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Abstract

Phase transformations in a bulk amorphous alloy have been studied by differential scanning calorimetry (DSC). DSC scans

exhibited increasingly complex structure as the temperature scan rate was reduced. A Kissinger analysis yielded

transformation time constants and activation energies for several peaks and also for the glass transition. The fact that the

Kissinger method ®ts the glass transition data was surprising but justi®able. Several higher temperature peaks departed from

Kissinger behavior, particularly for very low scan rates. The DSC results indicate that the amorphous phase should be stable at

temperatures near and above 2008C. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Amorphous metal alloys (metallic glasses) are

formed when certain alloys are quenched suf®ciently

rapidly that the atoms freeze into a non-crystalline

arrangement. Overcoming the tendency of conven-

tional alloys to crystallize usually requires the extre-

mely high cooling rates attainable only by rapid

quenching such as melt-spinning. The cooling rates

in this method restrict the product sample to geome-

tries which are small in a least one dimension (e.g.,

ribbons ca. 30 mm thick).

Recently, a new class of glass forming alloys has

emerged which can be made amorphous at much lower

cooling rates with dimensions approaching or reach-

ing several mm [1±6]. The attraction of these materials

lies in the unique properties which can arise in the

absence of crystalline structure: high tensile strength,

high corrosion resistance, and good wear resistance

are examples of possible bene®ts offered by some

amorphous materials. Some of these materials have

glass transition temperatures Tg as much as 1008C
lower than their crystallization temperature Tx. When

such a material is heated to Tg, it changes from a glass

to a supercooled liquid, its behavior is quite similar to

that observed for a variety of polymers. Further heat-

ing to Tx results in a transformation to the crystalline

phase, a process which is accompanied by consider-

able heat release (i.e., an exotherm).

An aspect of considerable importance to phase

stability and processing parameters regarding these

materials is the question of the kinetics of the various

transformations they can undergo. In the present paper

we apply differential scanning calorimetry (DSC) to

determine kinetic parameters (time constants, � , and
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activation energies, Eact) for certain phase transforma-

tions. Our technique is to record DSC thermal spectra

at various temperature scan rates and apply the ana-

lytic method of Kissinger [7,8] to determine � and

Eact, a procedure which Smith [9±12] has used suc-

cessfully to study precipitation in aluminum alloys. In

the present case some peaks departed from Kissinger

behavior at low scan rates.

Several previous authors [13±17] have used scan-

ning calorimetry to study phase transformation in

amorphous or metallic glasses. Yannacopoulos and

Kasap [13] determined the glass transition tempera-

ture, Tg, in amorphous thin ®lm selenium at various

temperature scan rates. They found non-Arrhenius

behavior in their Kissinger analyses of Tg. Kwong

et al. [14] studied crystallization in amorphous thin

®lm Al85Y10Ni5, noting that higher scan rates

increased the number of steps involved in the crystal-

lization process. They applied both Kissinger [7] and

Ozawa [18] analyses to the crystallization process,

obtaining reasonable agreement from the two theories.

However, they observed departures from good ®ts at

the higher scan rates. Busch et al. [15,16] studied

Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 Ð a metallic glass very

similar to our own material. They determined the

effect of scan rate on the speci®c heat change at Tg,

and on crystallization behavior. They did not apply

either the Kissinger or Ozawa analysis to the scan rate

dependence of the transitions, although they did ®t an

Arrhenius equation to the crystallization temperature.

They determined the heat of crystallization to be

5.5 kJ/g-atom (92 J/g) at a heating rate of 108C/min

and found that the lower bound (Kauzmann tempera-

ture) for the kinetically observed glass transition was

560 K (2878C). They also reported that above Tg and

prior to crystallization, the metallic glass phase sepa-

rates into two compositionally distinct amorphous

regions, one Zr-rich and the other Be-rich. Crystal-

lization proceeds ®rst in the less thermodynamically

stable Zr-rich region. Finally, Spriano et al. [17] have

studied the products of crystallization in a bulk amor-

phous specimen similar to our own. They identi®ed

four DSC signatures which they ascribed to amor-

phous phase separation, crystallization (in two steps)

into a phase having the hexagonal MgZn2 structure

type, followed at higher temperature by the appear-

ance of a tetragonal Ti2Zn-type structure. They did not

apply a Kissinger-type analysis to their data.

