy, and hence a higher
viscosity value is detected at T, as both alloys show almost the
same kinetic fragility (change of viscosity with temperature).

It should be emphasized that especially AT alone does not
correlate with the deformability, even though the length of the
SCL region is often considered as the key indicator for the
formability. It should further be mentioned, that viscosity at
the calorimetric 7, is not always exactly 10'* Pa s, e.g. the
Pt42 alloy shows a much lower viscosity already at 7', [31].
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Table 1. TPF bulk deformation experiments with a constant heating rate. T'g, glass transition temperature; ATy, length of the
SCL region; T, liquidus temperature; D*, fragility parameter; 7 at T, viscosity value at Tx; ¢, deformation in %, calculated
according to @ = In (h1 / ho). The alloys are sorted by their maximum deformation.

Alloy Composition (at%) T, (K) AT, (K) Ti(K) D* natTx (Pas) ¢ (%)  Reference
Pt42 Pty 5Cuz7Nig 5P2y 514 75 874  15.3¢ 5.0 x 10° 281 [5,31]
Aud9 AuyoClsg oSits3Ags.5Pds 3 396 60 644 21.19  1.7x 107 238  [34,35]
ZrAg ZrisCuseAlgAgg 685 9 1143 24.1 6.0 x 107 233 [36]
AMZ3 Zreo3Cuog sAliga 658 81 1180 ~25 1.3 x 108 205 [37, 38]
AMZ4 ZI’59‘3CU28‘8A110.4Nb1.5 663 80 1203 24.8¢ 1.6 x 108 190 [28]
FeMoPCB F667‘5M07‘5P10C10B5 753 80 1338 20.1 1.4 x 108 180 [39]
Ni69 NigoCrg sNb3P155B3 668 48 1153 14.9¢ 2.0 x 108 167 [31, 40]
AMZ4 705 73709 0 Cung s Al g 673 71 1196  25.6° 2.0 x 108 165  [41,42]
Vit106a ZI’58‘5Cul5‘6Nilz.8A110.3Nb2‘g 679 75 1140 24.1¢ 5.5 x 108 165 [42—44]
CuTi Cuy7Tiz3Zr; 1 NigSny Siy 689 67 1140 ~25 6.9 x 108 155 [45, 46]
Vit101 Sn, CuysTizsZr; NigSny 681 64 1150  25.3¢ 8.0 x 108 143 [42]
iRon F667M06Ni3'5CI'3'5P12C5'5B2‘5 714 39 1267 21.3¢ 1.3 x 1010 20 [26]

“Value taken from references in the last column.

Similar values were also reported for other BMGs with a rela-
tively low T'g, e.g. for Au-based alloys [32] and Mg-based ones
[33]. Hence, the sole knowledge of T, Tx, and D* is insuffi-
cient to describe the complete course of viscosity as a function
of temperature, as it does not account for these offsets. These
topics will be discussed later on.

For the isothermal deformation experiments, only two of
the alloys from table 1 were selected, namely AMZ4 and
FeMoPCB. These are the two alloys with the best compro-
mise between deformability and industrial applicability, as
they show a sufficiently high GFA and do not contain precious
metals.

Viscosity of these two alloys was measured by TMA scans
and by isothermal measurements in order to derive a VFT fit.
Figure 1 displays viscosity as a function of temperature for
AMZ4 (a) and FeMoPCB (b). The black squares represent
equilibrium viscosity values and are fitted by the VFT equation
(dashed line). The resulting fitting parameters are written down
in the figure. The red circles represent viscosity as measured by
a TMA scan and above the glass transition they coincide well
with the VFT fit. On the bottom, a DSC scan with the same
heating rate (0.333 K s~!) is shown as a temperature reference.
The data for AMZ4 in figure 1(a) is taken from reference [28].

The gray shaded box in figure 1 marks the TPF process-
ing region [28]. The previous experiments showed that defor-
mation for the used samples and under the applied pressing
conditions starts at viscosities of around 10'° Pa s, which corre-
sponds roughly to the end of the glass transition region. Hence,
the TPF processing region is defined by a viscosity below
10'° Pa s and down to the minimum value reached before the
beginning of crystallization.

