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Abstract

Differential scanning calorimetry (DSC) measurements with different temperature programs were used to study the

crystallization kinetics of Ni81P19 amorphous ribbons quenched from melt at different temperatures (920±16008C) and from a

constant melt temperature (9208C) at different quenching rates leading to different thickness. A mathematical model was

proposed assuming that the nuclei are formed during the preparation and pretreatment of the samples and grow during the

DSC experiments. Its validity was proved by the non-linear least squares evaluation of 44 DSC experiments. This model

describes our experiments better than Avrami±Erofeev equation. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The structure of melted alloys has been investigated

for more than 20 years [1]. Amorphous alloys can be

prepared by rapid quenching from melt. The structure

of the solidi®ed amorphous alloys is determined by the

liquid structure and by the relaxation processes taking

place during the quenching. If there are no signi®cant

relaxation processes during the rapid quenching, then

the obtained amorphous alloy keeps the internal struc-

ture of the original melt. The investigation of amor-

phous alloys provides valuable information on the

internal structure of melting alloy, including the short-

and long-range ordering. Previous MoÈssbauer inves-

tigations showed that the effect of relaxation on the

structure of the Ni81P19 alloys is much smaller then

that observed in other systems [2,9].

The crystallization kinetics of the Ni81P19 amor-

phous alloy has been extensively studied [10]. The

crystallization of the Ni81P19 alloy is an exothermal

process and the differential scanning calorimetry

proved to be a suitable method for investigation of

the crystallization process.

In thermal analysis, the usual way of the kinetic

evaluation is the application of some sort of lineariza-

tion. In our opinion, these linearization techniques do

not take suf®cient care on the effect of experimental

errors, and frequently lead to wrong results and con-

clusions. In other ®elds of chemistry the general

means of kinetic evaluation is the non-linear method

of least squares. Regardless of its statistical back-

ground, it is usually suitable to get an optimal or

near-to-optimal ®t between the measured and the

theoretical data.
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Many other evaluation techniques are proposed and

used in the literature of the thermal analysis, which do

not involve a true, least squares curve ®tting process

[4,5]. In our opinion, these methods have the following

drawbacks:

1. They are based on logarithmic linearization,

which leads to a non-uniform sensitivity on the

experimental errors.

2. Sometimes the parameter determination is based

only on a few points of the experimental curves.

Therefore, the evaluations of the present work were

based on the non-linear method of least squares.

2. Experimental section

2.1. Samples and preparation

The amorphous alloys of composition Ni81P19 were

prepared by rapid quenching from melts which were

treated at different temperatures (920±16008C) for

20 min to achieve an equilibrium state. For rapid

quenching we used the so-called single roller melt-

spinning technique in an argon atmosphere. We had

three different sample groups:

Group 1: Samples produced by different quenching

rate from same temperature (9508C).

Group 2: Samples cooled down from different

temperature at same quenching rate (1750 l/min).

Group 3: Samples prepared from a melt of 9508C
at a 750 l/min quenching rate were subjected to a

pre-annealing treatment of 0±120 min at 3008C.

The pre-annealing temperature (3008C) was chosen

about 40±608C below the crystallization temperature.

The heat treatments were performed in a Mettler TA-1

thermal apparatus. During the pre-annealing the sam-

ples were heated at 25±3008C/min and held for a

certain time (0±120 min) before cooling to room

temperature by rapid cooling rate.

2.2. Measurements and apparatus

The measurements were performed in Netzsch DSC

200 and PL 1500 DSC apparatuses in inert (argon or

nitrogen) gas ¯ow. The sample mass was about 2±

3 mg. 5, 10, 15 and 208C/min heating rates were

employed to a ®nal temperature of 6008C. A selected

sample (prepared from a melt of 9508C at a 2000 l/min

quenching rate) was also studied by isothermal heat-

ing programs.

3. Applied mathematical model and evaluation
method

We tried two different models in the evaluation:

1. According to the usual assumptions of the

Avrami±Mampel±Erofeev model, we assumed

that the nuclei form during the DSC experiments.

The nuclei grow and later, in the `decay' period of

the experiments, overlap each other.

2. As an alternative description of the experiments,

we assumed that the nuclei were formed before the

DSC experiments, during the preparation and

pretreatment of the samples. When the samples

are heated in a DSC experiments, the nuclei start

to grow and overlap each other.

