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Abstract. Dynamic calorimetric measurements are performed for the quaternary metallic glass
ZresAl7 5Cui7.5Nijp in order to analyse the dependence on different heating rates for the glass transi-
tion temperature T,. We compare two different temperature programs used for sample relaxation, to
estimate the influence of the thermal history on Ty. A lower limit for the glass transition temperature
T, was calculated according to two different models based on the fact, that width and temperature of
the glass transition depend on the experimental time scale set by the heating rate: One model assumes a
Vogel-Fulcher-Tammann type behaviour, as used to describe more or less “fragile” glass formers and the
other assumes an Arrhenius-like behaviour, which is related to “strong” glass formers. The values obtained
from both models differ by about 80K. From additional absolute specific heat capacity measurements we
calculate the Kauzmann temperature Tk, as a lower limit for the temperature of the glass transition from
thermodynamic aspects. Comparing Tx with the temperature values obtained from the two evaluation
models we can classify the quaternary metallic glass Zrgs Al7.5Cu17.5Ni1o, to behave more like a “strong”

glass former.

PACS. 81.05.Kf Glasses (including metallic glasses) — 64.70.Pf Glass transitions — 81.70.Pg Thermal
analysis, differential thermal analysis (DTA), differential thermogravimetric analysis

1 Introduction

Recently new metallic glasses were found which exhibit
a distinct glass transition combined with a wide super
cooled liquid region [1,2]. The quaternary so-called Inoue-
alloy of composition ZrgsAl7 5Cuy7.5Nipg offers a temper-
ature range of about 127 K between glass transition T}
and crystallization temperature T, for the highest heat-
ing rates used [3]. Due to the high thermal stability of the
undercooled liquid against crystallization, this special al-
loy is favorite for a detailed study of the thermophysical
properties of the undercooled melt. Furthermore, in con-
trast to most conventional glass formers, the glass transi-
tion can be investigated in a wide range of time scales. In
this paper we focus on the dynamic aspects of the glass
transition as well as on thermodynamics with respect to
Differential Scanning Calorimetry (DSC) measurements.
From dynamic measurements we obtain the glass transi-
tion temperature, which varies with the chosen heating
rate. However, since T;; depends on the thermal history
of the sample, we first have to define a reference state for
all measurements. We used two different methods to re-
lax our samples. For the first series as prepared samples
have been used for which the initial state is related to
the heating rate used during the DSC scan and for the
second method the initial state is the same for all sam-
ples. Our aim is on one hand to find a capable method
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for quantitative comparisons on Ty and on the other hand
to determine a lower limit for the glass transition temper-
ature. From measurements of the absolute specific heat
capacity the thermodynamic quantities are calculated as a
function of temperature. Thus, we are able to calculate the
Kauzmann temperature Tk, which represents a lower limit
for the kinetically observed glass transition from thermo-
dynamic aspects [4].

2 Experimental methods

ZrgsAly 5Cuy7.5Nipg ingots were prepared by arc-melting
a mixture of pure Zr, Al, Cu and Ni in an argon atmo-
sphere (4N8). From the master alloy we prepared pellets
of about 100-120 mg. Using ultra-rapid quenching we ob-
tained splats with thickness of 45-50 pum and of about
2.5 cm in diameter. The amorphous state of the splats
was verified by X-ray diffraction. Pieces of 6 mm in diam-
eter and typically 20-40 mg were punched out from the
splats. The heatflow of the samples is measured in a mod-
ified Perkin Elmer DSC7 at constant gas-pressure, using
Al-pans with holes. During the experiment the DSC-head
was purged with dry argon gas (4N8) at a flow of about
30 ml/min.

Prior to the experiments the samples were relaxed in
the DSC, to allow irreversible structural relaxation of the
quenched in excess free volume. We applied two different
relaxation methods. By using method 1, each sample was
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Fig. 1. Comparison of the DSC thermograms of an as
quenched sample (solid line) and of samples treated with two
different measurement methods, method 1 (dotted line) and
method 2 (dashed line) as described in the text.

first heated above the glass transition temperature 7}, into
the metastable region of the undercooled liquid with a rate
¢ and then cooled down to the starting temperature using
the same rate. Subsequently, the heatflow curve was then
measured again with the same heating rate ¢. Since the
cooling rate and the heating rate are the same the evo-
lution of the sample is tested only on a single time scale
corresponding to the chosen rate ¢. For investigations car-
ried out with the method 2 each sample was first heated
above T, with a rate of 20 K/min and then cooled down to
the starting temperature with a rate of 200 K/min. Thus,
the initial state for these samples is always the same. The
measurement then was performed with an individual heat-
ing rate ¢; for each sample. At the end of the measurement
the samples were crystallized and an additional DSC scan
was recorded at the same measuring conditions for direct
comparison.

