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a b s t r a c t 

The structural stability of a gold-based bulk metallic glass (Au 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 ) 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. 
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. Introduction 

The glass-forming ability (GFA) characterizes the minimum con- 

itions that must be fulfilled to create a glass by cooling from 

he melt. For the quantitative description of GFA many empiri- 

al approaches have been suggested, considering different char- 

cteristic transformation temperatures [1–5] . A more straightfor- 

ard approach for characterizing GFA is the critical cooling rate, 

c,crit , at which the crystallization is bypassed during cooling and, 

s a result, a glass is formed below the glass transition temper- 

ture, T g [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- 

ing calorimetry (FDSC) [9–12] . Due to the high possible cooling 

ates, FDSC can be also used to generate glasses with a high fictive 

emperature [13] and accelerated structural relaxation [14] . This 

nabled the study of relaxation kinetics in a wide time and tem- 

erature range. 

The critical heating rate, βh,crit , is another property, which de- 

cribes the stability of the supercooled liquid. This is the minimum 

eating rate at which no crystallization occurs during heating from 

he glassy state to the melt. The lower βh,crit , the lower is the ten-

ency of the supercooled melt to crystallize. The critical heating 

ate depends on the number of quenched-in nuclei and the nu- 

leation rate during heating. For conventionally quenched metal- 
∗ Corresponding author. 

E-mail address: joerg.loeffler@mat.ethz.ch (J.F. Löffler). 
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ic glasses, │βc,crit │ << βh,crit [ 11 , 15 , 16 ], which indicates the exis- 

ence of quenched-in nuclei that have formed during the previous 

ooling process. 

A detailed investigation into the influence of cooling rate on 

he crystallization behavior of metallic glass during heating has re- 

ealed the existence of two different kinds of glass: (1) A chem- 

cally homogeneous glass (CHG), which is a monolithic glass that 

oes not contain nuclei, and (2) a self-doped glass (SDG), which 

ncludes quenched-in nuclei formed during melt cooling [17] . The 

ritical cooling rate to form a CHG is much higher than that to 

roduce a SDG. The critical heating rate to bypass crystallization 

uring heating from the glass, however, is lower for CHG than for 

DG. 

The thermal stability of a glass is related to the kinetics of 

tructural relaxation, nucleation and crystal growth in the (par- 

ially) vitrified state [18] . Using "Tammann’s nuclei development 

pproach" [19] , Schick, Androsch and co-workers [20–22] have 

hown for various partially crystalline polymers that three succes- 

ive and coupled processes occur after rapid cooling and temper- 

ng in the glassy state. These are (i) complete structural relaxation, 

ii) nucleation, and (iii) crystallization. Such a pathway of struc- 

ural development has also been found recently in organic materi- 

ls [23] , a Ce-based BMG [24] , and selenium [25] . 

Deviating behavior has been observed in low-molecular-weight 

rganic materials at annealing far below the glass transition, 

here crystallization occurred before structural relaxation com- 

leted [26] . Chemically confined statistical copolymers also behave 

ifferently, and in such materials structural relaxation and crystal- 

ization have been shown to reveal the same kinetics [27] . 
. This is an open access article under the CC BY-NC-ND license 
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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. 
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C  
In this paper, we report investigations on the structural stabil- 

ty of the BMG-forming alloy Au 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 [28] . Dur- 

ng heating from the glassy state, this alloy reveals complex crys- 

allization kinetics in which different phases and metastable struc- 

ures are involved [29] . However, no data on isothermal structure 

ormation in the glassy state and the stability of this glass exist. To 

void the influence of quenched-in nuclei, we focus here on CHGs 

y supplying sufficiently fast quenching from the melt. To our best 

nowledge, the aging kinetics of such a defined metallic glass have 

ot been investigated before in detail. 

. Experimental procedure 

.1. Sample preparation 

The elements Au (99.95%), Cu (99.9%), Ag (99.5%), Si (99.95%), 

nd Pd (99.95%) were pre-alloyed via repeated induction melt- 

ng to a sample with atomic composition Au 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 . 

he alloying was performed in a quartz tube, which was sealed 

nder 99.999% pure Ar atmosphere. The mass loss during this al- 

oying was near the detection limit of laboratory balances, so that 

he actual composition compares to the nominal composition. The 

lloy was then processed by melt spinning in 5N + pure He atmo- 

phere, generating CHG ribbons of approximately 30 μm thickness 

17] . 

.2. Conventional differential scanning calorimetry 

Conventional differential scanning calorimetry (DSC) measure- 

ents were performed on samples with a mass of about 30 mg, 

sing a Mettler-Toledo DSC 1 equipped with an FRS 5 sensor 

nd a Huber intracooler TC100. The DSC cell was purged with 

rgon (30 ml min 

−1 ), and the transformation temperatures and 

nthalpies were measured with a heating rate of 10 K min 

−1 . 

tochastic temperature modulated DSC (TOPEM) was used to mea- 

ure the heat capacity [30] . Measurement parameters were the un- 

erlying heating rate (here, 1 K min 

−1 ), pulse height ( ±1 K), and

ulse width (30 to 35 s). For the evaluation, a calculation window 

f 300 s was applied. A reference measurement with sapphire us- 

ng the same modulation parameters was also performed. Well ox- 

dized 40 ml Al crucibles were deployed in all measurements. 

.3. Fast differential scanning calorimetry 

FDSC measurements were performed using a Mettler-Toledo 

lash DSC 2 + operated with a UFH 1 sensor, described in Ref. 

17] . The sample support temperature in the calorimeter was set 

o −80 °C using a Huber intracooler TC100, and the sensor was 

urged with argon at a flow rate of 60 ml min 

−1 . The melt-spun

ibbons were cut under a stereomicroscope into small pieces with 

 surface of approximately 10 4 μm 

2 . Their mass was estimated us- 

ng the melting enthalpy of �H m 

= 40.4 J g −1 [11] to be between

0 ng and 200 ng. For such samples no size-dependent nucleation 

nd crystallization is expected [10] . For an easier positioning of the 

ample and to prevent its jumping due to stress release in the glass 

ransition region, the active zone of the sensor (at the sample side) 

as wetted with a small amount of silicon oil (AK 60,0 0 0 from 

acker) before the first heating cycle. 

