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The structural stability of a gold-based bulk metallic glass (AusgAgssPd;3Cus69Si163) Was investigated
by fast differential scanning calorimetry (FDSC). A chemically homogeneous glass (CHG) containing no
quenched-in nuclei was produced using sufficiently fast cooling from the melt. To characterize the sta-
bility of this glass, the structural variations during annealing in the glassy state were investigated and a
sequence of five different events observed. These are structural relaxation, an incubation period, nucle-
ation, crystallization, and finally reorganization. The kinetics of these processes and the stability of the
crystalline structures are discussed.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The glass-forming ability (GFA) characterizes the minimum con-
ditions that must be fulfilled to create a glass by cooling from
the melt. For the quantitative description of GFA many empiri-
cal approaches have been suggested, considering different char-
acteristic transformation temperatures [1-5]. A more straightfor-
ward approach for characterizing GFA is the critical cooling rate,
Bearit» at which the crystallization is bypassed during cooling and,
as a result, a glass is formed below the glass transition temper-
ature, Ty [6-9]. The critical cooling rate of bulk metallic glass
(BMG)-forming alloys and the time-temperature-transformation
(TTT) diagram can be directly measured by fast differential scan-
ning calorimetry (FDSC) [9-12]. Due to the high possible cooling
rates, FDSC can be also used to generate glasses with a high fictive
temperature [13] and accelerated structural relaxation [14]. This
enabled the study of relaxation kinetics in a wide time and tem-
perature range.

The critical heating rate, B} ., is another property, which de-
scribes the stability of the supercooled liquid. This is the minimum
heating rate at which no crystallization occurs during heating from
the glassy state to the melt. The lower B}, ., the lower is the ten-
dency of the supercooled melt to crystallize. The critical heating
rate depends on the number of quenched-in nuclei and the nu-
cleation rate during heating. For conventionally quenched metal-
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lic glasses, | Beeit| << Bheric [11,15,16], which indicates the exis-
tence of quenched-in nuclei that have formed during the previous
cooling process.

A detailed investigation into the influence of cooling rate on
the crystallization behavior of metallic glass during heating has re-
vealed the existence of two different kinds of glass: (1) A chem-
ically homogeneous glass (CHG), which is a monolithic glass that
does not contain nuclei, and (2) a self-doped glass (SDG), which
includes quenched-in nuclei formed during melt cooling [17]. The
critical cooling rate to form a CHG is much higher than that to
produce a SDG. The critical heating rate to bypass crystallization
during heating from the glass, however, is lower for CHG than for
SDG.

The thermal stability of a glass is related to the kinetics of
structural relaxation, nucleation and crystal growth in the (par-
tially) vitrified state [18]. Using "Tammann’s nuclei development
approach" [19], Schick, Androsch and co-workers [20-22] have
shown for various partially crystalline polymers that three succes-
sive and coupled processes occur after rapid cooling and temper-
ing in the glassy state. These are (i) complete structural relaxation,
(ii) nucleation, and (iii) crystallization. Such a pathway of struc-
tural development has also been found recently in organic materi-
als [23], a Ce-based BMG [24], and selenium [25].

Deviating behavior has been observed in low-molecular-weight
organic materials at annealing far below the glass transition,
where crystallization occurred before structural relaxation com-
pleted [26]. Chemically confined statistical copolymers also behave
differently, and in such materials structural relaxation and crystal-
lization have been shown to reveal the same kinetics [27].
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In this paper, we report investigations on the structural stabil-
ity of the BMG-forming alloy AuygAgssPd;3Cuyg9Siie3 [28]. Dur-
ing heating from the glassy state, this alloy reveals complex crys-
tallization kinetics in which different phases and metastable struc-
tures are involved [29]. However, no data on isothermal structure
formation in the glassy state and the stability of this glass exist. To
avoid the influence of quenched-in nuclei, we focus here on CHGs
by supplying sufficiently fast quenching from the melt. To our best
knowledge, the aging kinetics of such a defined metallic glass have
not been investigated before in detail.

2. Experimental procedure
2.1. Sample preparation

The elements Au (99.95%), Cu (99.9%), Ag (99.5%), Si (99.95%),
and Pd (99.95%) were pre-alloyed via repeated induction melt-
ing to a sample with atomic composition AuggAgs sPd; 3Cuy69Sit63-
The alloying was performed in a quartz tube, which was sealed
under 99.999% pure Ar atmosphere. The mass loss during this al-
loying was near the detection limit of laboratory balances, so that
the actual composition compares to the nominal composition. The
alloy was then processed by melt spinning in 5N+ pure He atmo-
sphere, generating CHG ribbons of approximately 30 um thickness
[17].

2.2. Conventional differential scanning calorimetry

Conventional differential scanning calorimetry (DSC) measure-
ments were performed on samples with a mass of about 30 mg,
using a Mettler-Toledo DSC 1 equipped with an FRS 5 sensor
and a Huber intracooler TC100. The DSC cell was purged with
argon (30 ml min~1), and the transformation temperatures and
enthalpies were measured with a heating rate of 10 K min~!.
Stochastic temperature modulated DSC (TOPEM) was used to mea-
sure the heat capacity [30]. Measurement parameters were the un-
derlying heating rate (here, 1 K min~1), pulse height (+1 K), and
pulse width (30 to 35 s). For the evaluation, a calculation window
of 300 s was applied. A reference measurement with sapphire us-
ing the same modulation parameters was also performed. Well ox-
idized 40 ml Al crucibles were deployed in all measurements.

2.3. Fast differential scanning calorimetry

FDSC measurements were performed using a Mettler-Toledo
Flash DSC 2+ operated with a UFH 1 sensor, described in Ref.
[17]. The sample support temperature in the calorimeter was set
to —80 °C using a Huber intracooler TC100, and the sensor was
purged with argon at a flow rate of 60 ml min~!. The melt-spun
ribbons were cut under a stereomicroscope into small pieces with
a surface of approximately 104 ;zm?2. Their mass was estimated us-
ing the melting enthalpy of AH, = 40.4 ] g~! [11] to be between
20 ng and 200 ng. For such samples no size-dependent nucleation
and crystallization is expected [10]. For an easier positioning of the
sample and to prevent its jumping due to stress release in the glass
transition region, the active zone of the sensor (at the sample side)
was wetted with a small amount of silicon oil (AK 60,000 from
Wacker) before the first heating cycle.