Various temperatures within the defined TPF processing
region were chosen for isothermal TPF deformation experi-
ments and different samples were pressed for increasing times.
Each set of samples pressed at the same temperature was than
analyzed by x-ray diffraction in order to determine if the sam-
ple remained amorphous. X-ray diffraction patterns of these
measurements are exemplarily shown for two temperatures in
the supplementary information in figure SI2.

All samples from the isothermal TPF experiments are dis-
played in an isothermal TTT diagram in figure 2, according
to their processing parameters. AMZ4 is shown in figure 2(a)
and the crystallization times are taken from reference [28];
FeMoPCB is shown in figure 2(b). Samples that remained
amorphous are indicated by green dots and samples that show
first indications for crystallization are indicated by red circles.
The crystallization times for the 1%, 50%, and 99% transfor-
mation according to the DSC measurements are indicated by
the black symbols.

For both alloys, the crystallization times from the TTT dia-
gram coincide rather well with the results from the TPF experi-
ments. It must be mentioned that the temperature control in the
TPF is by far less accurate than in the DSC and that the tem-
perature distribution throughout the sample is not completely
homogeneous as the sample is heated by conduction through
the Cu pistons. Hence, small deviations of the TPF results from
the TTT diagram have to be expected.

In the case of AMZ4, crystallization in the TPF samples can
be detected when roughly the 50% crystallization time of the
TTT diagram is passed. For FeMoPCB, first signs of crystal-
lization can be detected at shorter times in relation to the TTT
diagram, roughly between the 1% and the 50% transformation
time.

The gray shaded areas in figure 2 indicate a change of
viscosity of half an order of magnitude, based on the data
from the TMA viscosity measurements. The temperatures at
which viscosities of 103, 5 x 108, 10°, and 5 x 10° Pa s are
expected are indicated by the blunt arrows. Comparing AMZ4
and FeMoPCB, it can be seen that the crystallization times
are very similar within the same viscosity region. Hence, both
alloys display a similar TPF processing region regarding time
and viscosity.

For each sample the deformation during the TPF experi-
ment is calculated according to the equation: ¢ = In (h1 / ho) ,
where hy is the initial height of the sample and /; the deformed
height after the experiment. From this data, a TTD diagram for
the TPF of AMZ4 and FeMoPCB is constructed, as displayed
in figure 3.
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Figure 1. Viscosity as a function of temperature. The black squares represent equilibrium viscosity values as measured in TMA and are
fitted by the VFT equation (dashed line). The resulting fitting parameters are written down in the figure. The red circles represent viscosity
as measured in a TMA scan and above the glass transition they coincide well with the VFT fit. On the bottom, a DSC scan with the same
heating rate (0.333 K s~!) is shown as a temperature reference. The TPF processing region between a viscosity of 10'” Pa s and the onset of
crystallization is marked by the shaded area. (a) Viscosity of AMZ4, data from [28], and (b) viscosity of FeMoPCB.
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Figure 2. Isothermal TTT diagrams for (a) AMZ4 and (b) FeMoPCB in the TPF temperature range. The black symbols indicate the
crystallization transformation in the DSC. All TPF samples that were prepared and analyzed are indicated according to their processing
conditions (temperature and time). Samples that stayed amorphous are depicted as green dots and samples that began to crystallize are
depicted as red circles. Viscosity values calculated from the VFT fits in figure 1 are given for four temperatures as indicated by the blunt
arrows. The gray shaded areas indicate a change of viscosity of half an order of magnitude. (Crystallization times and viscosities for AMZ4

are taken from reference [28]).

The deformation during the isothermal TPF experiments is
visualized in a color-filled contour plot, where dark red indi-
cates a deformation above 200% and purple a deformation of
75%. The deformation map is embedded in the TTT diagrams
from figure 2 and the prepared samples are indicated by black
dots. Crystallization and viscosity values are displayed in the
same way as before.

When comparing the two alloys, FeMoPCB displays a
larger deformation than AMZ4, with the maximum reaching
a value of 215% at 555 °C and 85 s. The maximum value

for AMZ4 is 195% at 465 °C and 110 s. In this compari-
son, the kinetically more fragile alloy, FeMoPCB, shows a
larger decrease in viscosity throughouta SCL region of similar
length, thus explaining the better formability.

