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Non-isothermal model-free predictions

Application to the formation of yttria from yttrium trifluoroacetate
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Abstract Suitable thermal treatment of metal organic
precursors is a key process to obtain oxide films. To this
purpose, non-isothermal model-free predictions are spe-
cially suited. In this article we will explore the ability of
these methods to provide an accurate prediction of the
evolution of the decomposition of yttrium trifluoroacetate,
a precursor used in the synthesis of YBaCuO supercon-
ducting thin-films. A good agreement has been obtained
between the predicted and the measured reaction courses.
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Introduction

Chemical solution deposition (CSD) methods are low-cost,
flexible, and scalable routes for the synthesis of advanced
functional oxide thin-films [1-4]. CSD methods involve
solution preparation, solution deposition, and thermal
treatment to remove the organic species and to crystallize
the material. Thermal treatment can be optimized by set-
ting up a temperature program that involves isothermal
stages to slow down the reaction at the critical steps and
non-isothermal stages to reduce the duration of the whole
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process, thus improving the thin-film production. To this
purpose, “model-free prediction methods” are especially
suited [5] because they allow the ‘prediction’ of the evo-
lution of a solid state transformation for a particular tem-
perature program. This prediction is based on the kinetic
parameters of the solid state transformation that can be
determined from thermal analysis data using kinetic
methods. Kinetic methods can be classified as model-fitting
or model-free. While the first methods are based on the
assumption that the transformation is ruled by a particular
reaction mechanism, the second methods allow the kinetic
parameters to be determined independently of the partic-
ular mechanism governing the transformation. Isoconver-
sional model-free methods analyze the evolution of a given
parameter at a given degree of transformation, «. The main
advantages of using kinetic data from the isoconversional
methods is twofold: (a) there is common agreement that
isoconversional methods are among the most reliable
kinetic methods [6, 7], and (b) they allow the prediction of
the evolution to be done independently of the particular
mechanism governing the transformation [8—10].

In this article, we will apply model-free prediction
methods to the thermal decomposition of yttrium trifluo-
roacetate (Y-TFA). Y-TFA is a precursor used to synthe-
size yttria thin-films [11]. In addition, it has been mixed
with other metal TFAs to fabricate high-performance
YBaCuO superconducting films [2, 12]. Two main pro-
cesses take place during thermal treatment of metal TFAs:
calcination and firing [2]. During the calcination stage the
precursor decomposes entirely and the organic part is
completely removed. The firing stage, on the other hand,
involves the decomposition of the metal fluorides to obtain
the metal oxide. The calcination step is the process that
limit the overall YBaCuO thin-film production [13, 14].
For instance, to obtain YBaCuO superconducting thin-film
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the decomposition step can be as long as 66 h [2]. During
precursor pyrolysis, the precursor shrinks and a large
amount of gases evolve. The gas escape rate during
decomposition plays an important role in the formation of
pores. Lowering the decomposition rate reduces porosity
and improves film homogeneity which in turn enhances the
material performance. For instance, it has been observed
that porosity diminishes about 15% in samples pyrolized at
275 °C instead of 310 °C [12].

In the case of Y-TFA, its decomposition is a fast process
that involves the highest mass loss and results in the for-
mation of YF;. But the formation of yttria from YF; is a slow
process that involves two intermediate compounds (non-
stoichiometric and stoichiometric yttrium oxyfluoride) [15,
16]. Predicting the reaction course for this two-step trans-
formation represents a challenge for prediction methods.

Thermogravimetry (TG) is used to monitor the decom-
position process. Scanning electron microscopy and X-ray
diffraction are used to characterize the products at different
stages of the transformation.

In the following, we will show that non-isothermal
model-free prediction methods allow accurate enough
predictions for both the calcination and the firing process.
Therefore, they can be used to design more efficient ther-
mal treatments for the fabrication of thin-films via CSD.