The equations corresponding to the Avrami±Mam-

pel±Erofeev model are well known [3]. We did not

found, however, reliable theoretical deductions for the

second case, where the nuclei form before the DSC

experiments. Keeping in mind the complexity of the

phenomena, we employed a formal description of the

grow and overlap of the nuclei. We employed a usual,

Arrhenius type equation:

da
dt
� k�T�f �a� (1)

k�T� � A exp ÿ E

RT

� �
(2)

where t is the elapsed time, T is the temperature in K, a
is the fraction crystallized and f(a) is a function

proportional to the reactive surface at a given a and

A, E, and R stand for the pre-exponential factor,

activation energy, and gas constant, respectively.

f(a) was approximated formally by the following

expression [6]:

f �a� � �a� z�m�1ÿ a�n (3)

where n, m and z are parameters to be determined from

the experiments. The only physical meaning of para-

meters m, n and z is that they together de®ne a unique

f(a) function. When the best values of m, n and z are

found, we get an f(a) which approximate well the
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growth and overlap of the nuclei. It is well worth to

note that z cannot be 0. If z were 0, the solution of

differential equation (1) would be a(t)B0. From a

physical point of view, z de®nes f(0), which is propor-

tional to the surface of the nuclei at the beginning of

the experiments.

The calculated DSC curve, DSCcalc, is a linear

function of ÿda/dt:

DSCcalc � ÿQ0
da
dt

(4)

where DSCcalc is normalized by the initial sample

mass and Q0 is the heat of reaction in J/g. Q0 is an

unknown parameter to be determined from the experi-

ments.

We evaluated the DSC experiments by the method

of the least squares. The following least squares sum is

minimized for a group of experiments evaluated

together:

S �
XM
i�1

XNi

j�1

DSC
exp
i;j ÿ DSCcalc

i;j

� �2

DSCmax
i MNi

(5)

Here DSC
exp
i;j and DSCcalc

i;j represent the points of a

baseline-corrected DSC curve and its theoretical coun-

terpart, respectively, in units W/g. M is the number of

the experiments evaluated simultaneously. Ni is the

number of experimental points in the ith experiments.

DSCmax
i is the highest experimental value. The divi-

sion by DSCmax
i serves to normalize Si. The ®t between

the experimental and the calculated DSC curves was

characterized by a deviation expressed as a percen-

tage:

D � 100
���
S
p
�%� (6)

We minimize S to ®nd the `best' values for parameters

n, m, z, E, A, Q0. The minimization treatment was as

follows:

1. Setting initial values for the parameters.

2. Integration of differential equation (1). We used an

adaptive step-size Runge±Kutta method because it

proved to be an ef®cient integrator of Eqs. (1)±(3).

The T(tj) points were connected by linear inter-

polation to form a continuos T(t) for the adaptive

step-size calculations.

3. Minimization of the least-squares sums with direct

simplex search method.

FORTRAN and C�� programs were used in the

evaluation with double precision arithmetic and data

storage [6].

4. Results and discussion

First we evaluated the experiments by the well-

known Avrami±Mampel±Erofeev model. In this way

we obtained extremely high activation energy, above

2000 kJ/mol. For these reason we preferred the alter-

native model discussed above.

This mathematical model gave better curve ®t and

more reasonable parameter values than the Avrami±

Erofeev equation.

4.1. Determination of parameters m and z

It is well known that the constant-heating rate

experiments can be equally well described by several

different f(a) functions. Hence we determined the

parameters of f(a) from isothermal experiments. A

sample prepared from a melt of 9508C at a 2000 l/min

quenching rate was selected for these studies. The

isothermal experiments were carried out at 327, 329

and 3318C, respectively.

The three isothermal experiments were evaluated

simultaneously. The ®t between the calculated curves

is shown in Fig. 1. The parameters obtained are listed

in Table 1. Parameters n, m and z were allowed to have

different values in the three isothermal experiments.

Fig. 1. The simultaneous evaluation of three isothermal DSC

curves measured at 3278C (}), 3298C (~) and 3278C (*). The

solid lines represent the simulated DSC curves.
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Nevertheless, we observed values close to each other.

The means of the n and m values, n�0.67 and m�0.98

were used in the evaluation of the non-isothermal

experiments as ®xed values. The values of z, however,

were allowed to vary from sample to sample. Note that

z�f(0) if m�1, hence z is characterizing the reaction

surface of the nuclei at the beginning of the reaction.

Therefore, the value of z depends on the preparation,

pretreatment and other factors affecting the samples.

Fig. 2 shows the shape of the f(a) function at n�0.67

and m�0.98. The f(a) functions corresponding to the z

values of Tables 1±3 cannot be discerned in a ®gure of

usual size. They are represented by the solid line of

Fig. 2. The dashed line shows the highest z value in our

work, which was observed at a pre-annealed sample

(see later).

4.2. Evaluation of the DSC curves of the Group 1

and Group 2 samples

Group 1 and Group 2 samples were studied by four

DSC experiments with heating rates 5, 10, 15 and

208C/min. The four experiments belonging to a given

sample were evaluated simultaneously by the method

of least squares. The results are summarized in Tables

2 and 3. The parameters clearly show the well-known

Table 1

Kinetic evaluation of isothermal experiments at 327, 329 and 3318C (prepared from a melt of 9508C at a 2000 l/min quenching rate)

Temperature (8C) E (kJ/mol) Log A (log sÿ1) n m z

327 245.8 19.48 0.69 1.07 6.54�10ÿ4

329 245.8 19.48 0.64 0.92 3.23�10ÿ4

331 245.8 19.48 0.66 0.95 8.44�10ÿ4

Mean ± ± 0.67 0.98 6.07�10ÿ4

Fig. 2. The shape of the f(a) function at a typical z value (6�10ÿ4, Ð)

and on the highest z value of the work (9�10ÿ2, - - -).