2.4. Measurement methods for studying nucleation by FDSC

Based on Tammann’s approach [31], Schick et al. proposed a
two-step method to study nucleation in polymers by FDSC [19,32].
A scheme of the temperature program is given in Fig. 1a. The sam-
ple is cooled from the equilibrated melt above the liquidus temper-
ature, Tj, to a temperature at which the nucleation process is stud-
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Fig. 1. Different approaches to study nucleation processes by FDSC. (a) Two-step
process according to Tammann, and (b) a one-step process using the critical cooling
and heating rates of a CHG.

ied. The cooling rate in this step must be high enough that nei-
ther crystallization nor nucleation occur during cooling. The num-
ber of nuclei formed during the annealing treatment (blue line in
Fig. 1a) determines the number of crystalline grains that will form
in a subsequent crystallization step at higher temperatures (green
line). After rapid cooling, the resulting crystalline structure is then
analyzed in a subsequent heating segment (red line). It must be
emphasized that the measured results of this analysis depend cru-
cially on the heating and cooling rates before and after the crystal-
lization step and the crystallization temperature. The heating rate
from the nucleation to the crystallization step must be sufficiently
high to prevent further nucleation during heating, but also to al-
low for a survival of the nuclei that formed during the nucleation
step. The crystallization temperature must be chosen in such a way
that the crystallization rate is moderate, in order to extract the
number of nuclei from that of the crystallites without further nu-
clei formation. The subsequent cooling rate must be high enough
to freeze the semi-crystalline structure, and the final heating rate
for microstructure analysis must be sufficiently high to prevent not
detectable structural modifications. It is thus obvious that the tech-
nique requires extensive studies to find the optimum experimental
parameters.

An alternative approach to determine the nucleation kinetics is
a method relying on the critical heating and cooling rates of a CHG
(Fig. 1b). When cooling the melt with at least the critical cooling
rate of a CHG there is no nuclei formation upon cooling, but only
during the nucleation step (blue line in Fig. 1b), where the CHG
transforms to a SDG, i.e. a glass with nuclei [17]. Upon heating
with the critical heating rate of a CHG (red line), crystallization
is sensitive to the nuclei that formed during the nucleation step.
Thus, using this technique, only two easily to be determined pa-
rameters are needed to study nuclei formation. It should be men-
tioned that it is not necessary to generate a CHG in the first cool-
ing step. If it is not possible to generate a CHG upon cooling, the
effect of pre-existing nuclei may be measured without the nucle-
ation step, which then has to be considered in the evaluation of
the measurements with nucleation. It is only important that the
heating rate in the analysis segment is fast enough to avoid any ad-
ditional nuclei formation. The critical rate approach has been used
in the present study.

3. Results

The critical cooling rate to form a CHG in AuygAgssPd;3
Cuy60Sitg3 is 4000 K s~1, while it is 500 K s~! to form a SDG.
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Fig. 2. Schema of the FDSC temperature program to study the behavior of the Au-
based glass upon annealing at T, over times t,.

The critical heating rate at which no crystallization occurs during
heating is 6000 K s=! for a CHG [17]. To generate a CHG during
cooling we selected a cooling rate of 20,000 K s~1, which is sig-
nificantly faster than the critical rate. As heating rate we selected
the critical rate of 6000 K s~! to avoid crystallization of the non-
nucleated material. Because of the high scanning rates, the mea-
surements were performed on a sample with a mass of 23 ng.

Here we define the glass transition temperature, Tg, as the lim-
iting fictive temperature [33,34]. This is determined via creating
the glass upon cooling from the melt with a rate 8. and heating
the glass with a rate 8, = | Bc|, and correcting the influence of
thermal lag by averaging the glass transitions from the cooling and
heating cycles [35]. In this way, the glass transition temperature,
Tg, of the CHG cooled at 20,000 K s~! was determined as 174.5 °C.

A schema of the temperature program to measure the behavior
during annealing (nucleation step in Fig. 1b) is shown in Fig. 2. The
annealing temperature, T, was varied between 168 °C and 118 °C
in steps of 10 K, and the annealing time, t,, was varied between
0.01 and 100,000 s. The heating curves were conducted at 6000 K
s71

Fig. 3 shows for the example of T, = 138 °C (=~ 35 K below Tj)
a set of heating curves after different annealing times. For refer-
ence, the heating curves of the non-annealed CHG and of the com-
pletely crystallized sample (after cooling at 1 K s~1) are displayed
as bold curves. As expected, the curve of the non-annealed CHG
shows only the step of the glass transition and no further struc-
tural changes during heating. The main effect for the completely
crystallized sample is the melting peak above 350 °C. The crys-
talline material also shows a slight step-like anomaly of the heat
capacity at around 250 °C, which is characteristic for the studied
alloy.

The first process that occurs during annealing is structural re-
laxation, as seen in Fig. 3a. The enthalpy relaxation peak increases
with increasing annealing time from t; = 0.01 s and reaches a
maximum at t; ~ 1 s. Further annealing does not influence the
heat flow curves, and the measurement curves retain their shape
for annealing times between 20 s and 100 s.

At further annealing, exothermal crystallization peaks and sub-
sequent endothermal melting peaks appear in the heating curves
(Fig. 3b). With increasing t, the size of the crystallization peak in-
creases and the peak temperature decreases. The size of the final
melting peak also increases with increasing annealing time. The
area of both peaks is approximately the same for a given annealing
time, which indicates that the enthalpies of the exothermal crystal-
lization and endothermal melting events sum up to zero.

Heating curves after annealing between 12,000 s and 18,000 s
are shown in Fig. 3c. In these curves the intensity of the glass
transition, Acp, decreases with increasing annealing time and the
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crystallization peak reveals a different shape. Additionally, the heat
flow after the glass transition slightly increases and eventually
evolves into a small endothermal transformation peak at about
240 °C. The subsequent crystallization peak decreases with increas-
ing annealing time. The shape change of the crystallization peak
(compared to Fig. 3b) indicates a change in the crystallization ki-
netics. The final melting peak reveals only little increase in inten-
sity.

