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The uncertainties inherent to experimental differential scanning calorimetric data are
evaluated. A new procedure is developed to perform the kinetic analysis of continuous
heating calorimetric data when the heat capacity of the sample changes during the
crystallization. The accuracy of isothermal calorimetric data is analyzed in terms of the
peak-to-peak noise of the calorimetric signal and base line drift typical of differential
scanning calorimetry equipment. Their influence in the evaluation of the kinetic parameter
is discussed. An empirical construction of the time-temperature and temperature-heating
rate transformation diagrams, grounded on the kinetic parameters, is presented. The
method is applied to the kinetic study of the primary crystallization of Te in an
amorphous alloy of nominal composition £58eg,, obtained by rapid solidification.

I. INTRODUCTION diagrams. These T-T-T curves are constructed from the
explicit dependence of the crystallized fractianon an-
pealing temperature and annealing time. Such diagrams
plot a series of temperature versus time curves for a
fixed value ofx. Such curves are determined based on
frystallization measurements from a series of isothermal
easurements. By a different procedure, Temperature-
eating (Cooling) Rate-Transformation or T-HR-T
dT-CR-T) curves are constructed as the temperature

Kinetics of phase transformation studies include
several experimental techniques; in particular, optical o
electron microscopy, x-ray or neutron diffraction, electri-
cal resistivity, magnetic susceptibility, d8sbauer spec-
troscopy, thermal analysis, and dilatometry are currentl
used. One of the thermal analysis methods, specificall
differential scanning calorimetry (DSC), is of particular

interest in first order phase transformations. It provide X , !
P b versus heating (cooling) rate for a fixed valuexot®

the rate of transformation as a function of time or ; . e
d In this paper, the accuracy in the determination of

temperature by measuring the heat released or absorb L X Lo
during the phase change. Isothermal and continuou%e kinetic parameters for the primary crystallization of

heating (or cooling) measurements are readily made® @morphous sample is discussed with reference to
although care must be taken to account for heat capaciy 076z f_:llloyts), obtained fby rapid ZOI'd'ﬁcat('j(.)f;" The
changes of the sample during the transformation and thivestigation by means of DSC and x-ray diffraction

peak-to-peak noise and base line drift in the calorimetridXRD) allowed characterization of two main crystalliza-

signal. The use of DSC data to evaluate kinetic parami©n Processes. They correspond, respectively, to primary

eters of solid state reaction is well established (see, foffyStallization of Te and secondary crystallization of the

instance, Borchardt and Daniél§reeman and Carrofl, 1igh temperature Gaes phase.’*! The analysis of the
Coats & Redfers, and Hugoet al?). nucleation-growth mechanisms of these processes is still

The goal of kinetic studies is to determine the kineticUnder study. _ o
parameters which allow extrapolation of the transforma- 1 ne experimental details on the calorimetric meas-
tion rate, %, to broader temperature ranges than thosdirement of the crystallization kinetics are presented in
accessible by DSC measurement. An important tool imec. Il. The evaluation of the transformation rate from

this respect is the use of time-temperature-transformatioff'® €xPerimental data under continuous heating regime
Is presented in Sec. Ill. There, a new procedure was

developed to perform the kinetic analysis when the heat
APermanent address: Departamento tck, Facultad de Ingenieria, Capa?'t)’ Of_the sample changes during the Cry?‘talhzatlon'
Universidad de Buenos Aires, Paseo @vl850 (1063), Buenos |N€ ||'m|t5 in the accuracy in the_ValueS obtained for
Aires, Argentina. from isothermal DSC data, coming from the peak-to-
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peak noise (often quite substantial with respect to the |
total calorimetric signal) and from the base line drift
were analyzed in Sec. IV. Several procedures exist t
evaluate the kinetic parameters from DSC datd?® 1}
Some of them are used in the present study and thO
kinetic parameters deduced, with their corresponding%
errors, are presented in Sec. V. Finally, in Sec. VI a¥
revision of the previously reported empirical methéd

to construct the low-temperature part of both the TT-T
and the T-HR-T diagrams is presented. The revision is

