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FROM VARIABLE TEMPERATURE DSC OR DTA
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An equation is derived for evaluating the kinetic parameters of a transformation from
variable temperature DSC or DTA, taking account of the variation in the reaction rate
constant with time and temperature. Kinetic parameters for the crystallization of a
ZrF 4—BaF,—LaF 3 glass are calculated using this equation.

Differential scanning calorimetry (DSC) and differential thermal analysis (DTA) are
versatile thermoanalytical techniques for studying the kinetics of phase transforma-
tions and other processes. DTA is a dynamic technique in which time and temperature
variables are intermixed; it cannot be used for isothermal experiments. DSC can be
employed for both isothermal and non-isothermal studies.

Various mathematical analyses of non-isothermal solid state transformations from
DSC and DTA measurements have been reported (see ref. [1] for a review). Most of
these analyses used the Johnson—Mehl—Avrami (JMA) transformation equation
[2, 3] and were derived under severely limiting and often incorrect assumptions,
without taking proper account of the change in reaction rate constant with time and
temperature.

Yinnon and Uhlmann [1] critically assessed these analyses and showed that most of
them were based on incorrect equations, except for the approach of Augis and Bennet
[4]. Even the procedure of Augis and Bennet is questionable, because they did not
take proper account of the temperature dependence of the reaction rate constant.

In this paper an equation for evaluating the kinetic parameters of a transformation
from non-isothermal DSC or DTA is derived with special attention to appropriate
assumptions and conditions. This equation is used to calculate the kinetic parameters
for the crystallization of a ZrF4—BaF,—LaF3 glass and compared with the values
of the parameters obtained from other analyses.

Mathematical treatment

Isothermal kinetics of phase transformations often fit the Johnson—Mehl—Avrami
(JMA) equation [2, 3]:

—In{1 —x) = (kt}n &)
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where x is the volume-fraction transformed after time ¢, 7 the dimensionless Avrami
exponent, and k the reaction rate constant, whose temperature dependence can be
expressed by the Arrhenius equation:

k=vexp [—-—f—%:]

where v is the frequency factor, £ the activation energy of the overall process, R the
gas constant, and T the isothermal temperature in degrees kelvin. In isothermal trans-
formations v and £ are usually not functions of time or degree of transformation.
Over narrow ranges of temperature v and £ can be constant, but over wider ranges of
temperature transformations can depend on nucleation and growth rates that have
complicated temperature dependencies. For example, both nucleation and growth
rates often have maxima as a function of temperature, so they do not fit eq. (2) with
constant v and £. In this work v and £ are assumed to be independent of temperature,
which should be valid for transformations with a constant number of nuclei and a
growth rate with v and £ constant, or for narrow ranges of temperature.

In DSC or DTA experiments, the temperature is changed at a constant rate
o (= d7/dt), so that

(2)

T=T;+at , (3)

where T; is the initial temperature and T is the temperature after a time t. The reaction
factor k is no longer a constant but changes with time:

_ . E
kit) =vexp [ AT T a0 at)] (4)

The volume of particles is given by fk(t) dt, so the JMA relation becomes:
]

t
—tn (1 —x) = [ [k2) de]” (5)
0
or
x=1—exp[-un] (6)
where
t
u=[klt) dt (7)
0

when the temperature is constant, eq. (5) reduces to equation (1).

At each temperature 7 in a DSC experiment, the deflection from the baseline is
assumed to be proportional to the instantaneous reaction rate. This assumption
requires that the sample temperature is uniform, so that the interface temperature
is negligibly affected by the liberation of the latent heat of transformation at the
growth interface. The studies of Uhlmann et al. [6, 7] on the glass forming systems
Naz0 + 2 SiO; [6] and GeO2 [7], of Briggs and Carruthers [8] on CaO—MgO—SiO2
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glasses, and of Chen [9] on metallic glasses support this assumption. However, if the
rate of crystal growth is high the temperature may not be uniform, as shown by Laird
and Bergeron [10] for the PbO + 2 BO3 glass and by Morley [11] for Lip0—SiO5
glasses.