The existence of this ideal processing window at high tem-
peratures also explains why both sample alloys demonstrate
a higher deformability in the isothermal experiments than in
the ones with a constant heating rate. For a large thermoplas-
tic deformation, it is advantageous to reach the upper limit of
the accessible temperature region as fast as possible, in order
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Figure 3. TTD diagrams for the TPF of (a) AMZ4 and (b) FeMoPCB. The deformation during isothermal TPF experiments is visualized in a
color-filled contour plot, where dark red indicates a deformation above 200%. The deformation map is embedded in the TTT diagrams from
figure 2 and the prepared samples are indicated by black dots. Crystallization and viscosity values are displayed in the same way as before.

to deform the sample at the lowest viscosity for the longest
amount of time possible, rather than deforming for longer
times at higher viscosities.

4. Discussion

In order to understand the connection between the material
properties and their thermoplastic formability, the results of the
TPF deformation experiments need to be connected to the ther-
mophysical properties of the alloys. The formability of BMGs
in the SCL region was first described by Schroers [47]. In the-
ory, the formability is defined by the maximum strain, €, the
sample can experience before crystallization. The strain rate,
¢, for Newtonian behavior can be written as:

€=a/3n, )

where o is the flow stress and 7 the temperature dependent
viscosity. emax for isothermal conditions now results from
the integration of the strain rate over time, from O s to the
crystallization time 7. [47]:

e . e o le S0
Emax = edr = —dt=0-— = 0oF"™. 3)
0 o 37 3n

The quantity relating the maximum strain to the applied
stress is the isothermal formability F**°:

1(T)

F*(T) = 3T’

“)

where both, crystallization time and viscosity, are strongly
temperature dependent. In order to calculate the forma-
bility parameter for constant heating experiments, F*",
equations (3) and (4) can be adapted [47]:

1 Tx(T) 1
3T Jryiry n(T)

1D (D*To
- — — exp
3T Jryiy Mo T—Ty

Fscan (T

> dT, 5)

where T is the applied heating rate of the scan and T, and
T are the heating rate dependent glass transition and crystal-
lization temperature, respectively. The temperature dependent
viscosity n(T) can be expressed in terms of the VFT equation
(equation (1)). The formability during a scan strongly depends
on the heating rate, mainly through the influence of the heat-
ing rate on the crystallization temperature. In this work how-
ever, a constant heating rate of 0.333 K s~! was used for all
experiments.

In his original work on the formability of BMGs in the SCL
region upon heating with a constant rate, Schroers derived sev-
eral quantities that correlate with the experimentally observed
deformation [47]. The best correlation was found for the so-
called S parameter, which is defined as S = AT, /(T — T,),
and a good correlation was also observed for AT,/T,. These
quantities are calculated as well for our deformation experi-
ments with a constant heating rate and are depicted over the
experimental deformation in % in figure 4 (compare to table 1
for the experimental results). The goal of the experiments in
this work is to assess if the reported correlations are univer-
sal, and hence hold true for a different experimental setup and
different alloys.

Figure 4(a) shows a rather good correlation for AT, /T, with
the deformation, where the coefficient of determination for a
linear fit is R> = 0.82. While ATy itself does not correlate with
the deformation, the normalization to T, basically scales the
length of the SCL region to the intrinsic softening temperature
of the system and by this makes them comparable. The corre-
lation found for S, as shown in figure 4(b) is slightly worse,
with R? = 0.72. The material properties needed to calculate
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Figure 4. Correlations obtained from the TPF experiments with a constant heating rate (table 1). The dashed lines represent linear fits to the
datapoints. (a) Correlation between AT,/T, and the experimental thermoplastic deformation in %. (b) Correlation between § = AT /(T} —

T,) and the deformation.

these two predictive quantities can be easily obtained from a
DTA measurement. Hence, a quick first prediction of the gen-
eral formability of a BMG can be made from a single DTA
scan.