~~

grounded in the need to account for the uncertainties i<

the crystallization kinetic parameters and data processin->" 20 Kmiri'
when studying complex crystallization behaviors. f
II. EXPERIMENTAL PROCEDURE ".5
S~
Master alloys of Ga—Te with 20 at.% Ga were %
prepared by melting mixtures of elemental high qual- 10 Kmiri'

ity (5 N) gallium and tellurium at 600C, in graphite
crucibles under an Ar atmosphere. Samples were rapidl
guenched under Ar atmosphere to the amorphous stax
using the piston and anvil technigife'® Disk-shaped 5 Kmiri!
samples with an average thickness of 8th and about
1 cm in diameter were studied. The amorphous characte 1JK'g"
of the rapidly quenched samples was verified from the
analysis of their XRD patterns using monochromatizec
Cu(K,) radiation. Their thermal evolution on heating | | |
was studied in a Perkin-Elmer DSC-7 differential scan- 499 450 500 550 600
nlng_calorlmeter under a dynamic Ar atmosph®re. Temperature (K)

Continuous heating experiments were performed at scau
rates, 8, ranging between 5 and 80-Knin~!, whereas FIG. 1. Apparent heat capacity change obtained on heating the amor-
isothermal experiments were carried out at temperatureghous alloy at different heating rates.

T, of 457, 460, and 463 K. The temperature plateau was

attained by heating the amorphous samples from roonhis indicates that there is a significant change of the
temperature to the annealing temperature at a rate ®feat capacity of the sample during its first exothermic

fuxs

80 K-min~'. transformation. Procedures already exit in the literature

to take account of this effect in the overall kinetic anal-
ll. EXPERIMENTAL CALORIMETRIC RESULTS ysis of the data. They require estimation of the fraction
UNDER CONTINUOUS HEATING x transformed from the DSC trace which includes the
A. Thermal evolution of the amorphous alloy heat capacity change contributibhA new procedure

Figure 1 shows the DSC curves obtained for the dif> prqposed N Whlph th_e value of is re—estlmated

ferent heating rates used. ranaing from 5 to 80N repg—:tltlvely,_ by an iterative method, based ultlmately
g » ranging

Three transformations are occurring sequentially witho" integration of D.SC data_ purged from the change in

. X - sample heat capacity contribution.

increasing the temperature. The glass transition appears

as an endothermic shift in the DSC base line, due to. = . L

the change of heat capacity in the sample transformin§: Kinetics of crystallization: Influence of  AGp

from the amorphous to the undercooled liquid state. ~The experimental data on the kinetics of crystal-

Two exothermic transformations follow: the primary lization allow determination of the evolution of the

crystallization of Te and the secondary crystallizationtransformed fractiony, either as a function of tempera-

of GaTes.1%!! Here, the terms primary and secondaryture, T (under continuous heating or cooling regime),

crystallization are used following Ref. 17, since theor annealing time; (under an isothermal regime). Such

transforming phase is an undercooled liquid. After theinformation is generally obtained from scanning calori-

first crystallization process, the base line remains closenetric experiments by assuming that the instantaneous

to the extrapolated base line of the amorphous statdieat flow evolved from the sample during the transfor-

shown as a dashed line in the upper graph of Fig. 1mation, Q, is proportional to the transformation rate,
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That is,
0 ~ x-AH, (1)

where AH is the total enthalpy of transformation.

The above expression (1) implicitly assumes a neg-
ligible contribution of the change in both (i) composition x
and (ii) heat capacity of the transforming phase. A more
accurate expression of the heat evolved per unit tiffe is

Q = Qreaction alone T QACP > (2)

where QOicaction alone IS the rate of enthalpy change of
the reaction alone an@,c, is the rate of sample heat
capacity change from that of the undercooled liquid T Xf%%:%ﬁ%:
to that of the crystallization product. This treatment

considers that the concept of additive heat flow—as

eat flow

| exotherm
|

measured by power-compensated DSC—is reasofable.

In eutectic- and polymorphic-type isothermal trans- end
formations, the compositions of both the emerging crys- exotherm AL Loaemmemm
talline and the remaining nontransformed phase do no onset !
change during the transformation (see appendix). Thus | & ~ "~~~ "~~~ "~~~/ """ °7°7°77°7

Qreaclion alone — x -AH B (3) Ton T Tend

Oac, = x*B-AC,, (@) I : !
) . ) Temperature
where AC,, is the total change in heat capacity of the

sample n the ransformation. Even when the InstantaE". 2, Daan o ¢ Poc s febcng o piar ek

heous ComeSIIIQH of the Cry.Sta“me nuclei or Qf theevaluation 0fx0pf0r ;/ partic%la‘lr tempere?ture.