Fig. 3d displays the development of the heating curves for t; >
20,000 s. No glass transition appears and the melting peak does
not vary. The sample now has completely crystallized during an-
nealing. However, the low-temperature endothermal peak and the
following exothermal peak vary with increasing t,, and both de-
crease with increasing annealing time. The exothermal peak is fi-
nally overlaid with an endothermal bulge at about 270 °C.

To characterize the evolution of the sample structure during an-
nealing, different properties were derived from the heating curves
in Fig. 3. These are the intensity of the glass transition, Acp, the
enthalpy of the structural relaxation, Ah.e,, the enthalpy of the
primary crystallization, Ah¢, and the temperature of the crystal-
lization peak, T.. Furthermore, the temperature, T,;, of the en-
dothermal peak at about 240 °C and the temperature, Ty, of the
small endothermal event at about 270 °C were evaluated.

The heating curves in Fig. 3a were considered for the eval-
uation of the enthalpy relaxation, Ah,x. For the determination
of Ahax the measurement curves after annealing at ti, ®(Tta),
were subtracted by the curve of the non-annealed sample, ®(T,0).
The resulting peak was then integrated in the temperature interval
below (T.;,) and shortly above the glass transition range (Tmax)
[27,36,37], which results in:

Tma)(

Ahrelax(ta):Tf [®(T, ta) — O(T,0)]dT. (1)

Furthermore, the total enthalpy, Ahy, describes approximately
the crystallization process during annealing. This is the sum of the
enthalpy of the crystallization peak, Ahc, and the melting peak,
Ahp, i.e. Ahyt = Ahe + Ahp. We have to take into account that
the exothermal crystallization enthalpy, Ahc, is negative. If Aht
has a significant positive value, crystals have formed during an-
nealing (Fig. 3c), while Ahyt ~ 0 indicates only nuclei forma-
tion during the annealing step (Fig. 3b). This approximation ne-
glects the temperature dependence of the transformation enthalpy
[38]. However, because of the high heating rate of 6000 K s~1,
crystallization occurs at relatively high temperatures and melting
at relatively low temperatures (Fig. 3), because in the latter case
a metastable solid phase would melt at lower temperature. For
these experimental conditions, the change of the crystallization
and melting enthalpies with temperature is therefore small and
within experimental uncertainty, which results mainly from the
base line selection in the evaluation. The practicability in using
Ahyot to characterize the crystallinity of metallic alloys by FDSC
also results from the proportionality of Ac, and Ah for this al-
loy [17], where the ratio Acp [Acp is the amount of amorphous
fraction (Acpg is the intensity of the glass transition of a mono-
lithic glass) and Ahgot [Ahgoeq is the crystallinity (Ahgo; is the en-
thalpy of the fully crystallized alloy without amorphous compo-
nents). Thus, a linear relation of the form

Acp Ahiot

=1- 2
ACp.O Ahtot,l ( )

is expected. The corresponding data for semi-crystalline alloys in-
deed follow Eq. (2) within experimental uncertainty, which is
shown in Fig. 4 for the samples annealed at 138 °C and 148 °C.
Eq. (2) is often violated in nearly fully crystallized material
where the crystallization temperature is much lower than the
melting temperature. In such a case, solid-solid transitions with
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Fig. 4. Amorphousness determined from the intensity of the glass transition versus
crystallinity determined by Ahi. The solid line represents eq. (2).

transformations to more stable modifications are often observed,
as presented in Section 4.6.

A known problem for the evaluation of transformation en-
thalpies from DSC curves is the selection of the baseline for peak
integration. The baseline represents the underlying sensible heat
flow, which is related to the temperature change of the sample and

proportional to the heat capacity, and the baseline-subtracted peak
is the latent heat flow component [30,39]. To minimize the rela-
tive uncertainty we deployed three different kinds of baseline in
dependence of the structural variation during the measurements:

(1) For relatively short annealing times (Fig. 3a,b) the initial sample
is a monolithic glass (without or with nuclei). Above the glass
transition, the sample becomes a liquid. The extrapolated curve
of the non-annealed sample above the glass transition was thus
taken as baseline.

For semi-crystalline samples (Fig. 3c) the heat capacity after the

glass transition has a value between that of the supercooled lig-

uid and the crystalline sample. In this case, for each t; an ex-
trapolated line from about 200 °C to the liquid’s temperature at
the end of the measurement was taken as baseline.

(3) In the case of crystalline samples (Fig. 3d) the baseline was
constructed by using the heating curve after slow cooling (1 K
s~1). In this measurement curve, the melting peak was substi-
tuted by a linear line drawn from the beginning to the end of
the melting event, and the resulting curve was taken as base-
line.

(2

—

For the determination of Ahy all exothermal and endothermal
peaks were in between the integration limits. For the evaluation
of Ah. the integration limits were obtained from the intersection
points of the measured curve and the baseline.

The intensity of the glass transition, Acy, is related to the crys-
tallinity of the sample before heating, «, and the total enthalpy
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minor melting peaks (T, and Tp).

Ahyot, according to [17]:
o X (AC;LO — ACP) [e’6 Ahtot. (3)

In Fig. 5, the evaluated properties of differently annealed
glasses are plotted as a function of t, for annealing temperatures
of 138 °C and 148 °C. The vertical lines separate different phases
of the annealing process. The line at the end of section A repre-
sents the time, ..., at which structural relaxation is finished and
Ahpeax Teaches a maximum negative value. At the end of section
B (at thuc) a crystallization peak appears in the heating curve. In
section C the crystallization enthalpy, Ahc, increases towards nega-
tive values and reaches finally a maximum exothermal enthalpy of
about —600 nJ (for both temperatures). The limits of section D are
the onset time of crystallization, teyst, and the onset time of the
process for structural perfection, treorg. Structural perfection means
here the evolution of the structure towards higher thermodynamic
stability, e.g. by lowering the defect density, increasing the crys-
tal size, or via a transformation towards a more stable crystalline
modification. In this time range, the intensity of the glass transi-
tion decreases due to crystallization during annealing. In the last
section E, the fully crystalline material changes its structure, which
is reflected in the variation of the low-temperature endothermal
peaks at T,,; and Tpp.