2. Experimental

2.1. Samples

Specimens cut from rods of bulk amorphous ZrTi-

CuNiBe alloy were studied. X-ray diffraction, optical

microscopy, and electron microprobe analysis of sam-

ples cut from the rods have con®rmed their amorphous

character. Their chemical composition is Zr40Ti13-

Cu11Ni10Be26 as determined by inductively coupled

plasma atomic emission spectroscopy (ICP/AES). The

cylindrical center section of each rod was sliced using

a diamond saw into samples 5.35 mm in diameter and

approximately 1 mm thick, having masses, m, within

the range 110±120 mg.

2.2. Differential scanning calorimetry

The phase transformation behavior in the bulk

amorphous alloy was studied using a Perkin-Elmer

DSC7 differential scanning calorimeter. The DSC

instrument measures dQ/dt, the rate of heat absorption

or emission by the sample, as a function of tempera-

ture, T [9±12]. In the absence of thermal events, the

position of the baseline in such a plot is proportional to

the speci®c heat of the sample. The presence of an

endothermic peak, superimposed on the baseline,

indicates the occurrence of a heat-absorbing event

such as melting. On the other hand, an exothermic

peak occurs as a result of some sort of heat-releasing

event such as crystallization. The area under a peak is

proportional toDQ, the heat absorbed or released by the

sample over the temperature range of the peak. The

calorimeter can also detect glass transitions which are

characterized by a smooth step-wise increase in DSC

signal.

In Fig. 1 are plotted curves of dQ/dt versus T for the

bulk amorphous alloy for scan rates, S, ranging from

0.6 to 108C/min. For clarity the DSC thermal scans are

offset from one another and are normalized to

S � 18C/min and m � 100 mg. Transitions are labeled

for S � 108C/min, 2.58C/min, and 1.28C/min. In one

or two cases more than one measurement at a given

scan rate was carried out to check consistency of DSC

results. At the highest scan rate a glass transition at Tg

and four exothermic peaks are visible. The total heat

associated with the two major exotherms (at

S � 108C/min) is DQ � ÿ79.5 J/g, somewhat lower
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than the value for the similar alloy of Busch et al. [15].

For low scan rates the peak at lowest temperature is

resolved into two components.

We refer to the DSC studies of Spriano et al. [17] on

a similar Zr40Ti14Cu10Ni11Be26 alloy to guide identi-

®cation of the transformations associated with the

various peaks in Fig. 1. This is made somewhat

ambiguous by the observation that their DSC signa-

tures are considerably broader and less well resolved

than those we have obtained. Nevertheless, following

their assignments for the DSC peaks, we can ascribe

the ®rst exothermic peak, Tp1, to the initial phase

separation of the amorphous phase into two compo-

sitionally distinct Zr-rich and Be-rich amorphous

phases, followed by primary crystallization into the

hexagonal MgZn2-type phase at Tp2. The highest

temperature peak at Tp4 corresponds to the appearance

of the tetragonal Ti2Zn-type structure. The intermedi-

ate peak at Tp3 corresponds most closely with that

described by Spriano et al. as a secondary crystal-

lization of the hexagonal MgZn2-type structure in

regions not crystallized at Tp2 (perhaps the more stable

Be-rich amorphous regions). This identi®cation is

subject to question, however, since Spriano et al.

showed that their secondary crystallization peak

merges with the primary one at scan rates of 108C/

min and above. Spriano et al. did not use scan rates

below 28C/min and therefore did not observe the

splitting of the Tp1 peak evident in our results.

3. Kissinger analysis

Although the Kissinger analysis to derive activation

energies from DSC temperature scans has been dis-

cussed previously [9±12], it is appropriate to review its

salient features. The method is based on the fact that

the observed temperature of a peak depends on the

scan rate, S � dT/dt, of the experiment. Peaks for slow

scan rates generally occur at lower temperatures than

those for fast scan rates. Such shifts of peak tempera-

ture, Tp, with a change in scan rate can be seen for

several exotherms in Fig. 1. Scan rates slow compared

to the calorimeter response time are used in order to

Fig. 1. Plots of dQ/dt versus temperature for the bulk amorphous alloy. The spectra have been shifted for clarity. The glass transition and

several exothermic peaks are clearly visible.
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avoid time lags which shift peak temperatures to

high values [9±12]. The temperatures for the transi-

tions of Fig. 1 are plotted as a function of scan rate in

Fig. 2.