undercooled liquid change during the transformation, as

in primary crystallization, Egs. (3) and (4) are used, as a

good approximation (see appendix). Obviously, Egs. (2}o obtain thex, values is shown in Fig. 2. For increasing

to (4) reduce to Eqg. (1) under isothermal reginge=€ 0)  values of the iteration steg, > 0, the values ofAH;,

or even under continuous heating in the particular casg; and x; are re-estimated, by use of the following

where AC, is so small that the second term in Eq. (2) equations:

is negligible. | .
Under continuous heating at a rafg the value I S

of AC, is directly obtained from the shift of the base AH; B [T (Q = xi-1-B-AC))dT,  (5)

line of the DSC curve, be'tween the exotherm onset and =0 - xi1BAC,)/AH; , 6)

the exotherm end (see Fig. 3). Let us consider that the T

exotherm onset occurs at the temperafyg(the highest x; = 1 [ % dT . ©)

temperature before the transformation for whiclk= 0 B Jr,

andx = 0). Similarly, the exotherm end occurs Bf,q

and thenx becomes zero again with = 1. One has to

obtain the actual value diH, and, for each temperature the estimated heat flow due to the reaction alone and the

T, in the rangeT o, = T = Teng the actual values of L :
x and ;. They come from the experimental knowle dgegnthalpy of crystallization. Equation (7) evaluates the

instantaneous value of the fraction transformed,b
of Q, and the values of3 and AC,. The procedure integration of 1, d.by
presented here is an iterative method where the fraction "5 tlined procedure creates data sets whose prox-

transformed is re-estimated at every step of the iteratic?ﬂnity to the actual data sets is performed by selecting a
process and purged sequentially from the heat capacilyy) e ¢ for which the iteration stops at a stépwhen
change contribution term.

The iteration procedure starts with instantaneous |AH, — AH,_,| < e-AH, . (8)
values ofx, namedx,, calculated assuming fofxc,
a linear shape between the onset and the end of thEhis means that the added enthalpy at stepis
transformation exotherm. An example of the way usedhegligible.

on

Equation (5) gives the estimated value of the crystalliza-
tion enthalpy. Equation (6) gives the rati¢, ) between
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The results obtained by the above procedure arstate. Other sources of error come from instrumentally
illustrated in Fig. 3 that shows the original DSC experi-based base line instability during the experiment, and
mental results for the first crystallization exotherm of thethe uncertainty associated with the determination of
20 K-min~! curve (thick line), split iNtOQ eaction alone  t€ €Xact positions of the onset, and the end of a
and QAc,, (thin lines). In the present application the transformation exotherm (or any other thermal event)
selected value was = 1 X 10~* and iteration stopped in the DSC trace. Both effects are especially important
whenk = 8. The approximate heat capacity term ob-under isothermal conditions and we will treat them
tained with a single iteration is also shown in this figure,together, since they may occur simultaneously.
as a dashed line. Its Shape is very close to the one The fO||OWing illustration is for the CryStaIIization
obtained after several iterations and may be compare@xotherm obtained at 457 K (see Fig. 4) under the
to the result of the method already described in Ref. 18following assumptions:

Base line instability

IV. EXPERIMENTAL CALORIMETRIC RESULTS +10 uW rms peak-to-peak noise
UNDER AN ISOTHERMAL REGIME: EVALUATION +10 uW base line drift in 30 min isothermal measuring
OF EXPERIMENTAL ERRORS time

As very sensitive DSC equipment have becomeJncertanty in time _

available, they are widely used as a tool to study the =20 S for the onset and end time.

kinetics of transformations. Nevertheless, there are limits ~ The calculated values of the relative errors in both

to the accuracy in the determination of the rate ofthe reaction rate|lAx|/x, and the transformed fraction,

reaction, the most important of which in crystallization |Ax|/x, are plotted, respectively, in Figs. 5 and 6 as

studies is the uncertainty of the base line posittoiie  a function ofx. As expected, the relative error on the

have already pointed out the importance of the role ofeaction rate, Fig. 5, is quite high at the onset and end

the variation of the heat capacity inherent to the changef the exotherm but it remains lower than 4% in most of

of the sample from the disordered to the crystallinethe plotted range. With regard to the crystallized fraction,
Fig. 6 illustrates how the relative error decreases toward

10 : , : , I , a value of about 4% as the transformation proceeds.