.4. Measurement methods for studying nucleation by FDSC 

Based on Tammann’s approach [31] , Schick et al. proposed a 

wo-step method to study nucleation in polymers by FDSC [ 19 , 32 ].

 scheme of the temperature program is given in Fig. 1 a. The sam-

le is cooled from the equilibrated melt above the liquidus temper- 

ture, T , to a temperature at which the nucleation process is stud- 
L 

2 
ed. The cooling rate in this step must be high enough that nei- 

her crystallization nor nucleation occur during cooling. The num- 

er of nuclei formed during the annealing treatment (blue line in 

ig. 1 a) determines the number of crystalline grains that will form 

n a subsequent crystallization step at higher temperatures (green 

ine). After rapid cooling, the resulting crystalline structure is then 

nalyzed in a subsequent heating segment (red line). It must be 

mphasized that the measured results of this analysis depend cru- 

ially on the heating and cooling rates before and after the crystal- 

ization step and the crystallization temperature. The heating rate 

rom the nucleation to the crystallization step must be sufficiently 

igh to prevent further nucleation during heating, but also to al- 

ow for a survival of the nuclei that formed during the nucleation 

tep. The crystallization temperature must be chosen in such a way 

hat the crystallization rate is moderate, in order to extract the 

umber of nuclei from that of the crystallites without further nu- 

lei formation. The subsequent cooling rate must be high enough 

o freeze the semi-crystalline structure, and the final heating rate 

or microstructure analysis must be sufficiently high to prevent not 

etectable structural modifications. It is thus obvious that the tech- 

ique requires extensive studies to find the optimum experimental 

arameters. 

An alternative approach to determine the nucleation kinetics is 

 method relying on the critical heating and cooling rates of a CHG 

 Fig. 1 b). When cooling the melt with at least the critical cooling 

ate of a CHG there is no nuclei formation upon cooling, but only 

uring the nucleation step (blue line in Fig. 1 b), where the CHG 

ransforms to a SDG, i.e. a glass with nuclei [17] . Upon heating 

ith the critical heating rate of a CHG (red line), crystallization 

s sensitive to the nuclei that formed during the nucleation step. 

hus, using this technique, only two easily to be determined pa- 

ameters are needed to study nuclei formation. It should be men- 

ioned that it is not necessary to generate a CHG in the first cool- 

ng step. If it is not possible to generate a CHG upon cooling, the 

ffect of pre-existing nuclei may be measured without the nucle- 

tion step, which then has to be considered in the evaluation of 

he measurements with nucleation. It is only important that the 

eating rate in the analysis segment is fast enough to avoid any ad- 

itional nuclei formation. The critical rate approach has been used 

n the present study. 

. Results 

The critical cooling rate to form a CHG in Au 49 Ag 5.5 Pd 2.3 

u Si is 40 0 0 K s −1 , while it is 500 K s −1 to form a SDG.
26.9 16.3 
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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 a over times t a . 
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he critical heating rate at which no crystallization occurs during 

eating is 60 0 0 K s −1 for a CHG [17] . To generate a CHG during

ooling we selected a cooling rate of 20,0 0 0 K s −1 , which is sig-

ificantly faster than the critical rate. As heating rate we selected 

he critical rate of 60 0 0 K s −1 to avoid crystallization of the non-

ucleated material. Because of the high scanning rates, the mea- 

urements were performed on a sample with a mass of 23 ng. 

Here we define the glass transition temperature, T g , as the lim- 

ting fictive temperature [ 33 , 34 ]. This is determined via creating 

he glass upon cooling from the melt with a rate βc and heating 

he glass with a rate βh = │βc │, and correcting the influence of 

hermal lag by averaging the glass transitions from the cooling and 

eating cycles [35] . In this way, the glass transition temperature, 

 g , of the CHG cooled at 20,0 0 0 K s −1 was determined as 174.5 °C.

A schema of the temperature program to measure the behavior 

uring annealing (nucleation step in Fig. 1 b) is shown in Fig. 2 . The

nnealing temperature, T a, was varied between 168 °C and 118 °C 

n steps of 10 K, and the annealing time, t a , was varied between

.01 and 10 0,0 0 0 s. The heating curves were conducted at 60 0 0 K

 

−1 . 

Fig. 3 shows for the example of T a = 138 °C ( ≈ 35 K below T g )

 set of heating curves after different annealing times. For refer- 

nce, the heating curves of the non-annealed CHG and of the com- 

letely crystallized sample (after cooling at 1 K s −1 ) are displayed 

s bold curves. As expected, the curve of the non-annealed CHG 

hows only the step of the glass transition and no further struc- 

ural changes during heating. The main effect for the completely 

rystallized sample is the melting peak above 350 °C. The crys- 

alline material also shows a slight step-like anomaly of the heat 

apacity at around 250 °C, which is characteristic for the studied 

lloy. 

The first process that occurs during annealing is structural re- 

axation, as seen in Fig. 3 a. The enthalpy relaxation peak increases 

ith increasing annealing time from t a = 0.01 s and reaches a 

aximum at t a ≈ 1 s. Further annealing does not influence the 

eat flow curves, and the measurement curves retain their shape 

or annealing times between 20 s and 100 s. 

At further annealing, exothermal crystallization peaks and sub- 

equent endothermal melting peaks appear in the heating curves 

 Fig. 3 b). With increasing t a the size of the crystallization peak in-

reases and the peak temperature decreases. The size of the final 

elting peak also increases with increasing annealing time. The 

rea of both peaks is approximately the same for a given annealing 

ime, which indicates that the enthalpies of the exothermal crystal- 

ization and endothermal melting events sum up to zero. 

Heating curves after annealing between 12,0 0 0 s and 18,0 0 0 s 

re shown in Fig. 3 c. In these curves the intensity of the glass

ransition, �c p , decreases with increasing annealing time and the 
3 
rystallization peak reveals a different shape. Additionally, the heat 

ow after the glass transition slightly increases and eventually 

volves into a small endothermal transformation peak at about 

40 °C. The subsequent crystallization peak decreases with increas- 

ng annealing time. The shape change of the crystallization peak 

compared to Fig. 3 b) indicates a change in the crystallization ki- 

etics. The final melting peak reveals only little increase in inten- 

ity. 

Fig. 3 d displays the development of the heating curves for t a ≥
0,0 0 0 s. No glass transition appears and the melting peak does 

ot vary. The sample now has completely crystallized during an- 

ealing. However, the low-temperature endothermal peak and the 

ollowing exothermal peak vary with increasing t a , and both de- 

rease with increasing annealing time. The exothermal peak is fi- 

ally overlaid with an endothermal bulge at about 270 °C. 