While the correlation of AT,/T, and S with the deforma-
tion is reasonable, some outliers are still observed (e.g. Ni69),
making it desirable to define a quantity with a better corre-
lation that still is somewhat easy to measure. A single TMA
viscosity scan does not require more experimental efforts than
a DTA measurement. Such a viscosity measurement results in
a dataset that easily allows to obtain the minimum viscosity
of the system right before the onset of crystallization at T,
as noted in table 1. As viscosity in metallic liquids generally
decreases with increasing temperature, the viscosity value at
Ty is the lowest value that can be reached upon heating before
the onset of crystallization causes a rapid increase in viscosity,
when the crystalline solid is formed. Consequently, this viscos-
ity value quantifies the maximum flowability of the material
during the TPF process and was therefore chooses as evalua-
tion parameter. The correlation of 7(7’x) with the deformation
is displayed in figure 5(a). While not a linear correlation is
observed on this logarithmic viscosity scale, no more outliers
from the general trend are found. The gray dotted line cor-
responds to a quadratic fit that is only intended to guide the
eye. Hence, a single viscosity measurement allows for a good
prediction of the achievable thermoplastic deformation.

Finally, also the theoretical formability parameter for a tem-
perature scan, F*", is calculated for all investigated alloys,
according to equation (5). For each alloy, the inverse of the
VFT equation was plotted and numerically integrated from 7',
to Tk, resulting in the displayed values. A linear fit to the dat-
apoints shows a very good correlation between F*" and the
deformation with a coefficient of determination of R> = 0.94.
This stunning correlation emphasizes the validity of the theo-
retical formability concept. The correlation between formabil-
ity and deformation in the original work of Schroers was not
as strong as in our work. However, there, viscosity data for the
sample alloys was obtained from different literature sources,

while in our work all viscosity measurements were performed
with the same experimental setup in our group (including
the data from cited sources). This emphasizes the necessity
for careful and consistent measurements under defined and
constant conditions.

While the formability F*“*" in this case was calculated from
VFT fits that can only reliably be obtained from labor-intensive
isothermal equilibrium viscosity measurements, the viscosity
information for the relevant temperature interval contained in
the VFT fits can also be extracted from a single TMA 3PBB
viscosity scan. In this case, the course of the viscosity scan
can be used for a VFT fit of the temperature region between
T, and Ty without a significant deviation from the VFT fit
based on the isothermal measurements. The resulting calcu-
lation of F*“*" according to equation (5) yields very similar
values, not challenging the found correlation. Hence, a single
TMA viscosity scan can be sufficient to assess the formability
54 of a BMG. However, it should be mentioned that a TMA
scan with an excellent data quality is necessary, where espe-
cially at higher temperatures, approaching T, no measurement
artifacts e.g. due to the TMA deflection limit are observed.

The isothermal formability, F'*°, corresponding to the
TTD diagrams from figure 3 is calculated according to
equation (4). The temperature-dependent values of F'° for
AMZ4, FeMoPCB and Pt42 are displayed in figure 6 as sym-
bols with connecting lines. Formability is shown over temper-
ature scaled to T,. The data for AMZ4 (black) and FeMoPCB
(red) results from the TTT and viscosity measurements from
this work and the Pt42 data is calculated from our previous
work [48] and serves as a reference. Note that the formability
axis has a break between the Pt42 and FeMoPCB data.

For AMZ4 and FeMoPCB, next to each formability data-
point, the experimentally obtained TPF deformation from the
isothermal experiments is noted in % (compare to the TTD
diagrams in figure 3). It can be seen, that the isothermal forma-
bility values for both alloys follow the trends found in the
deformation experiments. In total, FeMoPCB displays a higher
formability than AMZ4. For both alloys, a deformation of



J. Phys.: Condens. Matter 32 (2020) 244002

B Bochtler et al

a) ] T T T T T T T T
_ 107 R
(%) ] W\
S 004 It
Q—/ 1/..‘($~@g\\q/&
x 1 ,\6“ ‘ [P‘ N\ﬂ;’)
+~ 10 3 »lQ E4 by
© E ch) C}% ‘/
> W &K
= 1 Nge @
2 1074 7
S o
2 ] la
.S Jd
10° 4 NN
] ° 0

0 50 100 150 200 250 300

deformation (%)

b) 10_4§ T T T T T T T T T T T I/g
i pos o 3
~ 10'5—é R“=0.94 ,«49».
@© ]
D\:/ 10—6_E V// O,o /We‘_? s 4049 i
g O(/} \
9] -7 ] /
b 107 G ﬁ%”@/’g
> -8 7
£ 10°4 . ’f7 << 3
% o] e 7s j)os 3
ey
L o1l e ]
10 ; //?0/7 ;
10" +—