If the rate of transformation is a maximum at the DSC or DTA peak, the position
of the peak is given by:

X =[iu—a2(nun — n+ 1)]nutn-211 —x) =0 (8)

where X = d2x/dt2, {4 = du/dt, and & = d2u/dt2.
From eq. (7)

u = k(t) (9)
and

u=qgk (10)
where

Ea
qg= ;7_—2‘ (1)

Equation (7) can be evaluated by introducing a new variable:

E
V=BT +an) (12)
so that
dy =—gqdt {13)

Substituting eqs (4), (12) and (13) into eq. {7), one gets
e=t 1 v
u= [ vexpl—y) (— —-] dy == {exp (— y)r=¢ — exp (— ¥)¢=0}
Ye=0 q q

when T; << T, exp (— y)¢=0 <K exp (— yl¢=¢, then

u~Zexp(—y)
q t=t

or
uxk (14)
q
Then from eqs (10) and (14)
U=q2u (15)

The preceding relations can be used to calculate T, the temperature at the maximum
of the DSC or DTA peak.
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From eq. (8}
—l{£=nu"—n+1 (16)
u2?
and from eqgs (9), (10) and (14):
k
.. gk (—)
o _ "9 _
= =1 (17)
u2 k2
Hence from eqs {16}, (17} and {14}, the condition for the peak maximum becomes
k=gq (18)
Substituting values of k£ and g from eqgs (4) and (11), one gets
E y_ Ea
v exp ( RT,,] —“RTg (19)
or in logarithmic form:
2
T Ey_ _E
n (&)= (5) v+ (20)

which is the equation showing the change in 7, with a. A plot of In [T2/a] vs. T,
obtained at various heating rates should be linear with slope E/R and intercept
[In{E/R) — Inv). If E/R is calculated from the slope, the frequency factor » can be
calculated from the intercept.

Table 1 Comparison of kinetic parameters for crystallization of ZrF 4—BaF 5—LaF 3 glass calculated
from DSC studies using different mathematical analyses

Reaction parameters

Method v, s—1 E, kJ mol—1 Reference
Isothermal DSC:
In k vs. 1/T plot 7 X 1021 302 Bansal et al, [13)
Non-isothermal DSC: ]
In avs. 1/Tp plot [15] - 325 [13]
In {a/{Tp — T;}] vs. 1/Tp, plot [16] 2x 1021 315 [13]
In [Tg/a] vs. 1/T, plot 6Xx 1022 314 Present work

Equation (20} is the same as those derived by Kissinger [12] and Chen [9], using
entirely different approaches. Equation (20) is being used to evaluate the kinetic
parameters for the crystallization of various heavy metal fluoride glasses [13, 14].
Values of the reaction parameters for the crystallization of a ZrF4—BaFy—LaF3
{62—33—5 mol%) glass calculated by least-squares fitting of the non-isothermal DSC
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experimental data to eq. (20) are presented in Table 1 and compared with those
obtained from other methods. The agreement between the present method and the
isothermal DSC is quite good.
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Zusammenfassung — Es wird eine Gleichung zur Bestimmung der kinetischen Parameter einer
Umwandlung aus DSC- und DTA-Messungen bei variabler Temperatur abgeleitet, die den Ver-
anderungen der Reaktionsgeschwindigkeit mit der Zeit und der Temperatur Rechnung tragt. Kine-
tische Parameter der Kristallisation von ZrF4—BaF—LaF3-Glas werden unter Benutzung dieser
Gleichung berechnet.

Pestome — WUcxoan u3 nepemexnoit Temnepatypot [ICK unu ATA, BbiBEAeHO ypaBHeHue ANk
OUEHOYHBIX KWHETMYECKNX MapaMeTpoB NpPeoGpa3oBaHUA, YuUTLIBAR W3MEHeHWe KOHCTaHTbl
CKOPOCTN peaKuun ¢ TeMNepaTypoi u BpemeHeM. VcNonb3yA 3aTo ypasHeHue, Gbinn BbiyncneHbl
KMHETUYECKWE NapaMeTpbl KpUCTanNu3auuy crexon coctasa ZrF4—BaF,—LaF3.
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