For the specific heat capacity evaluation we have mea-
sured the static heat flow at distinct temperature levels.
The amorphous samples are analyzed up to 720 K and the
crystallized samples up to 893 K. Using a high tempera-
ture calorimeter of type SETARAM we obtained the val-
ues of ¢, far above the melting point 7},,. The experiments
were performed in the so-called “step-mode”. Therefore,
the relaxed sample (method 2) was first heated with ¢
= 10 K/min to a specified temperature, followed by an
isothermal step for 180 s. The resulting step change in
heat flux is then compared with the signal of a sapphire
standard (AlyOg). This procedure was repeated in inter-
vals of 10 and 20 K.
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3 Results
The glass transition for the amorphous
ZrgsAly 5Cuyr sNijg—alloy was investigated in DSC

experiments for a variety of heating rates for the two
methods of preannealing mentioned above. Figure 1
shows the DSC thermogram of two ZrgsAl7 5Cuy7.5Nijg—
samples, one is relaxed with method I and one with
method 2, in comparison with an as quenched specimen.
The amount of free volume reduction, as indicated by the
irreversible changes in the heatflow below T}, is higher for
those samples preprocessed with method 1. In Figure 2
the heatflow curves throughout the glass transition,
depending on different heating rates, are presented for
both methods. The signal-to-noise ratio for the second
series (method 2) is increased stronger with decreasing
heating rate, as compared with those samples which are
relaxed by method 1. Consequently, it is impossible for
the measurements shown to exactly determine the Tj
values for heating rates smaller than 1 K/min.

From static measurements the absolute specific heat
capacity ¢, is calculated with respect to a sapphire stan-
dard. Starting with the enthalpy change dQ = ¢, m dT’, of
a sample with mass m the derivation in time leads to the
following expression:

dQ arT
o M (1)

dQ/dt represents the heatflow signal H and dT'/dt is equal
to the heating rate ¢. It is important to note, that in DSC
experiments only part of the heatflow is used to heat up
the sample to a certain temperature (d1'/dt # 0) whereas
another part compensates the constant flow of the cooling
gas, within the isothermal interval (dT'/d¢t = 0). There-
fore, neglecting further time dependent isothermal effects
equation (1) has to be extended to

aQ QV  _ap— emdT
(E)T;éo - <E>T—O =A== om dt @

The left side of equation (2) equals the difference in heat-
flow signal from the beginning and the end of the isother-
mal step. In order to exclude instrumental errors, the heat
capacity measurements are evaluated relative to a sap-
phire standard, with the pure Al-pan signal subtracted
first. One then obtains the following expression for the
molar specific heat capacity of the sample

see equation (3) below.

M ampie and Myqpphire are the molar masses of the sample
and the sapphire standard respectively. It should be re-
marked, that constant and well defined experimental con-
ditions are absolutely necessary for the calculation of c,.

(AHsample (T) - AHempty (T)) Msapphire Msample

Cp sample (T) = (

AHsapphire (T) - AHempty (T)) Msample Msapphire

Cp sapphire (T) (3)
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Fig. 2. The specific heat capacities Ac, of the samples relative to the crystalline reference for heating rates of 1 K/min to

200 K/min using (a) method 1 and (b) method 2.

For the ¢, calculations of the amorphous and the crys-
talline ZrgsAl7; 5Cuy7.5Nijg we need additional informa-
tion about the melting point T}, and the enthalpy of fu-
sion H,,, which can be obtained from high temperature
DSC measurements. In Figure 3 the complete DSC-run is
presented, including the heating and cooling cycle. The
shaded area is the enthalpy of fusion which is used for
further calculations.