4. Discussion
4.1. Different processes during annealing
Fig. 6 plots for various possible phases the enthalpy curves as a

function of temperature far below the equilibrium melting temper-
ature around the glass transition temperature, Tg. The equilibrated

Enthalpy

T, Tq

Temperature

Fig. 6. Schematic enthalpy-temperature diagram, illustrating the evolution of var-
ious phases near the glass transition, T;. During annealing of the CHG at T, the
enthalpy reduces from position 1 to 4.

crystalline structure is the most stable polymorph and reveals the
lowest enthalpy. Above Tg, the supercooled melt is the least stable
and has the highest enthalpy. In the glass transition range, the su-
percooled melt vitrifies upon cooling and the slope of the enthalpy
curve is reduced towards that of the stable crystalline structure.
Two metastable polymorphic modifications are added in between,
referred to as metastable solids 1 and 2. The metastable modifica-
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tion 1 is less stable than modification 2. These metastable mod-
ifications are usually not single crystalline phases or intermetal-
lic compounds, but non-equilibrated crystalline structures such as
nano-compounds of different phases with a high contribution of
interface energy or non-equilibrated supersaturated solid solutions.
This is especially the case for structures that form at low temper-
atures due to a reduced atomic mobility. These metastable solid
modifications can be very complex in the case of Au-based BMG-
forming alloys [40].

The concept of Fig. 6 is discussed in detail in Refs. [17,38]. Fur-
thermore, Ivanov et al. [29] indeed recently identified via in-situ
TEM different metastable phases that formed above the glass tran-
sition in Au4gAg5.5Pd23Cu26.95i163.

To describe the different processes that occur during annealing
of the CHG at T, we use the schematic enthalpy-temperature dia-
gram of Fig. 6. Examples of the related heat flow curves measured
during heating after annealing are plotted in Fig. 3.

Rapid cooling of the melt results in an unrelaxed glass of high-
est enthalpy (position 1). Upon annealing at T, structural relax-
ation occurs first (section A in Fig. 5). The enthalpy of the glass de-
creases and tends towards the enthalpy of the structurally relaxed
supercooled melt (position 2). In Fig. 5 this period of annealing is
characterized by an increase of the exothermal relaxation enthalpy,
Ahelax, (towards negative values) and the invariance of all other
evaluated properties.

In section B, all properties are constant and the enthalpy of the
glass remains at position 2. This is the incubation time for nucle-
ation, which is finished at tpyc. The latter denotes the time where
an onset of nucleation can be detected.

Also in section C the sample remains at position 2 and nuclei
form during annealing. This process is indicated by the appearance
of a crystallization peak in the heating curve (Fig. 3b). The exother-
mal crystallization enthalpy, Ahc, increases (towards more negative
values) and T. decreases with increasing t; (Fig. 5). All other prop-
erties are still invariant during nucleation. The end of this section
is characterized by a maximum exothermal crystallization enthalpy
at teyst. Up to this time the total transformation enthalpy, Ahgot,
remains at zero, indicating that the sample is completely amor-
phous up to feryst.

Crystallization then occurs in the relatively narrow time win-
dow between teryst and freorg (section D). This is indicated in
Fig. 5 by a decrease of Acp and the endothermal increase of the
total enthalpy. The exothermal crystallization enthalpy, Ahc, de-
creases with increasing t, because the sample already crystallizes
during t, and thus less during subsequent heating A similar sce-
nario was reported for a Ce-based BMG-forming alloy [24] and
selenium [25] during annealing in the glassy state, but the in-
cubation period was not analyzed for that material. In section
D the temperature of the crystallization peak, T, further de-
creases because the initial crystals that form in the sample upon
annealing accelerate crystallization during the subsequent heat-
ing. At ta = treorg, the sample is completely crystallized and no
glass transition appears in the heating curve. In this segment a
low-temperature transformation peak at T,,; appears. The sample
transforms during this crystallization to a metastable crystalline
phase 1 and reduces its enthalpy from position 2 to position 3,
as illustrated in Fig. 6.

At the beginning of the last segment E, the sample is com-
pletely crystalline and all measured effects are related to changes
in the metastable crystalline structure. During this annealing pe-
riod, the crystalline structure that formed during annealing at t; <
treorg transforms towards a more stable modification. We term this
time segment as “period of structural perfection”. In Fig. 6, this
is the enthalpic transformation from position 3 to 4. The heating
curves in Fig. 3d show that in section E the crystallization peak
decreases and T, increases with progressing annealing time. Addi-
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non-annealed CHG after cooling at a rate of 20,000 K s~ (174.5 °C).

tionally, the low-temperature melting peak at T,; decreases and
finally disappears, whereas a new peak at Ty, emerges.

In the following, the different stages that occur during anneal-
ing are discussed in more detail.

4.2. Structural relaxation in the vitrified state

Fig. 7a shows the enthalpy of structural recovery, Aheax(Ta, ta),
as a function of annealing time for different annealing tempera-
tures. The time dependence of the structural relaxation is usually
described by a stretched exponential Kohlrausch function [41]:

b(Ta)
fa ) e

Ahrelax(Tﬂ’ ta) = Ahrelax.m(Ta) 1- eXp _<'[K(T )
a

where Ahgj,cm is the maximum change of the enthalpy during
structural relaxation, 7 is the Kohlrausch time constant, and 0 <
b < 1 is the related exponent. All of these parameters depend on
the annealing temperature T,.
The maximum enthalpy during isothermal structural relaxation
is
Ta

Ahrelax,m = /[Cp,ﬂc(T) - Cp,L(T)] dT, (5)
T

where ¢, gc(T) is the heat capacity curve during cooling of the melt
from the liquidus temperature, T;, to the annealing temperature,
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T,, with a cooling rate B.. The (extrapolated) heat capacity of the
supercooled liquid is cp (7).