0 50 100 150 200 250 300
deformation (%)

Figure 5. Correlations obtained from the TPF experiments with a constant heating rate (table 1). (a) Correlation between the viscosity at Ty,
and the experimental thermoplastic deformation. The gray dotted line corresponds to a quadratic fit that is only intended to guide the eye. (b)
Correlation between the formability /" according to equation (5) and the deformation. The dashed line is a linear fit to the data.
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Figure 6. Isothermal formability, F**°, displayed over Tg-scaled
temperature. Data for AMZ4 (black), FeMoPCB (red), and Pt42
(gray) is shown. For each formability datapoint, the experimentally
obtained TPF deformation is noted in %. The dashed lines indicate
the values of the formability parameter for constant heating, F*"
and the corresponding experimental deformation is also noted.

around 200% with our experimental conditions roughly cor-
responds to a value of F'*° = 2.5 x 1077 Pa~!. The results also
confirm the findings of Bryn Pitt et al that the highest formabil-
ity is observed at the highest temperatures where crystalliza-
tion can still be avoided [49]. Hence, the drop in viscosity at
higher temperatures overcompensates the decreasing crystal-
lization times, indicating that TPF should be performed at the
upper end of the experimentally accessible temperature range.

The dashed lines in figure 6 indicate the values of the
formability parameter for constant heating, F*°*", as previously
calculated, on the same scale. For all alloys, the formabil-
ity during a scan lies among the values of F'*°, whereas the
maximum formability upon isothermal processing exceeds the
formability during a scan. This is in good agreement with the
measured TPF deformation values that are written next to the

dashed lines indicating F**". While rather high temperatures
and hence low viscosities are reached during the scan, only a
short amount of pressing time is associated to this temperature
region. Therefore, the overall formability during a scan stays
below the values achievable during isothermal pressing.

In our experimental setup, processing temperatures that
require processing times much shorter than 1 min are not fea-
sible anymore. Such experiments were performed, but mostly
resulted in the crystallization of the sample. At such high tem-
peratures, the outer parts of the sample can already start to
crystallize before the whole sample is heated homogeneously
and starts to deform in the center. For TPF experiments at high
temperatures, a different experimental setup becomes neces-
sary, where the sample can be heated fast and homogeneously.
In fact, Johnson et al demonstrated that crystallization can be
beaten by millisecond heating and processing [16]. They use a
rapid capacitive discharge method where the sample is heated
by the ohmic heat of a millisecond current pulse and heat-
ing rates of 10° K s™! can be achieved. Later, Kaltenboeck
et al demonstrated the feasibility of this technique for near-net
shaping of a fine precision part, when the sample can be heated
to the ideal TPF processing range at viscosities below 10* Pa s
at high temperatures [17].

Commonly, the length of the SCL region, ATy, is inter-
preted as an indicator of the thermoplastic formability, how-
ever the deformation experiments in this work showed no
direct correlation. As discussed before, the formability during
a scan is mainly determined by the minimum viscosity that can
be reached before crystallization occurs, 7(Tx). Consequently,
in order to better understand the important influence of the
other material properties on the formability during a scan, their
influence on viscosity is visualized in figure 7.

Figure 7(a) shows the influence of the glass transition tem-
perature, T, on the minimum viscosity. Three systems with
the same ATy value of 80 K and the same kinetic fragility
of D* = 20, are displayed over a T's-scaled temperature axis.
The alloy with the lowest T, reaches much lower viscosity val-
ues than the alloys with higher glass transition temperatures.
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Figure 7. Influence of (a) the glass transition temperature T, (b) the kinetic fragility, and (c) the viscosity at Ty, on the viscosity at the onset
of crystallization. A lower viscosity at the end of the SCL region (at Tx) causes a higher thermoplastic formability. For all systems, the value
of ATy is constant, in order to visualize the influence of the other properties on the formability.

A simple calculation is shown within the plot to visualize the
effect of 7. On the Tg-scaled axis, a lower T, value causes
the corresponding SCL region to be larger and therefore lower
viscosity values are reached, given the same fragility. Hence,
the sole length of the SCL region cannot account for the influ-
ence of the intrinsic temperature of the system on the formabil-
ity. The T'¢-scaling however, corrects for this influence which
explains the good correlation of AT,/T, with the formability.
Accordingly, the excellent formability of the Pt42 and Au49
alloy (compare to table 1) are based on their low T';-values.