However, in the early stages of transformation it exceeds
L 4 10%. The curve presented in Fig. 5 is not symmetric with
respect to the value = 0.5 because of the shape of the
08| _
T T T
i | 400 -!- ! ! —
§ T=457K
- 08 N : mass = 5.43 mg
o )
; 300 —
> T z
2 : i
2 ¥
= 04— —] . :
= !
‘ié’ S a0l .
L . = g
Ke] :
. &= n 1
02— Qreaction alone 7 3 ! programmed
. T 100 H-isotherm —
B Qucp } onset
b N !
0.0 — —==T .- .- - B
l [ 1 1 ol Mok
1 i 1 1 ' -
. base lines constructed assuming
460 470 480 490 500 : +£10 pW linear derive in 30 min
Temperature (K) , ton l [ tong
i1 1 L
FIG. 3. Partition of the overall DSC curve (thick lines) in one part, 0 10 20 30
Qreaction alone Proportional to the rate of reaction, and the other part, Time (min)
Oac,, proportional to the crystallized fractior, Approximate heat
capacity term (dashed line) with a single iteration. FIG. 4. Isothermal DSC transformation peak at 457 K.
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FIG. 5. Relative error in the rate of crystallization]Ax/x| (shown

with bars), versus the crystallized fraction. FIG. 6. Relative error in the crystallized fractior;|Ax/x| (shown

with bars), versus.
isothermal transformation exotherm used to analyze the
errors. That means that, in general, the relative errore 012
will vary with the form of the exotherm. However, the
results presented here are good estimates of the expect
uncertainty in kinetic analysis by DSC. One has to have  o.10
in mind this fact in the analysis of the data. For instance,
in the so-called Avrami methdg?! to obtain kinetic

exponents one calculates the valuelof— In(1 — x)] 0.08 — : 18 zm!n
versusin(z). Then for the time at which one considers __ L ® 20 K,m -
thatx < 0.05 one hafAx|/x = *= 0.1 and, consequently "o 0.06 : gg zm!n
one may expeciA In[— In(1 — x)]| = * 0.2. < min ]
V. DETERMINATION OF THE KINETIC 0.04
PARAMETERS: APPARENT ACTIVATION ENERGY
AND PRE-EXPONENTIAL FACTOR

Figures 7 and 8 show, respectively the kinetic data 0.02
obtained for the first crystallization process under con-
tinuous heatingt = x (T,8) and isothermak = x 0.00
(¢, T) regimes. We will assume that the rate of reaction, 440 460 480 500 520
x, may be written as Temperature (K)

x = K(T) f(x), 9) FIG. 7. Rate of crystallization versus temperature obtained on heating

the amorphous alloy at scan rates in between 5 and 8@ik ™.
where the functiory(x) reflects the mechanisms driving
the crystallization and the rate constant follows the

Arthenius law. that is often deduced by the so-called “exotherm peak” methods

which consider the condition fulfilled at the maximum
K(T) = Koexp(—E/kT), (10) rate of reaction. In continuous heating regime the most
used' are the Kissingéf and Ozaw& methods and
with K, the pre-exponential factor ankl the apparent in an isothermal regime the time at maximum reaction
activation energy of the rate constaii{T). rate method? These methods provide the value Bf
Our goal is the evaluation df, K,, and f(x) from  without any need to evaluaté and x. The values
the results plotted in Figs. 7 and 8. The valuefbis  obtained from the Kissinger and time at maximum
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0.006 | . . ] , \ form) obtained from the Arrhenius plot shown in Fig. 10,
g are quoted in Table I.
’ ) In the multiple scan method, any inaccuracy in the
i X value obtained forE, |AE|, rebounds on the error in
S evaluatingln {Ky f(x)}, 1A In {K, f(x)}. AssumingT

0.004 and x were free of error, it results in:

|A In{Kof (x)}| = [AE|/KT . (12)

x(s7)

For example, different values f@r are quoted in Table |
in the multiple scans method, for a fixed valuexof=
0.55, namelyE =1.54 eV (from isothermal data) and
E = 2.05 eV (from continuous heating data). Taking
a mean value of fgT =~ 2.1 K'!, and considering
|AE| = £0.26 eV, Eq. (9) give$A In Ky - f(x)| = %7,
i.e., about three orders of magnitude uncertainty in the
Time ( min ) evaluation ofK, - f(x). Consequently, different values
o _ _ _ for K, - f(x) may be obtained from quite similar values
FIG. 8. Rate of crystallization versus time obtained under |sothermabf the apparent activation energy. The more accurate
annealing at several temperatures. . . .
values of the transformation rate are often obtained for its
maximum value, i.e., close to the exotherm maximum.