The temperature and annealing-time dependent relaxation en-
thalpy follows first a temperature-independent universal relax-
ation curve (Fig. 7a) before Ah,x approaches the temperature-
dependent maximum value of the enthalpy relaxation, Ahpgjaxm-
Such a behavior is typical for the structural relaxation of glasses
[13].

The end of the structural relaxation process, t..x, iS defined
as the time at which the relaxation enthalpy reaches its maxi-
mum, Ahgaxm. In Fig. 7b, Ahyaxm is plotted as a function of
annealing temperature. For the lowest T, (118 °C) the glass could
not completely relax within the time frame of the experiment
(Fig. 7a). For this relative low temperature (ca. 110 K below Tg),
the curve indicates an additional relaxation process that starts at
ty ~ 1000 s. Such a low-temperature relaxation process at around
100 °C was also reported for a Au-based glass in temperature-
modulated DSC measurements [42], and a second relaxation pro-
cess at low temperature was also recently seen in amorphous sele-
nium [25]. Such behavior may point to fundamental changes in the
atomic dynamics, as suggested by a transformation of the glass-
forming liquid from fragile to strong [43,44] or a change of the
low-temperature relaxation kinetics in the glass [25,45-47]. For
AuygAgs sPd; 3Cuyg9Siig, Monnier at al [48] recently reported a de-
coupling of vitrification and «-relaxation in the temperature range
where we observe a splitting of the relaxation processes.

The limiting fictive temperature can be determined by an ex-
trapolation of Aheax m(Ta) to zero (Fig. 7b), which presents the Tg
of the non-relaxed glass as 175 °C. This value agrees well with the
direct determination of Ty = 174.5 °C (see above) and illustrates
the self-consistency of the methods.

The annealing time, t.,y, to reach the structurally equilibrated
melt is plotted as a function of the reciprocal temperature in an
Arrhenius presentation in Fig. 8 (blue circles). Arrhenius-like be-
havior is seen down to T, = 128 °C (~ 45 K below Tg), while for

2 = 118 °C, t,oax is significantly larger than expected from an ex-
trapolation of the high-temperature data. The significant slowdown
of the structural relaxation at low temperatures indicates differ-
ences in the atomic dynamics of the glass, what is not expected
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within the framework of a classical, phenomenological description
of the glass transition.

4.3. Nucleation

Nucleation is measured in the time period where enthalpy re-
laxation is complete but no crystalline structure has yet formed
(i.e. Acp is the same as for the non-annealed CHG). Because the
heating rate applied corresponds to the critical heating rate of the
CHG, nuclei do not form during heating. The crystallization peak
observed during heating (Fig. 3b) must therefore result from nu-
cleation during the isothermal annealing step (see also Fig. 1b).

The incubation time for nucleation during annealing, tpyc, re-
lates to the onset of Ahc(t;) in Fig. 5. This incubation time is also
plotted in Fig. 8. For T; > 120 °C, tpyc is much larger than the time
for complete structural relaxation, tejox-

Perepezko and Hildal defined the onset time for nucleation as
the time when a nucleation event occurs in the respective volume.
Accordingly, it follows [49]

v
where A; is the pre-exponential factor, the constant A, charac-
terizes the surface-tension contribution for nucleation, n is the
temperature-dependent melt viscosity and Gy is the Gibbs free en-
ergy difference between liquid and crystalline phase. In a first ap-
proximation, Gy(T) can be expressed by the Tammann-Meissner-Rie
(TMR) equation [50]

log thue = A1 +logn — log T +

A
Gu(T) = %(TL -1, (7)

where T is the liquidus temperature and Ahy is the enthalpy of fu-
sion. If we assume an approximate Arrhenius behavior for the tem-
perature dependence of the viscosity, the validity of the Maxwell
equation, and a constant ratio between the shear-stress relaxation
time and the thermal retardation time, 7s, it follows the approxi-
mation [51]
logn(T) = A+ log 75(T) ~ Ao + 72;‘} T (8)
where E, is the apparent activation energy of relaxation during the
glass transition, R is the gas constant, and A and Ay are constants.
In the temperature range of consideration, logT can be assumed
to be constant. By inserting Eqs. (7) and (8) into (6), it then follows

E, 4 B,
23RT  T(LL- T)Z

with the constants By and B,. The liquidus temperature of the Au-
based glass is T} = 644 K [28]. Because the measured nucleation
occurs more than 200 K below Tj, we expect diffusion-controlled
nucleation. Thus, eq. (9) can be simplified to:
log thuc = Bo + %~ (10)
A comparison of the curves of tpye and t.ax in Fig. 8 shows
that the slope and thus the activation barrier for nucleation (274 k]
mol~1) is much lower than that for structural relaxation (374 k]
mol~1). Extrapolation of the activation curves indicates a crossover
of structural relaxation and nucleation at about 106 °C. We mea-
sure, however, a slow-down of the structural relaxation below
120 °C, which shifts the crossover of the t..x(T) and tnyuc(T)
curves to higher temperatures. In fact, t., and tnyc coincide at
T, = 118 °C. At temperatures lower than T, = 118 °C it is thus ex-
pected that nucleation occurs before structural relaxation is com-
pleted. This expectation agrees well with results on various low-
molecular-weight organic and inorganic materials where nucle-
ation and crystallization set in at low temperature before the glass
completely relaxes structurally [26,52-54].

]Ogtnuc =B + (9)
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Fig. 9. Heat flow curves showing the development of the low-temperature melting
peaks at Tp,; and Ty, during annealing of the Au-based CHG at 148 °C.

Via annealing in the time period between thye and feryst, clus-
ters form that can act as nuclei during heating. After reaching tpyc,
the crystallization peak, Tc, in the heating curve decreases and the
exothermal crystallization enthalpy, Ah¢, increases (towards more
negative values) with increasing annealing time (Fig. 5), while
the intensity of the glass transition, Acp, and the total enthalpy
(Ahtt = Ahe + Ahy ~ 0) remain constant. Although the embry-
onic clusters that formed during annealing become less stable dur-
ing heating, several of them may still be able to grow to a nucleus
and initiate crystallization during heating.