To characterize the evolution of the sample structure during an- 

ealing, different properties were derived from the heating curves 

n Fig. 3 . These are the intensity of the glass transition, �c p , the

nthalpy of the structural relaxation, �h relax , the enthalpy of the 

rimary crystallization, �h c , and the temperature of the crystal- 

ization peak, T c . Furthermore, the temperature, T m1 , of the en- 

othermal peak at about 240 °C and the temperature, T m2 , of the 

mall endothermal event at about 270 °C were evaluated. 

The heating curves in Fig. 3 a were considered for the eval- 

ation of the enthalpy relaxation, �h relax . For the determination 

f �h relax the measurement curves after annealing at t a , �( T,t a ), 

ere subtracted by the curve of the non-annealed sample, �( T ,0). 

he resulting peak was then integrated in the temperature interval 

elow ( T min ) and shortly above the glass transition range ( T max )

 27 , 36 , 37 ], which results in: 

h relax ( t a ) = 

T max ∫ 
T min 

[ �( T , t a ) − �( T , 0) ] d T . (1) 

Furthermore, the total enthalpy, �h tot , describes approximately 

he crystallization process during annealing. This is the sum of the 

nthalpy of the crystallization peak, �h c , and the melting peak, 

h m 

, i.e. �h tot = �h c + �h m 

. We have to take into account that

he exothermal crystallization enthalpy, �h c , is negative. If �h tot 

as a significant positive value, crystals have formed during an- 

ealing ( Fig. 3 c), while �h tot ≈ 0 indicates only nuclei forma- 

ion during the annealing step ( Fig. 3 b). This approximation ne- 

lects the temperature dependence of the transformation enthalpy 

38] . However, because of the high heating rate of 60 0 0 K s −1 ,

rystallization occurs at relatively high temperatures and melting 

t relatively low temperatures ( Fig. 3 ), because in the latter case 

 metastable solid phase would melt at lower temperature. For 

hese experimental conditions, the change of the crystallization 

nd melting enthalpies with temperature is therefore small and 

ithin experimental uncertainty, which results mainly from the 

ase line selection in the evaluation. The practicability in using 

h tot to characterize the crystallinity of metallic alloys by FDSC 

lso results from the proportionality of �c p and �h tot for this al- 

oy [17] , where the ratio �c p / �c p ,0 is the amount of amorphous

raction ( �c p ,0 is the intensity of the glass transition of a mono- 

ithic glass) and �h tot / �h tot,1 is the crystallinity ( �h tot,1 is the en-

halpy of the fully crystallized alloy without amorphous compo- 

ents). Thus, a linear relation of the form 

�c p 

�c p, 0 

= 1 − �h tot 

�h tot , 1 

(2) 

s expected. The corresponding data for semi-crystalline alloys in- 

eed follow Eq. (2) within experimental uncertainty, which is 

hown in Fig. 4 for the samples annealed at 138 °C and 148 °C. 

Eq. (2) is often violated in nearly fully crystallized material 

here the crystallization temperature is much lower than the 

elting temperature. In such a case, solid-solid transitions with 
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Fig. 3. FDSC heating curves of CHG performed with a rate of βh,crit = 60 0 0 K s −1 after different annealing times at 138 °C. For comparison the curves of a non-annealed 

and a slowly cooled (1 K s −1 ) crystalline sample are added in each diagram and shown in bold. The blue arrows indicate the variation of the curves during annealing. The 

onset of the primary crystallization is T x , whereas the crystallization peak is represented by T c . (a) At annealing times between 0.01 and 100 s the curves reveal enthalpy 

relaxation. (b) After annealing between 200 and 10,000 s crystallization occurs during heating, resulting from nuclei formation during the annealing step. (c) After annealing 

between 10,0 0 0 and 20,0 0 0 s the glass transition intensity reduces, due to crystallization during the annealing step. (d) After annealing for more than 20,0 0 0 s, the material 

is completely crystallized and modifications in the curve are caused by structural perfection, where the structure evolves in the direction of higher thermodynamic stability. 

Fig. 4. Amorphousness determined from the intensity of the glass transition versus 

crystallinity determined by �h tot . The solid line represents eq. (2) . 
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t

ransformations to more stable modifications are often observed, 

s presented in Section 4.6 . 

A known problem for the evaluation of transformation en- 

halpies from DSC curves is the selection of the baseline for peak 

ntegration. The baseline represents the underlying sensible heat 

ow, which is related to the temperature change of the sample and 
4 
roportional to the heat capacity, and the baseline-subtracted peak 

s the latent heat flow component [ 30 , 39 ]. To minimize the rela-

ive uncertainty we deployed three different kinds of baseline in 

ependence of the structural variation during the measurements: 

1) For relatively short annealing times ( Fig. 3 a,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. 

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

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

uid and the crystalline sample. In this case, for each t a 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. 3 d) 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. 

For the determination of �h tot all exothermal and endothermal 

eaks were in between the integration limits. For the evaluation 

f �h c the integration limits were obtained from the intersection 

oints of the measured curve and the baseline. 

The intensity of the glass transition, �c p , is related to the crys- 

allinity of the sample before heating, α, and the total enthalpy 
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Fig. 5. The change of different properties during annealing (left for T a = 138 °C and right for T a = 148 °C). The upper diagrams display the enthalpy relaxation ( �h relax ), 

crystallization enthalpy ( �h c ) and total enthalpy ( �h tot ). The lower diagrams display the intensity of the glass transition ( �c p ), peak temperature of crystallization ( T c ), and 

minor melting peaks ( T m1 and T m2 ). 
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Fig. 6. Schematic enthalpy-temperature diagram, illustrating the evolution of var- 

ious phases near the glass transition, T g . During annealing of the CHG at T a the 

enthalpy reduces from position 1 to 4. 

c

l

a

p

c

T

r

h tot , according to [17] : 

∝ 

(
�c p, 0 − �c p 

)
∝ �h tot . (3) 

In Fig. 5 , the evaluated properties of differently annealed 

lasses are plotted as a function of t a for annealing temperatures 

f 138 °C and 148 °C. The vertical lines separate different phases 

f the annealing process. The line at the end of section A repre- 

ents the time, t relax , at which structural relaxation is finished and 

h relax reaches a maximum negative value. At the end of section 

 (at t nuc ) a crystallization peak appears in the heating curve. In 

ection C the crystallization enthalpy, �h c , increases towards nega- 

ive values and reaches finally a maximum exothermal enthalpy of 

bout −600 nJ (for both temperatures). The limits of section D are 

he onset time of crystallization, t cryst , and the onset time of the 

rocess for structural perfection, t reorg . Structural perfection means 

ere the evolution of the structure towards higher thermodynamic 

tability, e.g. by lowering the defect density, increasing the crys- 

al size, or via a transformation towards a more stable crystalline 

odification. In this time range, the intensity of the glass transi- 

ion decreases due to crystallization during annealing. In the last 

ection E, the fully crystalline material changes its structure, which 

s reflected in the variation of the low-temperature endothermal 

eaks at T m1 and T m2 . 