Model-free prediction methods

Model-free prediction methods rely on the kinetic parame-
ters retrieved from thermal analysis [17]. Isoconversional
methods allow the kinetic parameters to be determined
without assuming any particular reaction mechanism, i.e.,
they are model-free. They are based on the determination of
one or more of the system parameters (temperature, trans-
formation rate,...) at which the same degree of transforma-
tion, o, has been reached for measurements performed at
different constant temperatures (isothermal) or different
heating rates (non-isothermal). In general, non-isothermal
experiments are preferred [18] because they are easier and
faster to perform and can explore a wider temperature range.
Isoconversional methods rely on the hypothesis that at a
given «, the transformation rate is only a function of
temperature [17, 19],
dIn(do/df)]  E, ]
{T} =~ (1)
where the subscript o indicates the degree of transforma-
tion, R is the gas constant, and E, is the activation energy.
Integration of Eq. 1 results in a transformation governed
by a single mechanism where the rate constant, k,(7) =
A, exp(—E,/RT), depends on o [5]. A variation of E, with
o corresponds to a thermally activated process whose
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energy barrier depends on the degree of transformation.
Although, the solid state transformations that can be
described by this model are scarce, it has been shown that
the isoconversional hypothesis provides an accurate
description for complex transformations (such as hetero-
geneous transformations, multi-step reactions, or transfor-
mations depending on parameters other than « and 7) [18,
20-22]. In this context, Eq. 1 is an approximate relation-
ship and E, must be interpreted in terms of an apparent
activation energy.

To design thermal treatments that combine isothermal
and non-isothermal stages, we need to use prediction
methods that can deal with an arbitrary temperature pro-
gram T(#). Two methods have been developed that are
derived directly from Eq. 1 without any approximation:
Roduit’s method [9, 23, 24] and our own method [5]. Our
method determines the time necessary to reach a degree of
transformation o;:

f—p 4 L E; E;
ST TR [P\RTy) T PART

[ ool -gi)al

J

where E; is E, when o = ;, f§; is the constant heating rate
of one of the experiments used in the isoconversional
determination of the kinetic parameters, 7j; is the
temperature at which a degree of transformation o; is

reached when the sample is heated at the heating rate f3;,

and p(x) = [ dou is the temperature integral [10,

25]. Conversely, Roduit’s method delivers the degree of
transformation once a time interval Ar has elapsed:

E
t+At) =a(t) +A ——— | At. 3
a1+ 4) = ol0) + A ) exp (- s ) 3
To apply Eq. 3 we need an isoconversional method that
calculates A,f (o). We have used Friedman’s method [26]
because, in addition, it is exact within the framework of the
isoconversional hypothesis, Eq. 1.

Experimental

Commercial high purity (Aldrich, 99.99%) yttrium tri-
fluoroacetate Y(CF3COO);, were analyzed by TG (Mettler
Toledo model TGAS851eLF thermobalance). Samples were
placed inside uncovered alumina crucibles. The mass
accuracy is 2 pg. High purity nitrogen, oxygen, and syn-
thetic air were used. Humid atmospheres were obtained by
bubbling the carrier gas in water at standard temperature
and pressure (25 °C, 1 atm). XRD experiments were done
in a D§ ADVANCE and SMART APEX diffractometers
from Bruker AXS. SEM observations were performed in a
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Zeiss DSM 960A scanning electron microscope operated at
20 kV. Samples were coated with a thin-film of gold to
remove electrostatic charges.

Calcination

First, we will analyze the thermal decomposition of Y-TFA
into YF5 [15, 16]:

Y(OOCCF3),— YF; + (CF5C0),0 + CO +CO,.  (4)

This process is a fast exothermic process that is responsible
for the complete decomposition of the organic matter.

To perform Friedman’s kinetic analysis, we have mea-
sured the evolution of the mass (TG) with temperature for
six different heating rates (1 < f§ < 40 K/min). A flow rate
of 40 mL/min of humid synthetic air was set. The mass of
the samples was between 2.4 and 17 mg (the larger masses
were used for experiments carried out at low heating rates).
The degree of transformation extracted from the thermo-
grams is plotted in Fig. 1. The result of the kinetic analysis
is shown in Fig. 2, where the activation energy is seen to be
fairly constant (variations below 10%). Consequently, the
process can be approximately described as a single-step
process with constant activation energy [27]. Note that this
decomposition step takes place in a relatively short-time
interval; therefore, the results are quite sensitive to exper-
imental artifacts such as apparatus time response and
inaccuracies of temperature related to the thermal lag [28].
These artifacts are especially relevant for the experiments
performed at high-heating rates.