The Kissinger expression, as modi®ed by Mitte-

meijer et al. [8], relates Tp to S:

ln�T2
p=S� � Eact=�RTp� � ln�Eact=Rk0�: (1)

Here Eact is the effective activation energy for the

process associated with the peak, R the gas constant,

and k0 is the pre-exponential factor in the Arrhenius

equation for the rate constant k:

k � k0 exp�ÿEact=RT�
�or � � 1=k � �0 exp�Eact=RT��: (2)

It is easy to show that substitution of Eq. (2) into Eq.

(1) yields a simple expression for kp, the value of k at

temperature Tp:

kp � �Eact=R� � �S=T2
p �

�or � � �R=Eact� � �T2
p=S��: (3)

Thus the time constant from the Kissinger analysis

is proportional to the exponential of Eq. (1), with a

proportionality constant of R/Eact. In Eqs. (1) and (3)

the units of Tp are K and of S are 8C/s (or K/s) so that k

is given in sÿ1.

A fundamental assumption in deriving the Kis-

singer equation is that the fraction, Xp, of species

transformed at the peak temperature is independent

of scan rate [19]. Although the method was originally

derived to analyze peak temperatures, we shall see that

it also applies to the glass transition temperature, Tg.

This is perhaps not surprising since the glass transition

temperature determined using a Perkin-Elmer [20]

DSC instrument is de®ned to be that temperature at

which the change in speci®c heat reaches half its

maximum value (i.e., the transformation from the

glassy to the supercooled liquid state is 50% com-

plete). Thus, by de®nition, the fundamental assumption

of the Kissinger derivation is satis®ed. For peaks which

strongly overlap, the applicability of the Kissinger ana-

lysis becomes more questionable. Thus, as we see in

Fig.1, thepeakcomplexityfor lowscanrates(S < 2.58C/

min) may introduce uncertainty into the results.

Fig. 2. Dependence of transition temperatures for the bulk amorphous alloy on temperature scan rate for the DSC experiment.
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4. Analysis results

4.1. Glass transition (at Tg)

The applicability of the Kissinger analysis to the

glass transition is demonstrated in Fig. 3 where we plot

a linear regression ®t of Eq. (1), using values of Tg

derived from the DSC curves of Fig. 1. The ®t is good

although the activation energy (435 kJ/mol) seems

high. For S � 0.68C/min no data point is shown since

at that low scan rate the glass transition was not readily

discernible.

4.2. First exotherm (at Tp1a and Tp1b)

It is understood that the ®rst two prominent peaks in

Fig. 1 are due to crystallization of the amorphous

alloy. Careful scrutiny of Fig. 1 shows that the peak

labeled Tp1 for S � 108C/min is resolved into two sub-

peaks (Tp1a and Tp1b) for scan rates less than 2.58C/

min. Kissinger plots for these sub-peaks are also given

in Fig. 3, where it is clear that both obey Eq. (1). The

activation energy for Tp1a (196 kJ/mol) is appreciably

smaller than that for Tp1b (269 kJ/mol). These activa-

tion energies, while comparable to the value (190 kJ/

mol) obtained by Kwong et al. [14] for the ®rst of the

three crystallization processes in their thin ®lm tern-

ary, are much smaller than the values (550 and 950 kJ/

mol) for their second and third processes.

4.3. Second exotherm (at Tp2)

At fast scan rates the peak labeled Tp2 (presumably

also due to crystallization) is extremely sharp, but like

the ®rst peak it shifts to lower temperature as scan rate

decreases, becoming broader and nearly as weak as the

®rst peak (Fig. 1). At the very lowest scan rates

(S < 2.58C/min) the peak shift rate is also very small,

as seen in the Kissinger plot for Tp2 (Fig. 4). Two

quite different activation energies, 1596 and 289 kJ/

mol, are obtained for scan rates below and above

S � 2.58C/min.

Fig. 3. Kissinger plots for the glass transition and the two components of the lowest temperature exotherm in the bulk amorphous alloy. The

regressions are best fits of Eq. (1) to the data.
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4.4. Third and fourth exotherms (at Tp3 and Tp4)

The third and fourth exotherms are both low and

broad for S � 108C/min. The mechanisms for the

associated transitions are not known. The Kissinger

plots for Tp3 and Tp4 in Fig. 4 are similar to that for Tp2,

although at low scan rates the peak temperatures

remain essentially constant. The activation energies

for faster scans are 220 kJ/mol (Tp3) and 332 kJ/mol

(Tp4).