reaction rate methods are quoted in Table I, whereas thENiS is one of the major reasons for which methods,
corresponding plots are shown in Fig. 9. such as Kissinger or isothermal time at maximum rate

Equations (9) and (10) may be rewritten in the formmethods, give quite good estimatesiof
The uncertainty in the values efandT is included
x = {Ko- f(x)}exp(—E/kT). (11) by symbols with error bars in Fig. 10. They also limit
the accuracy in the determination &f and Kj - f(x).
In the so-called the multiple scans mettfédthe si- Even if there is a large scatter, the values reported in
multaneous evaluation af and K, f(x) is performed Table | suggest that in the limited temperature interval
from the Arrhenius plot of Eq. (11) at fixed valuesxgf  scanned experimentally (460-500 K) the kinetics of
either from continuous heating or from isothermal datacrystallization may be considered to agree with the
Figure 10 shows the multiple scan analysis performedssumption of a constant activation energy. Therefore,
for several values aof. Full lines correspond to the least it is assumed in the following that a unique set of
squares fitting of each particular set of data (isothermaémpirical kinetic parameters reproduces the experimental
or continuous heating) for the values stated in the data for both isothermal and continuous heating regimes
legend. Both the activation energy (slope of the thickin the primary crystallization of Te analyzed. This set is
lines) and theX,, f(x) values §-intercept, in exponential reported in Table | and drawn (dashed lines) in Fig. 10.

0.002

0.000
0

TABLE I. Crystallization parameters evaluated by DSC.

Kissinger method Isothermal time data

E (eV) 2.08+ 0.2 213+ 0.2
Multiple scans method
Isothermal data x =01 0.3 0.55 0.7
E (eV) 1.75+ 0.2 1.73+ 0.2 154 = 0.2 1.82+ 0.2
Kof(x) (10" s) 0.22+ 0.1 0.25+ 0.08 0.002+ 0.001 23 +*0.8
Continuous heating data x =01 0.3 0.55 0.7
E (eV) 195+ 0.2 2.04+ 0.2 2.05 = 0.2 2.06+ 0.2
Kof (x) (10" s) 0.26 + 0.1 51 =2 47 =1 22 *1
Selected set of kinetic parameters

Crystallized fraction x =01 0.3 0.55 0.7
Kof (x) (10" s) with E = (2.08 = 0.2) eV 8.26+ 0.4 182 = 0.9 182 *0.9 12.8 = 0.6
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3 -1
L, 10°m K™ Temperature (K)
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I b A 0100013
B ® 0.30£0.016
T 4 05520.018
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o~ 4 |
E | 2
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c + Continuous ; ~
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4 7
<«
i I | ol
F Continuous heating data — .
3 ] t l 1 -8 | . “,, -
20 5 2 i . | Isothermal data
10°/T(K ) 20 2.1 22
FIG. 9. Plot of both Lng/T?)—with BT? in units of K~! min~!— 103/T (K'1)

T being the peak temperature obtained under continuous heating &..
scan rates in the range 5—80 Kin~!' and Ln¢)—¢ being the peak
time (in s)—obtained under isothermal annealing versus inverse o
temperature.

IG. 10. Plot of Lng)—with x in units of ! —versus inverse of
emperature for a fixed value of the crystallized fraction. Full lines
correspond to the least square fitting of each particular set for a fixed
value of x while the dashed line is drawn for the mean value of the
VI. EMPIRICAL CONSTRUCTION OF THE T-T-T activation energy.