4 Discussion

From DSC experiments the glass transition temperatures
are determined. Due to the effect of delayed relaxation in
dynamic measurements, the glass transition has a finite
width AT [5]. According to Figure 4 we use the temper-
ature interval between the values of T,-onset and T;-end.
Based on these data we have calculated the lower limit for
the glass transition. Assuming a Vogel-Fulcher-Tammann
(VFT) type behaviour for the glass transition as proposed

ZrggAl7 5CU17 5Niyg as-quenched
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Fig. 3. DSC run, heating (dotted line) and cooling (solid line),
performed in the high temperature DSC of type SETARAM.
The melting point 7T, = 1107 K and the enthalpy of fusion
H,, = 7245.6 J/mol are marked, which were used for further
thermodynamic calculations.
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Fig. 4. Illustration for the definition of the used Ty-onset end
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Fig. 5. Ty-onset and Ty-end values versus heating rate for (a)
method 1 and (b) method 2 with the fits included, assuming a
VFT like behaviour.

by R. Briining et al. [6], one can calculate a lower limit
TgI by using the following expression:

A A
¢:Bexp{7} e T,=T + ———. (4
T - T, g g In{B/¢} )
The temperature TgI is the asymptotic value of Ty in the

limits of infinitely slow cooling or heating rates. The pa-
rameter B has the dimension of a heating rate. Figure 5
shows the data with the best fits (dashed lines) for both
temperature programs.

With decreasing heating rate Tg-onset and Ty-end con-
verge to the same value within a range of + 3 K, i.e., in
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Table 1. Calculated lower limits for the glass transition of
Zres Al7.5Cui7.5Niio.

critical measurement value of value of
temperature method method 1  method 2
TgI dynamic 509 £ 3K 512+ 3K
TgH dynamic 580 £ 5 K 590 £ 5K
Tk calorimetric - 598 + 10 K

the limit of infinitely slow heating and cooling rate the
heatflow should become a step function at the glass tran-
sition. Furthermore, for the two relaxation methods the
calculated temperatures TgI differ only by about 2 K. The
obtained values are presented in Table 1. Considering the
experimental uncertainties, T; is independent of the ther-
mal history.

However, if one assumes an Arrhenius-like behaviour,
which corresponds to the VFT formula in the limit of
TgI — 0, the dependence between T,; and heating rate is
written as [7]

A/
1o = uiBryey

with A’ proportional to an activation energy. In this con-
text the width of the glass transition AT is an important
parameter, which contains the time dependent effects of
the sample. With slower heating rates a narrowing of the
transition range is observed, which can be expressed by
7]

(5)

AT 1
T, “ n{Be} ©)

Combining equations (5, 6) we obtain the following rela-
tion
1

AT I(Tg)2 . (7)

The lower limit for the glass transition TgI T is obtained by
extrapolating the regression curve to AT = 0, as shown
in Figure 6. The value for TgH is about 590 + 5 K and is
independent of the relaxation method used, within the ex-
perimental uncertainties. However, the activation energy,
as indicated by the slope of the fits, is higher for method 1.

Comparing the two different evaluation models, we
find that the lower limit values of T}, differ by about 80 K.
Thus, we have applied a third method to calculate the
lower limit of the glass transition from measurements of
the absolute specific heat capacity. In Figure 7 the mea-
sured values of ¢, for the crystalline and amorphous state
are shown. According to Kubaschewski et al. [8] the tem-
perature dependence of the specific heat capacity in the
undercooled liquid can be expressed mainly as a T~ 2-law:

cpp=3R + bT + T2 (8)

The fits according to equation (8) for both, the crystal and
the undercooled liquid, are included in Figure 7. Since
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Fig. 7. The absolute specific heat capacity of
ZresAl7 5Cui7.5Nijg for the crystalline, the amorphous,

and the liquid state. The lines show the best fit to the data
according to Kubaschewski et al. [8]. The ¢,-value in the melt
was obtained with a high temperature DSC (SETARAM).

the temperature dependence of the specific heat capac-
ity in the Zrgs Al 5Cuy7.5Nijg-alloy is known for the non-
crystalline and the crystalline state as well, the excess en-
tropy AS with respect to the crystal can be calculated
by

H, (™ a1’
AS = — —/ [Cpl — Cps]? 5 (9)
T

with ¢, and c¢ps as determined for the specific heat ca-
pacity of the liquid and the the crystalline state, respec-
tively. Figure 8 shows this calculated entropy difference.
The entropy of the melt decreases with increasing un-
dercooling, until it reaches the entropy of the crystal
at the Kauzmann temperature Tx. The existence of an
undercooled liquid below this temperature would violate
thermodynamic rules, also called the Kauzmann paradox.
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Fig. 8. The excess entropy AS of the liquid state with respect
to the crystal. Tas—o is the so-called Kauzmann temperature
Tk.