To check the self-consistency of our approach (Egs. 1,
2, and 3), we have calculated the predicted evolution for
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Fig. 1 Solid line evolution of the transformed fraction for the
thermal decomposition of Y-TFA measured by TG at several heating
rates, 5. Symbols non-isothermal predictions (for the sake of clarity
not all the calculated points have been plotted)

the experiments used to determine E,. The result is plotted
as symbols in Fig. 1. The agreement between experimental
data and the calculated evolution is quite good. Moreover,
the small discrepancies between both predictions, Eqgs. 2
and 3, are related to the decomposition of Y-TFA following
an “acceleratory” or a “sigmoidal” reaction [5, 29, 30].

The goal is to slow down the decomposition. The
duration of the decomposition, and therefore the transfor-
mation rate, can be controlled by heating the sample to a
given isothermal step. The lower the temperature, the
longer the duration of the decomposition. To this purpose,
we can use a temperature program that consists of a heating
ramp followed by an isothermal period. The prediction
methods allow us to determine the temperature that will fit
the desired duration for the whole decomposition stage.

As a test, we have calculated the predicted reaction
course when the sample is heated at a constant heating rate
of 10 K/min up to 250 and 280 °C and compare it to the
experimental reaction course for this temperature program
(Fig. 3). Actually, the non-isothermal predictions has been
obtained using as temperature program, 7(f), the measured
evolution of the temperature (dashed line in Fig. 3). From
Fig. 3 one can state that both non-isothermal predictions
correctly predict the time required for the transformation to
reach completion. Notice that, for a temperature difference
of 30 °C, the duration of the isothermal step to complete
the transformation varies by a factor of nearly 6: from 1 h
at 250 °C to 11 min at 280 °C. So, despite the strong
dependence of the duration of the decomposition on the
temperature, the non-isothermal prediction methods are
able to provide an accurate result.

We have analyzed the XRD pattern of the solid residue
(Fig. 4) after heating the sample up to 360 °C at a constant
rate of 20 K/min, and after the thermal treatments ended
with an isothermal step at 250 and 280 °C. From Fig. 4, we
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Fig. 2 Evolution of the activation energy with the degree of transfor-
mation derived from Friedman’s isoconversional analysis of the thermal
decomposition of Y-TFA (see Fig. 1)
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Fig. 3 Solid line evolution of the transformed fraction when the
temperature is raised at a constant heating rate of 10 K/min up to a
constant temperature of 250 °C (a) and 280 °C (b). Dashed line
temperature evolution. Dry air (N,) has been used in the experiment
performed at 250 °C (280 °C)
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Fig. 4 X-ray powder diffractograms of solid residues after heating
the Y-TFA up to a 360 °C at 20 K/min in dry N, and after the heat
treatments plotted in Fig. 3. The final temperature of the treatment is
indicated. Symbols orthorhombic YF; [31]
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have confirmed that the solid residue in all cases is YF5, the
expected solid product of reaction 4. Moreover, we have
not observed significant differences between peaks widths,
i.e., the grain (single crystalline domains) sizes are similar.

Finally, it has been shown that this decomposition is
independent of the partial pressure of O, and H,O [15].
The kinetic analysis has been carried out in humid air while
the experiments represented in Fig. 3 have been done in
dry air (Fig. 3a) and in dry N, (Fig. 3b). Despite the
atmosphere differences, the prediction is still valid. This
result confirms the independence of the decomposition
kinetics on the atmosphere.

Firing

During this stage YF; is transformed into yttria. This is a
slow process controlled by the out-diffusion of fluorine and
involves the formation of two intermediate phases: Y¢OsFg
and YOF [15, 16]. The evolution of the decomposition
does not depend on the partial pressure of water or oxygen
provided that the oxygen and water partial pressure are
above 0.02 and 0.002%, respectively [15]. For this stage,
we have measured the evolution of the mass with tem-
perature for five different heating rates under a flow rate of
40 mL/min of humid high purity N,. The initial mass of the
samples varied between 7.4 and 46 mg. In Fig. 5 we have
plotted the evolution of the degree of transformation and in
Fig. 6 we have plotted the activation energy calculated
with Friedman’s method.