AND T-HR-T DIAGRAMS

As recently derived;® the transformation diagrams Material gives a particular T-T-T curve in the T-T-T
that describe nonequilibrium crystallization underdiagram. o _ _
isothermal or continuous heating regimes, namely the By asimilar procedure, integration of Eq. (11) under
T-T-T (Time-Temperature-Transformation) and T-HR-T @ constant scan ratg gives
(Temperature-Heating Rate-Transformation) diagrams, 1 T
may be empirically constructed, at least in a limited g)/Ky = — ] exp(—E/kT)dt, (15)
temperature range, by assuming a specific form of the B Jo
rate of reaction. The low temperature part of thesewith the same definition, Eq. (14), @ix)/K,. Here, the
curves is obtained from the hypothesis of an apparerihtegration may be carried out within the limits given
activation energy. by the duration of the process, namely frdmg, (x= 0)
The empirical construction of the T-T-T and T-HR- to 7 (0 < x < 1). In other words, the contribution of
T diagrams is grounded on the recognition that Eq. (11}he integration between € T < T, is negligible. The
gives, in differential form, either the function = x(r)  extent of crystallization is a function only of temperature
at a givenT or the functionx = x(7) at a given and scan rate, i.ex, = x(T, 8). Assuming a fixed value
B, when applied to isothermal and continuous changef x, the plot of the temperature against the heating
of temperature regimes, respectivefyNamely, under rate produces a specific T-HR-T curve in the T-HR-T
isothermal conditions (at temperaturg, the integrated diagram.
form of Eq. (11) is The main difficulty in the above presentation is the
_ . evaluation ofg(x)/K, by Eqg. (13). The instantaneous
g(x)/Ko = texp(—E/kT), (13) value of the produckK, f(x) is evaluated from the ex-
where g(x) is defined as perimentalx data by introducing the apparent activation
dx energy, in Eq. (11), rewritten in the form

gx)/Ky = ]0 m (14) Kof(x) = x -exp(E/kT). (16)

Equation (13) can be written the form= x(T),t. This  As already mentioned, the integration may be carried out
equation, when represented as the temperature versusthin the limits given by the duration of the process,
time needed to crystallize a fixed fraction of the namely fromx = x = 0 (T,,) to x (7). However, any
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uncertainty in the values of at the exotherm onset may
produce an integrand that diverges wher> T o, (Since
both x and K, f(x) — 0).

Since both the T-T-T and T-HR-T transformation
diagrams plot a limited series of curves, each one

for a fixed value of the transformed fractiomn, (with C 40
a =1, ... pn), their empirical construction may be per- "
formed without the use of Eq. (13) to obtagtx,)/Ko. =
The proposed methodology for getting the T-HR-T dia- ©
gram is the following one. For a series of fixed values g
of the transformed fractiony, (¢ = 1, ... n), let us E 450

consider the temperaturesg,,, at which x, is attained
when scanning at a particular value of the heating rate
B,. Let us nameB, any other value of the heating rate
for which the same value of the transformed fraction,
x4, Will be attained at a temperatui®. For any of the
couples (., B.) the following relationship is satisfied: 440

TU() . -
f exp(—E/kT) dt Time (min)
0

1
BO . . - .
1 Ta FIG. 11. T-T-T diagram of primary crystallization of Te from the
- exp(—E/kT) dT . 17 amorphous GaTego alloy. Experimental points&) x = 0.1; @) x =
Ba /; p( / ) (17) 0.3; () x = 0.55; and ¥) x = 0.7. Continuous curves: calculated
values.

g(xa)/KO =

This equation allows us to obtaifi = T(B8) for x = x,,

that is a T-HR-T curve, by the simple evaluation of the )
integral of exp(—E/kT). but the predicted values are expected to have larger

Eq. (17), the time duration,, needed to achieve a €Nergy is rather simplified with respect to reality.
transformed fractionx,, at a temperaturd’,, satisfies

the equation VIl. CONCLUSIONS
¢(x2)/Ko = 1. exp(—E/KT,) . (18) A new procedure has been developed to obtain
accurate data for the rate of phase transformation from
These data may be plotted in the foffin= T'(r) forx =  continuous heating DSC measurements by subtraction

