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ABSTRACT

Solid state reactions occurring in an Al-Fe-Si alloy are demonstrated through DSC measurements at temperatures above that of
recrystallization, where Fe-rich precipitation phases coexist with processes of recrystallized grain growth. These complex reactions are
deconvolved for analysis into individual reactions associated to each of the transformation mechanisms involved in the process.
Symmetrically distributed Gaussian transfer functions (GTF) and asymmetric Weibull transfer functions (WTF) are used in the
deconvolution; and each individual reaction is analyzed through both the Sestak-Berggren (SB) combined kinetic model and the
isoconversional scheme, a linear regression determining each of the parameters. The study reflects the drawbacks of kinetic analysis based
solely on the fitting of heat flow, as the patent dispersion of kinetic parameters clearly shows. This is corrected by adjusting the activation
energy obtained by isoconversion methods. Three reactions are required when using GTF; whereas only two suffice when using WTF.
The overall results show that reactions above 400°C occur primarily because of Fe diffusion, and that other reactions occurring in deformed
samples have activation energies coinciding with energy diffusion at high-angle grain boundaries.

Keywords: Kinetic Characterization, AA8011 Alloy, Reaction Rate Theory, Non-isothermal annealing.

CARACTERIZACION CINETICA DE UNA ALEACION AA8011 RECOCIDA NO-
ISOTERMICAMENTE POR ENCIMA DE 400°C

RESUMEN

A partir de medidas de DSC se pone en evidencia las reacciones que ocurren en una aleacion Al-Fe-Si a temperaturas por encima de la
temperatura de recristalizacién, donde coexisten los procesos de precipitacion de fases ricas en Fe y el crecimiento de granos
recristalizados. Para su analisis, estas reacciones complejas son deconvolucionadas en reacciones individuales asociadas a cada uno de los
mecanismos de transformacidn involucrados en el proceso. En la deconvolucion se utilizan funciones de transferencia simétrica de Gauss
(GTF) y asimétrica de Weibull (WTF)y cada reaccidn individual se analiza a través del modelo cinético combinado de Sestak — Berggren
(SB) y el esquema isoconversional; Y mediante regresion lineal se determinan cada uno de los parametros involucrados. El estudio refleja
las falencias del analisis cinético basado solo en el ajuste del flujo de calor, las cuales se manifiestan en una dispersion de valores de los
parametros cinéticos. Este hecho se corrige mediante la fijacion de la energia de activacion obtenida por el método de isoconversion. La
data experimental es cubierta por tres reacciones cuando GTF son utilizadas, mientras que solo dos reacciones son suficientes cuando se
usa WTF. Los resultados muestran en general que por encima de 400 °C las reacciones ocurren principalmente por difusion de Fe y que
en muestras deformadas ocurren otras reacciones cuya energia de activacion coincide con la energia de difusion de contornos de grandes
angulos.

Palabras Claves: Caracterizacion Cinética, Aleacion AA8011, Teoria de velocidad de reaccion, recocido no-isotérmico.
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1. INTRODUCTION

The microstructural condition achieved by applying
thermomechanical treatments on a material,
conclusively regulates that material’s properties. For
example, the aim behind homogenization is, in
principle, to create a matrix with few defects and
submicroscopic atomic  aggregates, so that
subsequent annealing allows, with minimum
perturbation, the identification of mechanisms
generating any transformation in the material, as
opposed to rolling, a process that introduces a large
number of disturbances, mainly dislocations, in
homogenized samples, that directly interact with any
other processes, diffusive or otherwise, occurring in
the samples. Under these premises it is expected that
physical properties, susceptible to structural
reordering of atoms and defects in the material,
undergo modifications that can be simultaneously
generated by more than a single physical mechanism.
That is the case of the interaction between
recrystallization and phase precipitation in deformed
alloys, which is the subject matter of this work. The
annealing process covers three major stages:
recovery, recrystallization proper, and the growth of
recrystallized grains. The first step in this crystal
rearrangement is recovery, a process whereby
deformed materials are annealed without the high-
angle boundary migration [1] occurring below
recrystallization temperatures. Both X-ray and
electron microscopy have shown that dislocation
density significantly decreases during recovery,
dislocations tending to arrange themselves into sub-
grain cell structures [2]. Haessner [3] has
characterized the crystal changes occurring during
recovery and recrystallization. Although the frontier
between recovery and recrystallization is not well
defined, it has been accepted that recrystallization
starts with high-angle boundary migration [1].
However, the difference between recrystallization
and grain growth lies in the source of the energy from
which these processes derive. The energy required
for recrystallization stems mainly from dislocation,
whereas that for grain growth comes from grain
boundaries [4,5], the latter also occurring at higher
temperatures [5].