. Discussion 

.1. Different processes during annealing 

Fig. 6 plots for various possible phases the enthalpy curves as a 

unction of temperature far below the equilibrium melting temper- 

ture around the glass transition temperature, T g . The equilibrated 
5 
rystalline structure is the most stable polymorph and reveals the 

owest enthalpy. Above T g , the supercooled melt is the least stable 

nd has the highest enthalpy. In the glass transition range, the su- 

ercooled melt vitrifies upon cooling and the slope of the enthalpy 

urve is reduced towards that of the stable crystalline structure. 

wo metastable polymorphic modifications are added in between, 

eferred to as metastable solids 1 and 2. The metastable modifica- 
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Fig. 7. (a) Structural enthalpy relaxation as a function of annealing time for dif- 

ferent annealing temperatures. The black curve is a guide for the eyes. (b) Maxi- 

mum enthalpy relaxation as a function of annealing temperature and linear fit to 

the data (blue line). The red arrow indicates the glass transition temperature of the 

non-annealed CHG after cooling at a rate of 20,0 0 0 K s −1 (174.5 °C). 
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ion 1 is less stable than modification 2. These metastable mod- 

fications are usually not single crystalline phases or intermetal- 

ic compounds, but non-equilibrated crystalline structures such as 

ano-compounds of different phases with a high contribution of 

nterface energy or non-equilibrated supersaturated solid solutions. 

his is especially the case for structures that form at low temper- 

tures due to a reduced atomic mobility. These metastable solid 

odifications can be very complex in the case of Au-based BMG- 

orming alloys [40] . 

The concept of Fig. 6 is discussed in detail in Refs. [ 17 , 38 ]. Fur-

hermore, Ivanov et al. [29] indeed recently identified via in-situ 

EM different metastable phases that formed above the glass tran- 

ition in Au 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 . 

To describe the different processes that occur during annealing 

f the CHG at T a we use the schematic enthalpy-temperature dia- 

ram of Fig. 6 . Examples of the related heat flow curves measured 

uring heating after annealing are plotted in Fig. 3 . 

Rapid cooling of the melt results in an unrelaxed glass of high- 

st enthalpy (position 1). Upon annealing at T a , structural relax- 

tion occurs first (section A in Fig. 5 ). The enthalpy of the glass de-

reases and tends towards the enthalpy of the structurally relaxed 

upercooled melt (position 2). In Fig. 5 this period of annealing is 

haracterized by an increase of the exothermal relaxation enthalpy, 

h relax , (towards negative values) and the invariance of all other 

valuated properties. 

In section B, all properties are constant and the enthalpy of the 

lass remains at position 2. This is the incubation time for nucle- 

tion, which is finished at t nuc . The latter denotes the time where 

n onset of nucleation can be detected. 

Also in section C the sample remains at position 2 and nuclei 

orm during annealing. This process is indicated by the appearance 

f a crystallization peak in the heating curve ( Fig. 3 b). The exother-

al crystallization enthalpy, �h c , increases (towards more negative 

alues) and T c decreases with increasing t a ( Fig. 5 ). All other prop-

rties are still invariant during nucleation. The end of this section 

s characterized by a maximum exothermal crystallization enthalpy 

t t cryst . Up to this time the total transformation enthalpy, �h tot , 

emains at zero, indicating that the sample is completely amor- 

hous up to t cryst . 

Crystallization then occurs in the relatively narrow time win- 

ow between t cryst and t reorg (section D). This is indicated in 

ig. 5 by a decrease of �c p and the endothermal increase of the 

otal enthalpy. The exothermal crystallization enthalpy, �h c , de- 

reases with increasing t a because the sample already crystallizes 

uring t a and thus less during subsequent heating . A similar sce- 

ario was reported for a Ce-based BMG-forming alloy [24] and 

elenium [25] during annealing in the glassy state, but the in- 

ubation period was not analyzed for that material. In section 

 the temperature of the crystallization peak, T c , further de- 

reases because the initial crystals that form in the sample upon 

nnealing accelerate crystallization during the subsequent heat- 

ng. At t a = t reorg , the sample is completely crystallized and no 

lass transition appears in the heating curve. In this segment a 

ow-temperature transformation peak at T m1 appears. The sample 

ransforms during this crystallization to a metastable crystalline 

hase 1 and reduces its enthalpy from position 2 to position 3, 

s illustrated in Fig. 6 . 

At the beginning of the last segment E, the sample is com- 

letely crystalline and all measured effects are related to changes 

n the metastable crystalline structure. During this annealing pe- 

iod, the crystalline structure that formed during annealing at t a < 

 reorg transforms towards a more stable modification. We term this 

ime segment as “period of structural perfection”. In Fig. 6 , this 

s the enthalpic transformation from position 3 to 4. The heating 

urves in Fig. 3 d show that in section E the crystallization peak 

ecreases and T c increases with progressing annealing time. Addi- 
6 
ionally, the low-temperature melting peak at T m1 decreases and 

nally disappears, whereas a new peak at T m2 emerges. 

In the following, the different stages that occur during anneal- 

ng are discussed in more detail. 

.2. Structural relaxation in the vitrified state 

Fig. 7 a shows the enthalpy of structural recovery, �h relax ( T a, t a ),

s a function of annealing time for different annealing tempera- 

ures. The time dependence of the structural relaxation is usually 

escribed by a stretched exponential Kohlrausch function [41] : 

h relax ( T a , t a ) = �h relax , m 

( T a ) 

( 

1 − exp 

( 

−
(

t a 

τK ( T a ) 

)b ( T a ) 
) ) 

, (4) 

here �h relax,m 

is the maximum change of the enthalpy during 

tructural relaxation, τK is the Kohlrausch time constant, and 0 < 

 ≤ 1 is the related exponent. All of these parameters depend on 

he annealing temperature T a . 