x, as one of the T-T-T curves in the T-T-T diagram. of the heat capacity change contribution to the total
The low temperature part of the T-T-T and T-HR-T calorimetric signal.
curves is constructed with the above-mentioned proce- The effect of both base line instability and uncer-
dure using the selected value of the apparent activatiotainty on the exact position of the onset and end of the
energy quoted in Table |, and the continuous heating dataansformation exotherm in the isothermal data obtained
atB, = 20 K- min~!. The respective T-T-T and T-HR-T by current DSC equipment on the determination of the
transformation diagrams are shown in Figs. 11 and 12ate of crystallization has been evaluated.
Full lines correspond to computed values and experi- The link between the error in the evaluation of both
mental points to the values obtained at heating rates dhe apparent activation energy and the pre-exponential
5, 10, 20, 40, and 80 Kmin~! (for the T-HR-T diagram) factor of the rate constant from calorimetric data
and temperatures of 457, 460, and 463 K (for the T-T-Thas been discussed. Very similar values for the
diagram). That is, the computed T-HR-T curves fit theapparent activation energy are shown to be expected,
experimental points whefi, = 20 K- min~!, as clearly independently of the particular method used to process
shown in the inset of Fig. 12. However, in general, thethe experimental data.
agreement between experimental and computed values The construction of predictive transformation
for different heating rates is quite good in the T-HR-T diagrams, T-T-T and T-HR-T, which may extend the
curves, and most significantly, when comparing both th@ransformation temperatures to ranges wider than those
T-T-T and the T-HR-T diagrams, regardless of the factmeasured experimentally by DSC by use of empirical
that the calculated T-T-T curves were obtained fromcrystallization kinetic parameters is discussed.
continuous heating data. The agreement in temperature The overall procedure has been applied to study the
lies betweent5 K in the experimentally measured range crystallization kinetics of an amorphous alloy, 4Beso,
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FIG. 12. T-HR-T diagram of primary crystallization of Te from the APPENDIX

gg?r(ﬂr;ofsfgge;(’;I]Igytfipz'giﬁtégﬂﬁi'gaiﬁg XCUN%;T:’ c.a)lc):culated The initial stages of the crystallization process can

values. be visualized as the formation of nuclei which, on
growing, give rise to a concentration profile ahead of

) ) o the interface, schematically shown in Fig. Al. Under

for which the primary crystallization of hexagonal Te the hypothesis of attainment of metastable equilibrium
is accompanied by a significant heat capacity change oft the interface, at this location the concentration of the
the sample. The kinetic parameters obtained from theemaining nontransformed phase stabilizes to the value
primary crystal!lzatlon study have been transformed ang*  The respective values of the concentration in the
are presented in the form of the low temperature part ofrystal and at the interface are established from the free

both the T-T-T and the T-HR-T transformation dlagrams.energy diagram shown in Fig. A2. As crystallization
proceeds, the mean composition of the remaining phase
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d{x : fl ! er(cxt’ T)} —
dt

)e'fl'th +x'fl'cp,xt'ﬁ’
(A4)

d{(l - x'fl)'Ha} _

dt _)e'fl‘Hu—i—(l_x'fl)

[aya

-c + C,,,G-B},
(AS5)

and

Free energy

d{H[t (CO i T)}
dt

In these equationd, andAC, , stand for the enthalpy

and heat capacity per unit mass, respectively, of phase

¢ with ¢ = xr for the primary crystals ang = a for

the undercooled liquid. Further, it has been assumed that

Cyt C c the composition of the crystat,;, remains constant all

Concentration over the transformation.

FIG. A2. Free energy curves of the crystalline and disordered solutio Provided that (i) QH"/aC) c s negligible and

phases at temperature far below stable equilibrium between them. rt”) H“(C? ~ H,(c") = Hu(c,) ande,u(c) = Cf’v“(c*) =
Cp.(c,) inthe rangec, < ¢ < ¢* the heat flux evolved
from the sample may be divided in two terms, namely,

by the primary crystals isf;, wheref, is given by the  the rate of enthalpy change of the reaction alone,

lever rule, . )
Oreaction alone = X 'fl : (Ha - er) > (A7)

fir=1(c" = ¢c)/(c" — cu). (A1) ,
and the rate of sample heat capacity change from that
Neglecting differences of density among the variousof the undercooled liquid to that of the crystallization
coexisting phasesf; is also the mass fraction trans- product,
formed at the end of the crystallization process. The heat
flux evolving from the sample is

= Cp,a(co» T) : B . (A6)

*

QAC,, =X 'fl : (Ha - th) . (A8)

In polymorphic and eutectic crystallization, Eqgs. (A7)

Q = AH, (A2) . h ¥
and (A8) with f; = 1 are exact, since the composition
with of the coexisting phases remains constant during the
transformation. In primary crystallization, they are good
AH ={x-fi-Hulcu,T) + (1 = x- f1) - Ha(c,T)} approximate expressions of the mean instantaneous heat
- H,(c,,T), (A3)  flux generated in the reaction.
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