5. Time constants from Kissinger analyses

5.1. Glass transition (at Tg)

As seen in Fig. 5, the glass transition temperature

shifts from ca. 3708C to ca. 3508C when the scan rate

is reduced from 108C/min to 0.98C/min. The data

exhibits very good Arrhenius behavior. At the lowest

scan rate the glass temperature is near 3508C, and the

time constant (from Eq. (3)) for the transformation

from the glassy to the supercooled liquid phase is

about 500 s (ca. 8 min). As scan rate decreases � is

even longer. Indeed, extrapolation of Eq. (3) indicates

that at 2508C the transformation time should exceed

1.6�106 h (183 years). Only 508C higher (3008C) the

phase stability is appreciably reduced (� � 260 h).

5.2. First exotherm (at Tp1a and Tp1b)

The Kissinger time constants for the two compo-

nents of the ®rst exothermic peak (crystallization) are

given in Figs. 6 and 7. Both plots show good Arrhenius

behavior. At the lowest scan rate (0.68C/min) the

crystallization temperatures of both components are

ca. 4008C, and the transformation times are near

2000 s. Extrapolation of Eq. (3) indicates that at

Fig. 4. Kissinger plots for the three highest temperature exotherms in the bulk amorphous alloy. It is clear that different mechanisms are

responsible for the behavior of Tp2 above and below 2.58C/min. For Tp3 and Tp4 the Kissinger relation completely breaks down at scan rates

above 1.28C/min.
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2508C the transformation time for the peak at Tp1a

should exceed 104 h (1.1 years). At 3008C, the phase

stability is considerably less (� � 200 h). For the Tp1b

peak the transformation time extrapolated to 2508C is

�7 � 105 h (80 years) which is reduced to 3000 h (0.3

years) at 3008C. Thus it appears that the lifetime of the

amorphous phase can be quite long at temperatures

below 2508C. However, an increase of only 508C
signi®cantly shortens it.

5.3. Higher temperature exotherms (at Tp2, Tp3, and

Tp4)

As already seen in Fig. 4, the Kissinger plots for

these peaks exhibit abrupt changes of slope for scan

rates below 2.58C/min. The anomalous behavior of

these three exotherms makes it inappropriate to apply

Eq. (3) to derive � values. It appears that different

mechanisms are responsible for the fast and slow scan

data. This speculation is borne out by the fact that the

total heat of crystallization (of the lower temperature

peaks) remains constant at ca. 80 J/g for scan rates

above 58C/min, but increases dramatically from ca.

120 to more than 170 J/g as the scan rate decreases

from 2.58C/min to 0.68C/min.

6. Discussion

It is evident that the Kissinger analysis can be

successfully applied only to the glass transition and

the lowest temperature crystallization peak in the

amorphous alloy. The time constant for the transfor-

mation from the glassy to the supercooled liquid phase

is extremely large (�200 years) for temperatures

below 2508C. Since crystallization must be avoided

in order to preserve the desired mechanical and che-

mical properties of the amorphous alloy, the time

Fig. 5. Time constants for the glass transition in the bulk amorphous alloy derived from Eq. (3) under the assumption that the Kissinger

analysis is valid for Tg.
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Fig. 6. Time constants (from Eq. (3)) for the first component of the lowest temperature exotherm in the bulk amorphous alloy.

Fig. 7. Time constants (from Eq. (3)) for the second component of the lowest temperature exotherm in the bulk amorphous alloy.



constant for the ®rst crystallization peak is of greater

importance. The extrapolated lifetime of the amor-

phous phase at 2508C is greater than 1 year, rising

rapidly with small decreases in operating temperature

(to 12.6 years at 2258C and 160 years at 2008C).

(These extrapolations are consistent with the Kauz-

mann temperature (2878C) for a similar alloy deter-

mined by Busch et al. [15].) Thus these DSC kinetic

measurements indicate that the amorphous phase

should be stable at temperatures up to 2008C and

perhaps even higher. Finally, it should be noted that

further study of the effect of scan rate on phases and

grain sizes in the ®nal crystallization products would

be useful.
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