4.4. Crystallization

Crystallization can be clearly identified by a decrease of the
glass transition intensity, Acp, and the simultaneous appearance of
a melting peak (Fig. 3c). The low temperature of the melting peak
(at about 250 °C) is a clear indication for the low thermodynamic
stability of the formed crystalline structure.

For t; = teyst the exothermal crystallization enthalpy reaches
a maximum of about —600 nJ and decreases towards less negative
values with increasing annealing time. This is connected with a de-
crease in Acp and an increase in the endothermal total enthalpy,
Ahiot, due to crystallization during annealing (Fig. 5). The crystals
that formed during annealing influence the crystallization kinetics
during heating. This is indicated by the increase and shape change
of the crystallization peak (see Fig. 3c). Crystallization during an-
nealing is finally completed when Ac, reaches zero.

During crystallization a low-temperature endothermal peak
with a maximum at T,; ~ 240 °C develops (see Fig. 3c). This is
due to the formation of a metastable crystalline phase 1, as indi-
cated in Fig. 6, and agrees with the early finding in various BMG-
forming alloys where different crystalline structures form during
crystallization below and above the glass transition [55-58].

4.5. Structural perfection

For ty > treorg the sample is completely crystallized, but the
crystals formed during annealing can change their structure within
this time period. This is indicated by the development of transfor-
mation peaks at Tp,; and Ty, in the subsequent heating curves.
For the example of T, = 148 °C, Fig. 9 shows the heat flow curves
in the interesting temperature range. After annealing for 3500 s
the peak at T,,; = 248 °C is fully developed and is directly fol-
lowed by an exothermal crystallization peak. This is the typical
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heat flow signature for a monotropic solid-liquid-solid transforma-
tion during heating [59]. It is remarkable that this melting tem-
perature is in the range of the primary crystallization of non-
annealed samples (see Fig. 3 and Ref. [29,42]), which indicates
the low stability of the modification formed during annealing. Due
to the low atomic mobility at T, and the expected high nuclei
density, it is likely that this modification is nanostructured. This
modification appears to be the least stable crystalline structure in
AuggAgs 5Pdy 3Cupg 9Sise 3.

After annealing for 4000 s a small endothermal peak appears at
Tm2 ~ 270 °C and increases with increasing annealing time. Simul-
taneously, the peak intensity at T,,; decreases and the peak tem-
perature increases slightly. Finally, the peak at T,; disappears and
is completely replaced by the transformation at Ty,;. The maximum
temperature of Ty, is 275.4 °C. This behavior is an expected con-
sequence of structural perfection resulting from a reorganization
during long-time annealing.

The onset time of reorganization, treorg, is defined as the first-
time appearance of the melting peak at Ty,,. In the activation di-
agram (Fig. 8) the line of treorg has a slope similar to the crystal-
lization process during annealing, indicating similar activation en-
ergies for crystallization and reorganization.

4.6. Thermodynamic properties

4.6.1. Melting temperature and enthalpy of the metastable
modification x1

Ivanov at al. [29] investigated via DSC and FDSC the
formation of different solid modifications upon heating a
AuygAgs sPd; 3Cuy69Site3 glass at a rate between 0.083 and 2000 K
s~1. The least stable crystalline modification, x1, that formed at
these conditions via primary crystallization at Ty; is a nanocrys-
talline (Au,Cu),Si single phase supersaturated in silicon [29].

We compare this modification with the crystalline modifica-
tions of the present study, which formed during annealing below
the initial glass transition temperature and melted at T,y and Ty,
respectively. Via conventional DSC at a heating rate of 10 K min~!
we measured for the modification x1 a crystallization temperature
of Ty; = 180.0 °C and a crystallization enthalpy of Ahy; = —2.15 K]
mol~!. Furthermore, the most stable crystalline modification re-
vealed a melting temperature of T, = 350.9 °C and a melting en-
thalpy of Ahy = 5.10 k] mol~!. The melting temperature and en-
thalpy of the modification x1 were further determined by FDSC
using a sample of 184 ng in mass. The x1 modification was pre-
pared by heating the sample to the end of the primary crystal-
lization peak at 243 °C with a rate of 100 K s~! (see insert of
Fig. 10a). The sample was then cooled with a rate of 20,000 K s—!
to 0 °C and heated to 490 °C at rates between 500 and 10,000 K
s~1. The FDSC heating curves are shown in Fig. 10a, where the ar-
rows indicate the x1 transformation peak, which shifts to higher
temperature with increasing heating rate. At 10,000 K s~ no solid-
solid transformation occurs anymore and the remaining endother-
mal peak originates from the melting of x1. In this way a melting
enthalpy of Ahy,; = 3.185 k] mol~! and an onset of melting of
343 °C at this heating rate can be measured.

To determine the correct melting temperature, the thermal lag
needs to be considered, which should be measured for the same
sample to minimize experimental errors. Here, the most stable
solid modification should be used to avoid structural changes dur-
ing heating. Such structure was prepared by heating the sample
to 342 °C (shortly before melting) at a rate of 2 K s~! and subse-
quent cooling. The sample was then heated at rates, f3;,, between
500 and 10,000 K s~ and the onset of the melting peak, Ton, was
evaluated (Fig. 10b). The figure shows a non-linear dependence of
the onset temperature on heating rate. Such a behavior is typical
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Fig. 10. Determination of the melting temperature for the solid modification x1
formed during heating. (a) The inset shows the FDSC curve for the preparation of
the x1 modification by heating the sample to 243 °C with a rate of 100 K s~'. The
main diagram shows the melting curves measured at different heating rates after
cooling the sample to 0 °C at a rate of 20,000 K s~'. The heat flow is normalized
by the heating rate. The arrows indicate the exothermal x1 transformation peaks,
which occur up to a heating rate of 6000 K s~'. (b) Heating rate dependence of the
onset of melting for the most stable solid modification.

for high heating rates [60] and can be described by
Ton =To + a Bp+ bﬂ}?'sv (11)

where Ty is the melting temperature at zero heating rate and a
and b are constants. The curve in Fig. 10b is the fitting result.
By applying the correction of Eq. (11), a melting temperature of
Timx1 = 322.1 °C has been determined for the x1 modification.