The maximum enthalpy during isothermal structural relaxation 

s 

h relax , m 

= 

T a ∫ 
T L 

[
c p,βc (T ) − c p, L (T ) 

]
d T , (5) 

here c p, β c ( T ) is the heat capacity curve during cooling of the melt

rom the liquidus temperature, T , to the annealing temperature, 
L 
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Fig. 8. Characteristic times of different processes as a function of reciprocal anneal- 

ing temperature: (i) time for complete structural relaxation of the glass ( t relax ), (ii) 

incubation time for nucleation ( t nuc ), (iii) onset time for crystallization ( t cryst ), and 

(iv) time after which the initially formed crystals reorganize ( t reorg ). The lines are 

guides for the eye. 
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 a , with a cooling rate βc . The (extrapolated) heat capacity of the 

upercooled liquid is c p ,L ( T ). 

The temperature and annealing-time dependent relaxation en- 

halpy follows first a temperature-independent universal relax- 

tion curve ( Fig. 7 a) before �h relax approaches the temperature- 

ependent maximum value of the enthalpy relaxation, �h relax,m 

. 

uch a behavior is typical for the structural relaxation of glasses 

13] . 

The end of the structural relaxation process, t relax , is defined 

s the time at which the relaxation enthalpy reaches its maxi- 

um, �h relax,m 

. In Fig. 7 b, �h relax,m 

is plotted as a function of

nnealing temperature. For the lowest T a (118 °C) the glass could 

ot completely relax within the time frame of the experiment 

 Fig. 7 a). For this relative low temperature (ca. 110 K below T g ),

he curve indicates an additional relaxation process that starts at 

 a ≈ 10 0 0 s. Such a low-temperature relaxation process at around 

00 °C was also reported for a Au-based glass in temperature- 

odulated DSC measurements [42] , and a second relaxation pro- 

ess at low temperature was also recently seen in amorphous sele- 

ium [25] . Such behavior may point to fundamental changes in the 

tomic dynamics, as suggested by a transformation of the glass- 

orming liquid from fragile to strong [ 43 , 44 ] or a change of the

ow-temperature relaxation kinetics in the glass [ 25 , 45-47 ]. For 

u 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16 , Monnier at al [48] recently reported a de-

oupling of vitrification and α-relaxation in the temperature range 

here we observe a splitting of the relaxation processes. 

The limiting fictive temperature can be determined by an ex- 

rapolation of �h relax,m 

( T a ) to zero ( Fig. 7 b), which presents the T g 
f the non-relaxed glass as 175 °C. This value agrees well with the 

irect determination of T g = 174.5 °C (see above) and illustrates 

he self-consistency of the methods. 

The annealing time, t relax , to reach the structurally equilibrated 

elt is plotted as a function of the reciprocal temperature in an 

rrhenius presentation in Fig. 8 (blue circles). Arrhenius-like be- 

avior is seen down to T a = 128 °C ( ≈ 45 K below T g ), while for

 a = 118 °C, t relax is significantly larger than expected from an ex- 

rapolation of the high-temperature data. The significant slowdown 

f the structural relaxation at low temperatures indicates differ- 

nces in the atomic dynamics of the glass, what is not expected 
7 
ithin the framework of a classical, phenomenological description 

f the glass transition. 

.3. Nucleation 

Nucleation is measured in the time period where enthalpy re- 

axation is complete but no crystalline structure has yet formed 

i.e. �c p is the same as for the non-annealed CHG). Because the 

eating rate applied corresponds to the critical heating rate of the 

HG, nuclei do not form during heating. The crystallization peak 

bserved during heating ( Fig. 3 b) must therefore result from nu- 

leation during the isothermal annealing step (see also Fig. 1 b). 

The incubation time for nucleation during annealing, t nuc , re- 

ates to the onset of �h c ( t a ) in Fig. 5 . This incubation time is also

lotted in Fig. 8 . For T a > 120 °C, t nuc is much larger than the time

or complete structural relaxation, t relax . 

Perepezko and Hildal defined the onset time for nucleation as 

he time when a nucleation event occurs in the respective volume. 

ccordingly, it follows [49] 

og t nuc = A 1 + log η − log T + 

A 2 

T G 

2 
v 

, (6) 

here A 1 is the pre-exponential factor, the constant A 2 charac- 

erizes the surface-tension contribution for nucleation, η is the 

emperature-dependent melt viscosity and G v is the Gibbs free en- 

rgy difference between liquid and crystalline phase. In a first ap- 

roximation, G v ( T ) can be expressed by the Tammann-Meissner-Rie 

TMR) equation [50] 

 v ( T ) = 

�h f 

T L 
( T L − T ) , (7) 

here T L is the liquidus temperature and �h f is the enthalpy of fu- 

ion. If we assume an approximate Arrhenius behavior for the tem- 

erature dependence of the viscosity, the validity of the Maxwell 

quation, and a constant ratio between the shear-stress relaxation 

ime and the thermal retardation time, τ s , it follows the approxi- 

ation [51] 

og η( T ) = A + log τs ( T ) ≈ A 0 + 

E a 

2 . 3 R T 
, (8) 

here E a is the apparent activation energy of relaxation during the 

lass transition, R is the gas constant, and A and A 0 are constants. 

In the temperature range of consideration, log T can be assumed 

o be constant. By inserting Eqs. (7) and (8) into (6), it then follows

og t nuc = B 1 + 

E a 

2 . 3 R T 
+ 

B 2 

T ( T L − T ) 
2 

(9) 

ith the constants B 1 and B 2 . The liquidus temperature of the Au- 

ased glass is T L = 644 K [28] . Because the measured nucleation 

ccurs more than 200 K below T L , we expect diffusion-controlled 

ucleation. Thus, eq. (9) can be simplified to: 

og t nuc = B 0 + 

E a 

2 . 3 R T 
. (10) 