Therefore, T will be the lower boundary for the glass
transition from thermodynamic aspects. For our system
we obtain a Kauzmann temperature Tk of 598 + 10 K.

Table 1 gives an overview of the critical temperatures
for the glass transition, as calculated from the different
models. The value of TgI obtained from the VFT type
functional differs by about 80 K from the other ones.
In contrast, the value of TgH is very close to the cal-
culated Kauzmann temperature Tx. This seems to be a
common feature for this special type of metallic glasses.
Zr46.5Tig 95Cur 5NijgBesr 5 for instance shows a similar
behaviour for the shear viscosity fitted to the empirical
VFT-equation, the calculated VFT-temperature is about
150K below Tk [9]. From other experiments it is known
that the diffusion coefficient in Zrgs Al7 5Cuy7.5Niig as well
as in Zr'TiCuNiBe-alloys do not change as dramatically as
one would expect, if the Vogel-Fulcher equation was valid
[10]. From the fact, that an Arrhenius type behaviour in its
thermodynamic limit leads to a glass transition temper-
ature equal to the Kauzmann temperature, we can clas-
sify Zrgs Al 5Cuyr.5Nijg, to behave more like a “strong”
glass former. This agrees with the classification using the
fragility index [11]

i — dogn) (10)

T AT,/T) |y,

which is determined from the temperature dependence of
the shear viscosity n(7T") at the glass transition tempera-
ture Ty;. Values obtained for glass forming systems based
on ZrAlCu are m = 36.4 for ZrgsAl; 5Cuars [12] and m
= 46.1 for ZresAl7 5Cuy7.5Nijg (estimated from Ref. [13]).
These values are close to the strong coupled systems SiOs
and GeOy with a fragility index of 20 [11].

Let us now focus on the two different relaxation meth-
ods used. The main difference between the two methods
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arises from the fact, that for the method 2 the metastable
state of the undercooled liquid is partly frozen, due to
the fast cooling at 200 K/min. This can easily be seen in
Figure 1, where the irreversible volume relaxation for the
samples preprocessed with the method 2 is smaller than
for those treated with the method 1. Comparing the deter-
mined lower boundaries for the glass transition tempera-
tures of the metallic glass Zrgs Al7 5Cuy7.5Nijg, one obtains
identical values for the two different methods of relaxation
applied. If we consider, that the glass transition temper-
ature obtained in the limit of infinitely slow relaxation
kinetics (i.e., infinitely small heating rates) is equivalent
with the thermodynamic equilibrium value of the transi-
tion, there are no further effects expected depending on
preparation conditions or on the thermal history of the
sample. This is confirmed by our measurements. The two
relaxation methods only affect the activation energies for
the relaxation process, as indicated by the two different
slopes for the fits in Figure 6.

5 Conclusion

Dynamic calorimetric measurements of the glass transi-
tion, extended to low heating rates, and measurements
of the absolute specific heat capacity under isother-
mal conditions are performed for the amorphous
Zrgs Al 5Cuy7.5Nijg-alloy. From the static measurements
the Kauzmann temperature Tx was determined which
represents the lower boundary of glass transition tem-
perature. In addition, two different models were used to
describe the heating rate dependence of the obtained T,-
data and to calculate a lower limit of the glass transition
temperature from dynamic measurements. The TgI -value
obtained by a Vogel-Fulcher-Tammann like dependence of
the heating rate is far below the Kauzmann temperature,
while an Arrhenius-type behaviour in connection with
the extended free volume model, gives a lower limit
TgH close to Tx. The second model is related to the
more “strong” glass formers. Thus, we classify amor-
phous Zrgs Aly 5Cuy7.5Nijg to belong to this kind of glasses
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too, based on a Zr-network acting as a backbone to the
system. Although two different methods were used to al-
low irreversible structural relaxation in a preanneal, the
obtained lower limits are nearly the same for both mea-
surement methods, i.e., the obtained values for the lower
glass temperature limit are independent of the thermal
history within the parameters of measurement. However,
comparing both methods of relaxation, the method which
only tests one characteristic time scale, seems to be the ap-
propriate one for quantitative investigations on the glass
transition.
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