4.6.2. Heat capacities and reference enthalpies

In a next step, the heat capacities of x1, of the glass, and (for
reference) of the most stable crystalline modification and the lig-
uid are determined. The latter data are reported by Dalla Fontana
et al. [61] and Louzguine-Luzgin et al. [42]. Due to the significant
difference of the data in the literature, we measured the heat ca-
pacity using stochastic temperature-modulated DSC (TOPEM). The
results are shown as circular dots in Fig. 11a.

To determine the heat capacity in the glassy state (blue circles
in Fig. 11a), we first measured an untreated ribbon by TOPEM at
temperatures between 30 °C and 400 °C. The sample was then
cooled at a rate of 1 K min~! to obtain a sample with the most sta-
ble crystalline modification, which constitutes five phases [62]. The
heat capacities of this modification (black solid circles in Fig. 11a)

Acta Materialia 226 (2022) 117630

ey
o

w
a

Heat capacity [J (mol K)™]
w
{ = |

N
(S}

150 200 250 300 350 400 450
Temperature [°C]

N
o

o
a
o
-
o
o

(b)

O Enthalpy after structural relaxation
Annealed at 138 °C for 20,000s
Annealed at 138 °C for 50,000s

d x1

Enthalpy difference [kJ mol™]

Vetastable SOl
0 omto,

L L 1 Ty
100 150 200 250 300 350 400 450
Temperature [°C]

T T

Stable solid

m2 .omx1

Fig. 11. Heat capacity and enthalpy curves. (a) Heat capacities measured via
temperature-modulated DSC (circles) and FDSC (red curve). The heat capacities are
fitted using eqs. (12) and (13) (black curves). (b) Enthalpy differences with respect
to the most stable solid state (ground state). The solid black circle represents the
melting of the modification x1. The open circles indicate the enthalpy at the end
of the structural relaxation. The blue and red curves are calculated from the FDSC
curves measured after different annealing times at 138 °C to determine the trans-
formation enthalpies at this temperature. The dashed curves are estimated enthalpy
curves for the corresponding metastable solid modifications.

and of the liquid (red open circles in Fig. 11a) were subsequently
measured.

The least stable solid modification forms upon heating via
primary crystallization at Ty;. As mentioned, according to Ref.
[29] this modification is a nanocrystalline (Au,Cu),Si single phase
supersaturated in silicon. To prepare this sample state, we heated a
ribbon in DSC with a rate of 10 K min~! to 185 °C, which is the end
of the primary crystallization peak at this low heating rate. (Note
that in the previous FDSC measurements at a heating rate of 100 K
s~1, the end of the primary crystallization extended to 243 °C). Af-
ter rapid cooling the sample to RT by placing it onto a cold metal
plate, the heat capacity was measured using TOPEM at a rate of
1 K min~! up to the first indication of a solid-solid transformation
at 161 °C (open black circles in Fig. 11a).

To expand the measurement range of the supercooled liquid,
the FDSC cooling curves at a rate of 20,000 K s~ were addition-
ally used (red curve in Fig. 11a). The procedure for obtaining heat
capacity data from FDSC curves is described in Ref. [38].

At temperatures sufficiently above the Debye temperature, the
heat capacity is frequently approximated by polynomials [42,63,64]
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such as

L =a + b T+ ¢ T2 (12)
for the liquid and

Cpx =0x + by T+ ¢ T? (13)

for the solid phases. The related fitting curves are the black
lines in Fig. 11a. These approximations are used together with
the derived transformation enthalpy of the primary crystallization
Ahyy = —2.15 k] mol~!, the enthalpy of melting Ahy = 5.10 k]
mol~!, the transformation temperature Ty; = 180.0 °C and the
melting temperature Ty, = 350.9 °C to calculate the curves of the
relative enthalpies for the related modifications.

For the most stable solid modification we obtain for the refer-
ence temperature Tp < Tg:

T
Ahs(T) = [ Cps dT’. (14)
To

For the liquid and the metastable modification x1 we obtain

T>T;
Ah(Ty= [ cpp dT + Ahpy (15)
Tm
and
T
Ahx] (T) =/ Cpx1 dr’ + Ahx1~ (16)
Ta

The limiting fictive temperature [33,34] is used to define the
glass transition temperature Ty = 174.5 °C. Within experimental
uncertainty, we did not find a deviation between the heat capac-
ity of the glass at low temperature and the most stable solid state.
Thus, we assume for the relative enthalpy of the glass that

T<Ty d Ahs
[ ar

Ahglass (T) = dr’ + AhL(Tg)7 (17)
where Ahy(T) is the ground state of the stable solid. The enthalpy
curves from which the ground state was subtracted are plotted in
Fig. 11b (black curves).

The melting enthalpy change between the supercooled liquid
and the modification x1 (Ahpx = 3.185 k] mol-1, see above) is
plotted as a solid black circle in Fig. 11b. This measurement point
is far lower than what one would obtain from the extrapolated
curve using eq. (16). This illustrates the problem of extrapolating
heat capacity data with a quadratic equation (see eq. (13)). Instead,
we use here a linear extrapolation by drawing the enthalpy curve
Ahy(T) from the last measured enthalpy value at 161 °C to the
explicitly measured melting enthalpy at T, (black dashed line in
Fig. 11b).

4.6.3. Thermodynamic properties of the crystalline modifications
formed during annealing

The maximum enthalpy change (Fig. 7b) was calculated in k]
mol~! (using the corresponding mass and density of the sample)
and subtracted from the enthalpy of the glassy state. These data
are plotted in Fig. 11b as open black circles, fitting well the data
of the equilibrated supercooled liquid. The sample remains in this
enthalpy state until crystallization starts.