A comparison of the curves of t nuc and t relax in Fig. 8 shows 

hat the slope and thus the activation barrier for nucleation (274 kJ 

ol −1 ) is much lower than that for structural relaxation (374 kJ 

ol −1 ). Extrapolation of the activation curves indicates a crossover 

f structural relaxation and nucleation at about 106 °C. We mea- 

ure, however, a slow-down of the structural relaxation below 

20 °C, which shifts the crossover of the t relax ( T ) and t nuc ( T )

urves to higher temperatures. In fact, t relax and t nuc coincide at 

 a = 118 °C. At temperatures lower than T a = 118 °C it is thus ex-

ected that nucleation occurs before structural relaxation is com- 

leted. This expectation agrees well with results on various low- 

olecular-weight organic and inorganic materials where nucle- 

tion and crystallization set in at low temperature before the glass 

ompletely relaxes structurally [ 26 , 52-54 ]. 
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Fig. 9. Heat flow curves showing the development of the low-temperature melting 

peaks at T m1 and T m2 during annealing of the Au-based CHG at 148 °C. 
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Via annealing in the time period between t nuc and t cryst , clus- 

ers form that can act as nuclei during heating. After reaching t nuc , 

he crystallization peak, T c , in the heating curve decreases and the 

xothermal crystallization enthalpy, �h c , increases (towards more 

egative values) with increasing annealing time ( Fig. 5 ), while 

he intensity of the glass transition, �c p , and the total enthalpy 

 �h tot = �h c + �h m 

≈ 0) remain constant. Although the embry- 

nic clusters that formed during annealing become less stable dur- 

ng heating, several of them may still be able to grow to a nucleus 

nd initiate crystallization during heating. 

.4. Crystallization 

Crystallization can be clearly identified by a decrease of the 

lass transition intensity, �c p , and the simultaneous appearance of 

 melting peak ( Fig. 3 c). The low temperature of the melting peak

at about 250 °C) is a clear indication for the low thermodynamic 

tability of the formed crystalline structure. 

For t a = t cryst the exothermal crystallization enthalpy reaches 

 maximum of about −600 nJ and decreases towards less negative 

alues with increasing annealing time. This is connected with a de- 

rease in �c p and an increase in the endothermal total enthalpy, 

h tot , due to crystallization during annealing ( Fig. 5 ). The crystals 

hat formed during annealing influence the crystallization kinetics 

uring heating. This is indicated by the increase and shape change 

f the crystallization peak (see Fig. 3 c). Crystallization during an- 

ealing is finally completed when �c p reaches zero. 

During crystallization a low-temperature endothermal peak 

ith a maximum at T m1 ≈ 240 °C develops (see Fig. 3 c). This is

ue to the formation of a metastable crystalline phase 1, as indi- 

ated in Fig. 6 , and agrees with the early finding in various BMG- 

orming alloys where different crystalline structures form during 

rystallization below and above the glass transition [55–58] . 

.5. Structural perfection 

For t a ≥ t reorg the sample is completely crystallized, but the 

rystals formed during annealing can change their structure within 

his time period. This is indicated by the development of transfor- 

ation peaks at T m1 and T m2 in the subsequent heating curves. 

or the example of T a = 148 °C, Fig. 9 shows the heat flow curves

n the interesting temperature range. After annealing for 3500 s 

he peak at T m1 = 248 °C is fully developed and is directly fol-

owed by an exothermal crystallization peak. This is the typical 
8 
eat flow signature for a monotropic solid-liquid-solid transforma- 

ion during heating [59] . It is remarkable that this melting tem- 

erature is in the range of the primary crystallization of non- 

nnealed samples (see Fig. 3 and Ref. [ 29 , 42 ]), which indicates

he low stability of the modification formed during annealing. Due 

o the low atomic mobility at T a and the expected high nuclei 

ensity, it is likely that this modification is nanostructured. This 

odification appears to be the least stable crystalline structure in 

u 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 . 

After annealing for 40 0 0 s a small endothermal peak appears at 

 m2 ≈ 270 °C and increases with increasing annealing time. Simul- 

aneously, the peak intensity at T m1 decreases and the peak tem- 

erature increases slightly. Finally, the peak at T m1 disappears and 

s completely replaced by the transformation at T m2 . The maximum 

emperature of T m2 is 275.4 °C. This behavior is an expected con- 

equence of structural perfection resulting from a reorganization 

uring long-time annealing. 

The onset time of reorganization, t reorg , is defined as the first- 

ime appearance of the melting peak at T m2 . In the activation di- 

gram ( Fig. 8 ) the line of t reorg has a slope similar to the crystal-

ization process during annealing, indicating similar activation en- 

rgies for crystallization and reorganization. 

.6. Thermodynamic properties 

.6.1. Melting temperature and enthalpy of the metastable 

odification x1 

Ivanov at al. [29] investigated via DSC and FDSC the 

ormation of different solid modifications upon heating a 

u 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 glass at a rate between 0.083 and 20 0 0 K

 

−1 . The least stable crystalline modification, x1, that formed at 

hese conditions via primary crystallization at T x1 is a nanocrys- 

alline (Au,Cu) 7 Si single phase supersaturated in silicon [29] . 

We compare this modification with the crystalline modifica- 

ions of the present study, which formed during annealing below 

he initial glass transition temperature and melted at T m1 and T m2 , 

espectively. Via conventional DSC at a heating rate of 10 K min 

−1 

e measured for the modification x1 a crystallization temperature 

f T x1 = 180.0 °C and a crystallization enthalpy of �h x1 = −2.15 kJ 

ol −1 . Furthermore, the most stable crystalline modification re- 

ealed a melting temperature of T m 

= 350.9 °C and a melting en- 

halpy of �h m 

= 5.10 kJ mol −1 . The melting temperature and en- 

halpy of the modification x1 were further determined by FDSC 

sing a sample of 184 ng in mass. The x1 modification was pre- 

ared by heating the sample to the end of the primary crystal- 

ization peak at 243 °C with a rate of 100 K s −1 (see insert of

ig. 10 a). The sample was then cooled with a rate of 20,0 0 0 K s −1 

o 0 °C and heated to 490 °C at rates between 500 and 10,0 0 0 K

 

−1 . The FDSC heating curves are shown in Fig. 10 a, where the ar-

ows indicate the x1 transformation peak, which shifts to higher 

emperature with increasing heating rate. At 10,0 0 0 K s −1 no solid- 

olid transformation occurs anymore and the remaining endother- 

al peak originates from the melting of x1. In this way a melting 

nthalpy of �h m,x1 = 3.185 kJ mol −1 and an onset of melting of 

43 °C at this heating rate can be measured. 