The presence of several inflection points in the evolution
of the transformed fraction (Fig. 5) and the strong depen-
dence of the activation energy on o (Fig. 6) evidences the
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Fig. 5 Solid line evolution of the transformed fraction for the firing
stage measured by TG at several heating rates, 5. Symbols non-
isothermal predictions (for the sake of clarity not all the calculated
points have been plotted)
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Fig. 6 Evolution of the activation energy with the degree of
transformation derived from Friedman’s isoconversional analysis of
the firing stage (see Fig. 5)

complex nature of this transformation, which includes
different reactions, as expected for a transformation that
involves two intermediate compounds. Therefore, in this
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case, the isoconversional hypothesis, Eq. 1, is an empirical
approximation.

Similarly to the previous case, we have tested the self-
consistency of our approach. From Fig. 5 one can verify
that there is a nice agreement between the experimental
data and the prediction provided by Eqs. 2 and 3. There-
fore, the isoconversional hypothesis provides an accurate
description of the actual kinetics. Contrary to the previous
case, both methods deliver a nearly identical prediction.
This coincidence is expected for “deceleratory” reactions
[5], and agrees with the fact that this transformation is
governed by gas diffusion [15] because diffusion-con-
trolled reactions exhibit deceleratory behavior.

For the firing process, the goal is to control the final
temperature, e.g., to prevent the decomposition of the
oxide, to prevent the degradation of the substrate, or to
control the crystallization kinetics to achieve the desired
texture. To do so, one can use the same scheme as that used
for the calcination stage: a heating ramp from the calci-
nation temperature to the final temperature followed by an
isothermal step. In this case, the prediction methods are
useful to calculate the duration of this isothermal step.

To check the ability to provide an accurate prediction,
we have calculated and measured the evolution when the
heating rate is 10 K/min and the final temperature is 860
and 950 °C. The results are plotted in Fig. 7a, b, respec-
tively. There is good agreement between the experimental
and the predicted reaction course. The major discrepancies,
which take place near completion of the transformation, are
probably related to the complex nature of the decomposi-
tion. Note that, in this case, isothermal prediction methods
would fail because the major part of the reaction takes
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Fig. 7 Solid line evolution of the transformed fraction when the
temperature is raised at a constant heating rate of 10 K/min up to a
constant temperature of 860 °C (a) and 950 °C (b). Dashed line
temperature evolution. Humid N, has been used in all the experiments

Fig. 8 X-ray powder diffractograms of solid residues after heating
the Y-TFA up to a 1,200 °C at 20 K/min in humid N, and after the
heat treatments plotted in Fig. 7. The final temperature of the
treatment is indicated. Symbols body-centered yttria phase [32]
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(b) 950°C

(c)1200°C

Fig. 9 SEM micrographs of solid residues after heating the Y-TFA
up to a 1,200 °C at 20 K/min in humid N, and after the heat
treatments plotted in Fig. 7. The final temperature of the treatment is
indicated

place before the onset of the isothermal step. In general, a
slow transformation that takes place in a large temperature
interval under continuous heating conditions will be very
difficult or impossible to reduce to a single isothermal
experiment.

@ Springer

XRD analysis of the solid residues after the heat treat-
ments are plotted in Fig. 7 and after heating at a constant
rate of 20 K/min up to 1,200 °C they are plotted in Fig. 8.
In all cases, the final product is yttria, as expected when the
firing stage is completed. Moreover, there are no significant
differences in the peak width. Application of Scherrer’s
formula gives an approximate grain size of 55 nm in all
cases. However, SEM analysis reveals differences in the
final structure. The sample is in the form of loose powders.
These powders are formed by aggregates of particles. The
average sizes of these particles measured from the SEM
images (Fig. 9) are 220 nm for 1,200 °C, 140 nm for
950 °C, and 80 nm for 860 °C. Thus, the lower the tem-
perature, the smaller are the particles.

Conclusions

We have applied model-free non-isothermal prediction
methods to two different stages involved in the chemical
solution deposition of crystalline yttria from Y-TFA:
calcination and firing. Both stages have intrinsic properties
that make it difficult to use prediction methods. In a
constant heating experiment, the calcination stage is
a relatively simple transformation that takes places in a
short-temperature interval while the firing stage is a com-
plex transformation that takes place in a long-temperature
interval.

The objective was to check the ability of kinetic pre-
diction methods to design temperature programs. In both
cases we have obtained good agreement between predic-
tions and the measured evolution. Therefore, model-free
non-isothermal prediction methods can be considered as
adequate tools for the design of thermal treatments like
those used in the synthesis of functional oxides from the
chemical solution deposition technique.
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