In figure 7(b), the influence of the kinetic fragility on
the viscosity above the glass transition is visualized. Given
the same 7, and the same AT, the more fragile systems
with a lower D*-value reach a much lower viscosity at the
onset of crystallization and hence show a better thermoplastic
formability.

Finally, the influence of the viscosity at the calorimetric
glass transition temperature, 7', is depicted in figure 7(c). In
theory, a viscosity of 10'? Pa s is assumed at the glass transi-
tion temperature, leading to the definition of the kinetic glass
transition temperature, 7,* [30]. Some alloys, however, show
much lower viscosity values at their calorimetric glass transi-
tion temperature (measured by DSC), leading to a temperature
offset of many degrees between T, and 7. In the case of
the Pt42 alloy for example, T, (=514 K) and T,* (=498 K)
are 16 K apart [31]. Similar offsets are observed for Au-based
alloys (e.g. Au49 from table 1 with an offset of 13 K) [32] and
Mg-based ones [33]. All of these alloys have in common that
they possess a relatively low glass transition temperature: 7',
(Pt42) =514 K, T, (Au49) =396 K, and Ty (Mg-based) ~ 420
K. These findings suggest that T, and T;* deviate relatively
strong for metallic glasses with a low T',. Similar observations
were also made for molecular liquids with low T, where vis-
cosity at the calorimetric glass transition is around 10'° Pa s
[50]. Figure 7(c) shows three systems with the same values of
ATy, T,*, and D*, where only the viscosity at T, (calorimet-
ric) differs. Obviously, the alloy with the lowest viscosity at

T, also shows the lowest viscosity at T, and hence the highest
thermoplastic formability.

In the case of the Pt42 and the Au49 alloy, the large ther-
moplastic formability can be explained by the combination of
the effects presented in figures 7(a) and (c). They both show
low T,-values and at the same time a relatively low viscos-
ity at their calorimetric T;. The same findings are true for
the well-known Pd-based BMGs, which were not included
in this study, and hence they are also expected to display a
similarly high thermoplastic formability. The kinetic and ther-
modynamic properties of the Pd-based BMG Pd43Ni;oCu,7P>g
were previously investigated [51, 52]. This alloy shows a rel-
atively low T, of 584 K, an even lower T, of 568 K [52],
and a large supercooled liquid region of ATy = 95 K. The
TPF experiments of Schroers [47], and also other works on
the thermoplastic deformation of Pd-based BMGs [10, 11, 53],
confirm their excellent formability.

5. Summary and conclusions

The formability of BMGs is evaluated and discussed in con-
nection to their thermophysical properties, which is an impor-
tant basis for the application of thermoplastic processing tech-
niques for amorphous metals on the industrial scale. Forma-
bility is experimentally assessed by two different approaches,
first, TPF experiments with a constant heating rate, and sec-
ond, isothermal experiments. For both cases, formability is
also calculated from previously measured material proper-
ties and found to perfectly coincide with the experimental
deformation results. The highest formability is obtained at the
highest temperatures that can be reached while still avoiding
crystallization.

The TPF experiments with a constant heating rate show
that the obtained deformation varies strongly between different
alloys. A correlation between deformation and the two param-
eters AT /T, and S = AT, /(T) — Ty), which can simply be cal-
culated from a single calorimetric measurement, is observed.
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An even stronger correlation with deformation is found for
two quantities that can be obtained from a single TMA vis-
cosity scan. First, the viscosity just before T, and second, the
formability F*“", as calculated according to equation (5). This
also verifies the validity of the theoretical concept behind the
formability F*“", which can be calculated from the viscosity
data in the temperature range between 7'y and T

The isothermal deformation experiments on AMZ4 and
FeMoPCB demonstrate that the highest deformation is reached
at the upper limit of the accessible temperature processing
window, where crystallization can still be avoided. The experi-
mental TTD diagrams for both alloys are displayed in figure 3.
These results align well with the theoretical temperature-
dependent formability calculated from isothermal crystalliza-
tion times and viscosity values.
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