To determine the correct melting temperature, the thermal lag 

eeds to be considered, which should be measured for the same 

ample to minimize experimental errors. Here, the most stable 

olid modification should be used to avoid structural changes dur- 

ng heating. Such structure was prepared by heating the sample 

o 342 °C (shortly before melting) at a rate of 2 K s −1 and subse-

uent cooling. The sample was then heated at rates, βh , between 

0 0 and 10,0 0 0 K s −1 and the onset of the melting peak, T on , was

valuated ( Fig. 10 b). The figure shows a non-linear dependence of 

he 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 −1 . The 

main diagram shows the melting curves measured at different heating rates after 

cooling the sample to 0 °C at a rate of 20,0 0 0 K s −1 . 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 60 0 0 K s −1 . (b) Heating rate dependence of the 

onset of melting for the most stable solid modification. 
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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. 
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or high heating rates [60] and can be described by 

 on = T 0 + a βh + b β0 . 5 
h , (11) 

here T 0 is the melting temperature at zero heating rate and a 

nd b are constants. The curve in Fig. 10 b is the fitting result.

y applying the correction of Eq. (11) , a melting temperature of 

 mx1 = 322.1 °C has been determined for the x1 modification. 

.6.2. Heat capacities and reference enthalpies 

In a next step, the heat capacities of x1, of the glass, and (for

eference) of the most stable crystalline modification and the liq- 

id are determined. The latter data are reported by Dalla Fontana 

t al. [61] and Louzguine-Luzgin et al. [42] . Due to the significant 

ifference of the data in the literature, we measured the heat ca- 

acity using stochastic temperature-modulated DSC (TOPEM). The 

esults are shown as circular dots in Fig. 11 a. 

To determine the heat capacity in the glassy state (blue circles 

n Fig. 11 a), we first measured an untreated ribbon by TOPEM at 

emperatures between 30 °C and 400 °C. The sample was then 

ooled at a rate of 1 K min 

−1 to obtain a sample with the most sta-

le crystalline modification, which constitutes five phases [62] . The 

eat capacities of this modification (black solid circles in Fig. 11 a) 
9 
nd of the liquid (red open circles in Fig. 11 a) were subsequently 

easured. 

The least stable solid modification forms upon heating via 

rimary crystallization at T x1 . As mentioned, according to Ref. 

29] this modification is a nanocrystalline (Au,Cu) 7 Si single phase 

upersaturated in silicon. To prepare this sample state, we heated a 

ibbon in DSC with a rate of 10 K min 

−1 to 185 °C, which is the end

f the primary crystallization peak at this low heating rate. (Note 

hat in the previous FDSC measurements at a heating rate of 100 K 

 

−1 , the end of the primary crystallization extended to 243 °C). Af- 

er rapid cooling the sample to RT by placing it onto a cold metal 

late, the heat capacity was measured using TOPEM at a rate of 

 K min 

−1 up to the first indication of a solid-solid transformation 

t 161 °C (open black circles in Fig. 11 a). 

To expand the measurement range of the supercooled liquid, 

he FDSC cooling curves at a rate of 20,0 0 0 K s −1 were addition-

lly used (red curve in Fig. 11 a). The procedure for obtaining heat 

apacity data from FDSC curves is described in Ref. [38] . 

At temperatures sufficiently above the Debye temperature, the 

eat capacity is frequently approximated by polynomials [ 42 , 63 , 64 ]
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Table 1 

Thermodynamic properties of the three metastable modifications at the melting 

temperature. Modification 1 is formed after annealing for 20,0 0 0 s at 138 °C, mod- 

ification 2 is formed after annealing for 50,0 0 0 s at 138 °C, and modification x1 is 

generated at T x1 during heating. 

Modification 1 

(20,0 0 0 s 

at 138 °C) 

Modification 2 

(50,0 0 0 s 

at 138 °C) 

Modification x1 

(formed at T x1 

during heating) 

T m,i [ °C] 245 275 322.1 

�h m,i [kJ mol −1 ] 2.18 2.72 3.185 

�s m,i [J (mol K) −1 ] 4.21 4.96 5.351 
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uch as 

 p , L = a L + b L T + c L T −2 (12) 

or the liquid and 

 p , x = a x + b x T + c x T 2 (13) 

or the solid phases. The related fitting curves are the black 

ines in Fig. 11 a. These approximations are used together with 

he derived transformation enthalpy of the primary crystallization 

h x1 = −2.15 kJ mol −1 , the enthalpy of melting �h m 

= 5.10 kJ 

ol −1 , the transformation temperature T x1 = 180.0 °C and the 

elting temperature T m 

= 350.9 °C to calculate the curves of the 

elative enthalpies for the related modifications. 

For the most stable solid modification we obtain for the refer- 

nce temperature T 0 < T g : 

h s ( T ) = 

T 

∫ 
T 0 

c p , s d T ′ . (14) 

For the liquid and the metastable modification x1 we obtain 

h L ( T ) = 

T ≥T 0 ∫ 
T m 

c p , L d T ′ + �h m 

(15) 

nd 

h x1 ( T ) = 

T 

∫ 
T x1 

c p , x1 d T ′ + �h x1 . (16) 

The limiting fictive temperature [ 33 , 34 ] is used to define the

lass transition temperature T g = 174.5 °C. Within experimental 

ncertainty, we did not find a deviation between the heat capac- 

ty of the glass at low temperature and the most stable solid state. 

hus, we assume for the relative enthalpy of the glass that 

h glass ( T ) = 

T ≤T g 

∫ 
T g 

d�h s 

d T ′ d T ′ + �h L ( T g ) , (17) 

here �h s ( T ) is the ground state of the stable solid. The enthalpy

urves from which the ground state was subtracted are plotted in 

ig. 11 b (black curves). 

The melting enthalpy change between the supercooled liquid 

nd the modification x1 ( �h m,x1 = 3.185 kJ mol −1 , see above) is

lotted as a solid black circle in Fig. 11 b. This measurement point 

s far lower than what one would obtain from the extrapolated 

urve using eq. (16) . This illustrates the problem of extrapolating 

eat capacity data with a quadratic equation (see eq. (13) ). Instead, 

e use here a linear extrapolation by drawing the enthalpy curve 

h x1 ( T ) from the last measured enthalpy value at 161 °C to the

xplicitly measured melting enthalpy at T mx1 (black dashed line in 

ig. 11 b). 

.6.3. Thermodynamic properties of the crystalline modifications 

ormed during annealing 

The maximum enthalpy change ( Fig. 7 b) was calculated in kJ 

ol −1 (using the corresponding mass and density of the sample) 

nd subtracted from the enthalpy of the glassy state. These data 

re plotted in Fig. 11 b as open black circles, fitting well the data

f the equilibrated supercooled liquid. The sample remains in this 

nthalpy state until crystallization starts. 