The relative stability of a crystalline modification formed during
crystallization upon isothermal annealing below the initial glass
transition Tg can be assessed by determining the maximum en-
thalpy change. However, the enthalpy change of such slow pro-
cesses cannot be measured directly. Instead, we use here the law
of energy conservation, where the enthalpy change between A and
B, Ah(A,B), is equal to the difference of the enthalpy changes of
A and B with respect to an equilibrium state C and independent
on the pathway: Ah(A,B) = Ah(CB) - Ah(CA). The points A, B,
and C are indicated in Fig. 11b. The enthalpies are determined by
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Table 1

Thermodynamic properties of the three metastable modifications at the melting
temperature. Modification 1 is formed after annealing for 20,000 s at 138 °C, mod-
ification 2 is formed after annealing for 50,000 s at 138 °C, and modification x1 is
generated at Ty, during heating.

Modification 1 Modification 2 Modification x1

(20,000 s (50,000 s (formed at Ty

at 138 °C) at 138 °C) during heating)
Tmi [°C] 245 275 322.1
Ahp,; [k] mol~'] 2.18 2.72 3.185
Aspi [J (mol K)~'] 4.21 4.96 5.351

an integration of the heat flow. To compensate for the influence
of thermal losses, a measured reference curve is required. For this,
we used the heating curve of the completely amorphous sample,
@, (T). In the following we determined the enthalpy curve after
annealing for 20,000 s at T, = 138 °C, ®,q(T), using

>T>Tc

Ta
A () = [ (®20(T') = ®am(T')) AT + A (Te), (18)
C
where T¢ is the temperature in the equilibrated melt (at point C).
At this annealing condition, the sample is completely crystallized.
®,m(T) and D, (T) are displayed in Fig. 3d as bold black and blue
curves. In the same way the enthalpy curve after annealing for
50,000 s at T; = 138 °C was calculated. The related normalized en-
thalpy curves are shown in blue and red in Fig. 11b. The enthalpies
Ahyo(T3) at point B and Ahsq(T,) at point B’ are both above the
enthalpy of the least stable modification x1 formed upon heating
of the glass, i.e. both crystalline modifications formed during an-
nealing at T, have a lower formation enthalpy than the metastable
modification x1.

The stability of both crystalline modifications can be assessed
using the enthalpies and entropies of melting. We estimate the re-
spective enthalpy curves by shifting the black dashed line Ahy(T)
vertically towards the points B’ and B (see red and blue dashed
lines in Fig. 11b). The melting enthalpies are the difference be-
tween the enthalpy of the liquid and the enthalpies of the re-
spective solid modifications at their melting temperatures. Table 1
lists these properties together with the transformation entropies
Aspi = Ahpi/Thi. As can be seen in Table 1, the entropies in-
crease with increasing stability of the crystalline metastable modi-
fications.

5. Summary and conclusions

The stability of a chemically homogeneous glass (CHG) has been
studied by investigating the aging behavior of the BMG-former
AuygAgs sPd; 3Cuyg9Siie3, Whose melt was quenched at a rate of
20,000 K s~ 1. The preparation of the CHG and the subsequent mea-
surements were performed using FDSC. The limited fictive temper-
ature of the quenched glass was found to be 175 °C. Thus, the sub-
Ty annealing was performed between 108 °C and 168 °C. Using the
newly developed concept of critical scanning rates (critical rate ap-
proach, see Fig. 1), we find that the following processes occur se-
quentially during annealing:

Structural relaxation.

Incubation period of nucleation.

Nuclei formation.

Crystallization towards a metastable crystalline phase.
Perfection of the crystalline structure by grain growth and poly-
morphic transformation to a more stable crystalline state.

(1)
(2)
(3)
(4)
(5)

The incubation periods of nucleation and of crystal perfection
were measured for the first time during isothermal annealing in
the glassy state. In the state of structural relaxation a second relax-
ation event was found for an annealing temperature below 130 °C,
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and for T, = 118 °C the times of relaxation end and nucleation on-
set coincide (Fig. 8).

The measurements further show that the crystalline structure
that forms first during annealing has a very low melting temper-
ature. This structure shows a two-step perfection during isother-
mal annealing. In the first step, the melting temperature gradu-
ally increases, which may result from a growth of the nanostruc-
tured modification. In such a case, the melting-temperature in-
crease may be explained by a decrease of the interfacial energy of
the nanostructured modification (Gibbs-Thomson effect) [65]. The
second step is related to a transformation into a more perfect crys-
talline modification with a slightly higher melting temperature.

The time period between the beginning of structural relaxation
and the end of nucleation describes the stability of the supercooled
liquid and the resistance against crystallization. Because the incu-
bation time is related to the energy barrier for nucleation, this
property is essential for a material with a high kinetic glass sta-
bility.

With nuclei forming for annealing times above tyyc, crystalliza-
tion occurs during subsequent heating and metastable crystalline
phases can form (Fig. 3b). For annealing times above tcryst, Crys-
tallization already occurs during annealing, so that the glass tran-
sition intensity, Acp, reduces during subsequent heating (Fig. 3c).
After complete crystallization during annealing above treorg, Struc-
tural perfection is detected during subsequent heating (Fig. 3d),
generating a solid-to-solid transformation to a more stable crys-
talline state.

After complete structural relaxation at t..,,, the sample be-
haves stable and reveals no structural changes during further an-
nealing until the onset of nuclei formation at tpyc. From the tem-
perature dependence of this incubation time for nucleation (Fig. 8),
we derive an activation barrier of 274 k] mol~!. This is significantly
lower than the activation barrier for structural relaxation in the
glassy state, which is 374 k] mol~!. This difference indicates that
at very low temperatures, below 120 °C, nucleation can even oc-
cur in unrelaxed glasses. Furthermore, at low annealing tempera-
tures (118 °C), an atypical slowdown of the structural relaxation
has been observed.

In conclusion, the glass-forming ability of many glass-forming
materials can be characterized by the crystallization and melting
events above the glass transition. However, such data deliver no re-
liable information with respect to the glass stability, which is gen-
erally important in the context of processing and the application
of such materials. This information requires direct study of the ki-
netics of the different processes that occur in the glassy state. On
the other hand, the direct determination of the critical cooling rate
is a useful way to characterize the glass-forming ability (GFA) of
an alloy. It is an advantage of FDSC that both the determination
of GFA and the analysis of glass stability can be performed on one
and the same sample in a relatively short time.
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