Table 2

Kinetic evaluation of alloy solutions prepared at different quenching rate (different thickness) and same melt temperature (9508C)

Quenching rate (l/min) Thickness (mm) E (kJ/mol) Log A (log sÿ1) z

4500 13 179.6 13.81 8.30�10ÿ4

4000 13 177.8 13.66 5.24�10ÿ4

3500 15 178.5 13.71 3.15�10ÿ4

3000 18 176.7 13.55 7.35�10ÿ4

2500 20 186.3 14.38 8.12�10ÿ4

2000 23 194.3 15.08 1.05�10ÿ3

1750 30 198.1 15.42 6.23�10ÿ4

1500 35 206.8 16.16 7.28�10ÿ4

1250 39 192.5 14.91 4.20�10ÿ4

1000 45 189.0 14.62 7.28�10ÿ4

750 65 170.9 13.16 2.79�10ÿ4

Mean ± 186.4 14.41 6.40�10ÿ4

Deviation ± 10.7 0.92 2.36�10ÿ4
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`kinetic compensation effect'. In our opinion, the

correlation derives from a mathematical relation

between E and log A [7,8]. The scattering in Tables

2 and 3 can be due to the various experimental errors.

Consequently, the means and the standard deviations

of the parameters are also given in Tables 2 and 3. The

highest temperature employed in the sample prepara-

tion, 16008C resulted in a sample, which behaved

entirely differently from the rest of Group 2. In that

case the evaluation by models (1)±(4) resulted in

E�727.4 and log A�60. These unusually high values

indicate that our model gives only a formal description

for the 16008C sample.

4.3. Evaluation of the DSC curves of the Group 3

samples

In Group 3 all sample were studied by three DSC

experiments with heating rates 5, 10 and 208C/min.

The three experiments belonging to a given sample

were evaluated simultaneously by the method of

least squares. The results are shown in Table 4 and

Figs. 3±5. The data of Table 4 reveal characteristic

tendencies, which are displayed in Figs. 4 and 5.

z�f(0) at m�0.98, hence z is characterizing the reac-

tion surface of the nuclei at the beginning of the

reaction. The increase of z shown in Fig. 4 indicates

an increase of nuclei surface during the pre-anneal

treatment. The accelerating rise of the curve in Fig. 4

suggests that a nucleation and the growth of nuclei

take place at the temperature of the pre-annealing. E

tends to 222 kJ/mol as the time of the pre-annealing

Table 3

Kinetic evaluation of alloy solutions obtained from melts of

different temperatures at the same quenching rate (1750 l/min)

Solution temperature

(8C)

E

(kJ/mol)

Log A

(log sÿ1)

z

920 323.3 26.36 7.59�10ÿ4

1050 344.3 28.36 3.51�10ÿ4

1100 311.2 25.34 8.73�10ÿ4

1300 323.3 26.25 4.29�10ÿ4

1400 312.3 25.34 9.11�10ÿ4

Mean 322.9 26.33 6.65�10ÿ4

Deviation 13.3 1.23 2.58�10ÿ4

Table 4

Kinetic evaluation of samples pre-annealed at 3008C

Pre-annealing

time (min)

E

(kJ/mol)

Log A

(log sÿ1)

z

0 255.5 19.57 9.29�10ÿ5

10 247.1 20.28 2.08�10ÿ4

30 238.3 18.08 7.28�10ÿ4

50 233.0 18.36 2.04�10ÿ3

70 229.9 18.79 6.70�10ÿ3

80 225.5 18.07 1.13�10ÿ2

100 222.4 17.41 3.45�10ÿ2

120 222.4 17.38 9.16�10ÿ2

Fig. 3. Kinetic evaluation of samples prepared by 30 min pre-

anneal at 3008C. From left to right: experiments at 58C/min (*),

108C/min (~) and 208C/min (}). The solid lines represent the

simulated DSC curves.

Fig. 4. The dependence of parameter z on pre-anneal time period.
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increases, which is close to the Egrowth value reported

by Lu and Wang [10].

5. Conclusions

Differential scanning calorimetry (DSC) measure-

ments were used to study the crystallization kinetics of

the Ni81P19 amorphous alloy. A mathematical model

was proposed which gives better curve ®t and more

reasonable parameter values than the Avrami±Erofeev

equation. This model assumes that the nuclei are

formed before the DSC experiments, during the pre-

paration and pretreatment of the samples. Kinetic

parameters were presented for amorphous ribbons

quenched from 920 to 14008C at different quenching

rate resulting in 13±65 mm thickness.
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