The relative stability of a crystalline modification formed during 

rystallization upon isothermal annealing below the initial glass 

ransition T g can be assessed by determining the maximum en- 

halpy change. However, the enthalpy change of such slow pro- 

esses cannot be measured directly. Instead, we use here the law 

f energy conservation, where the enthalpy change between A and 

, �h (A,B), is equal to the difference of the enthalpy changes of 

 and B with respect to an equilibrium state C and independent 

n the pathway: �h (A,B) = �h (C,B) - �h (C,A). The points A, B,

nd C are indicated in Fig. 11 b. The enthalpies are determined by 
10 
n integration of the heat flow. To compensate for the influence 

f thermal losses, a measured reference curve is required. For this, 

e used the heating curve of the completely amorphous sample, 

am 

( T ). In the following we determined the enthalpy curve after 

nnealing for 20,0 0 0 s at T a = 138 °C, �20k ( T ), using 

h 20k ( T ) = 

T a ≥T ≥T C ∫ 
T C 

(
�20k 

(
T ′ 

)
− �am 

(
T ′ 

))
d T ′ + �h L ( T C ) , (18) 

here T C is the temperature in the equilibrated melt (at point C). 

t this annealing condition, the sample is completely crystallized. 

am 

( T ) and �20k ( T ) are displayed in Fig. 3 d as bold black and blue

urves. In the same way the enthalpy curve after annealing for 

0,0 0 0 s at T a = 138 °C was calculated. The related normalized en-

halpy curves are shown in blue and red in Fig. 11 b. The enthalpies

h 20k ( T a ) at point B and �h 50k ( T a ) at point B’ are both above the

nthalpy of the least stable modification x1 formed upon heating 

f the glass, i.e. both crystalline modifications formed during an- 

ealing at T a have a lower formation enthalpy than the metastable 

odification x1. 

The stability of both crystalline modifications can be assessed 

sing the enthalpies and entropies of melting. We estimate the re- 

pective enthalpy curves by shifting the black dashed line �h x1 ( T ) 

ertically towards the points B’ and B (see red and blue dashed 

ines in Fig. 11 b). The melting enthalpies are the difference be- 

ween the enthalpy of the liquid and the enthalpies of the re- 

pective solid modifications at their melting temperatures. Table 1 

ists these properties together with the transformation entropies 

s m , i = �h m , i / T m , i . As can be seen in Table 1 , the entropies in-

rease with increasing stability of the crystalline metastable modi- 

cations. 

. Summary and conclusions 

The stability of a chemically homogeneous glass (CHG) has been 

tudied by investigating the aging behavior of the BMG-former 

u 49 Ag 5.5 Pd 2.3 Cu 26.9 Si 16.3 , whose melt was quenched at a rate of 

0,0 0 0 K s −1 . The preparation of the CHG and the subsequent mea-

urements were performed using FDSC. The limited fictive temper- 

ture of the quenched glass was found to be 175 °C. Thus, the sub- 

 g annealing was performed between 108 °C and 168 °C. Using the 

ewly developed concept of critical scanning rates (critical rate ap- 

roach, see Fig. 1 ), we find that the following processes occur se- 

uentially during annealing: 

1) Structural relaxation. 

2) Incubation period of nucleation. 

3) Nuclei formation. 

4) Crystallization towards a metastable crystalline phase. 

5) Perfection of the crystalline structure by grain growth and poly- 

morphic transformation to a more stable crystalline state. 

The incubation periods of nucleation and of crystal perfection 

ere measured for the first time during isothermal annealing in 

he glassy state. In the state of structural relaxation a second relax- 

tion event was found for an annealing temperature below 130 °C, 
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nd for T a = 118 °C the times of relaxation end and nucleation on- 

et coincide ( Fig. 8 ). 

The measurements further show that the crystalline structure 

hat forms first during annealing has a very low melting temper- 

ture. This structure shows a two-step perfection during isother- 

al annealing. In the first step, the melting temperature gradu- 

lly increases, which may result from a growth of the nanostruc- 

ured modification. In such a case, the melting-temperature in- 

rease may be explained by a decrease of the interfacial energy of 

he nanostructured modification (Gibbs-Thomson effect) [65] . The 

econd step is related to a transformation into a more perfect crys- 

alline modification with a slightly higher melting temperature. 

The time period between the beginning of structural relaxation 

nd the end of nucleation describes the stability of the supercooled 

iquid and the resistance against crystallization. Because the incu- 

ation time is related to the energy barrier for nucleation, this 

roperty is essential for a material with a high kinetic glass sta- 

ility. 

With nuclei forming for annealing times above t nuc , crystalliza- 

ion occurs during subsequent heating and metastable crystalline 

hases can form ( Fig. 3 b). For annealing times above t cryst , crys-

allization already occurs during annealing, so that the glass tran- 

ition intensity, �c p , reduces during subsequent heating ( Fig. 3 c). 

fter complete crystallization during annealing above t reorg , struc- 

ural perfection is detected during subsequent heating ( Fig. 3 d), 

enerating a solid-to-solid transformation to a more stable crys- 

alline state. 

After complete structural relaxation at t relax , the sample be- 

aves stable and reveals no structural changes during further an- 

ealing until the onset of nuclei formation at t nuc . From the tem- 

erature dependence of this incubation time for nucleation ( Fig. 8 ), 

e derive an activation barrier of 274 kJ mol −1 . This is significantly 

ower than the activation barrier for structural relaxation in the 

lassy state, which is 374 kJ mol −1 . This difference indicates that 

t very low temperatures, below 120 °C, nucleation can even oc- 

ur in unrelaxed glasses. Furthermore, at low annealing tempera- 

ures (118 °C), an atypical slowdown of the structural relaxation 

as been observed. 

In conclusion, the glass-forming ability of many glass-forming 

aterials can be characterized by the crystallization and melting 

vents above the glass transition. However, such data deliver no re- 

iable information with respect to the glass stability, which is gen- 

rally important in the context of processing and the application 

f such materials. This information requires direct study of the ki- 

etics of the different processes that occur in the glassy state. On 

he other hand, the direct determination of the critical cooling rate 

s a useful way to characterize the glass-forming ability (GFA) of 

n alloy. It is an advantage of FDSC that both the determination 

f GFA and the analysis of glass stability can be performed on one 

nd the same sample in a relatively short time. 
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