The third step identified in the annealing process is
grain growth, which occurs at temperatures above
that of recrystallization [5]. Although the
recrystallization temperature is conceptually well
defined, the fact is that different physicochemical

factors affect its value, such as the microchemistry
and composition of the material, the type and
magnitude of the deformation [6], the temperature of
annealing, the annealing time, and the thermal history
of the sample (initial microstructure) [7,8].

This high incidence of the recrystallization process
on the mechanical properties of alloys has led to an
extensive literature for academic and industrial
purposes, as on the one hand, academics and
researchers need to understand how different
mechanisms capable of magnifying the properties of
the material occur and interact; and on the other, there
is no end to the ever-expanding interest for
lightweight, ductile and resistant materials with an
optimal cost-investment ratio.

This effort has resulted in the implementation of
thermo-mechanical treatments that enhance the
refinement of the recrystallized grain [9,10], and are
able to control or inhibit the formation of textures
[7,11,12] that affect the formability of the material

[13,14,15]. Furthermore, novel experimental
techniques and theoretical studies have been
incorporated [16-19] that lead to a better

characterization of all the reactions taking place
during annealing, which makes it possible to
ascertain precisely when the restoration of the crystal
has occurred. The softening of the deformed material
after annealing, detected through vyield stress
variation, is revealed as one of the most effective
methods to discern the evolution of recrystallization
during annealing [7].

Furthermore, some authors have reported different
behaviors during isothermal and non-isothermal
annealing [20], basically because of the different
ways in which both treatments modify the factors
affecting each of the annealing stages. Sepehrban et
al. [21] have studied the interaction of precipitation
at each stage of non-isothermal annealing in an Al-
Mg-Si-Cu alloy; and report different behaviors
according to the heating rate. A similar effect is
reported by Khani Moghanaki et al. [22] in a severely
deformed 2024 aluminum alloy.

This work complements the experimental and
theoretical studies carried out by the author and
collaborators [23-25] on the effect of deformation on
AAB8011 alloys subjected to both isothermal and non-
isothermal  annealing. The wuse of DSC,
thermoelectric power and its derivative highlights the
existence of two transformations in the homogenized
samples, one associated with precipitation of a-
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AlFeSi at temperatures below 400°C, and another
with B-Al3Fe near 470°C. Rolling accelerates the
precipitation of the a phase up to a defined degree of
deformation, suggestive of both reorganization of the
dislocation structure and interaction between
recrystallization and precipitation. Simultaneous
interactions are established between precipitation of
Guinier-Preston zones and other Si-rich aggregates
and crystal recovery at temperatures below 150°C;
and between a-AlFeSi phase precipitation and
recrystallization in the 200 - 400°C temperature
range.

Above 400°C the B phase is less affected by the
rolling process; and both DSC and the thermoelectric
power derivative place the temperature at the start of
B precipitation in the neighborhood of 400 °C,
coinciding with that at the final stage of
recrystallization and growth of recrystallized grains.
Pre-aging at different temperatures shows that
recrystallization starts at 300°C. Transmission
Electron Microscopy (TEM) shows the presence of
recrystallized grains at both 475°C and 502°C. These
results beg the conclusion that, above 400°C,
completion of recrystallization and grain growth in
AAB011 alloys occurs simultaneously with Fe-rich
phase precipitation.

Cordovilla et al. [26] by DSC, and Luiggi [27] by
both DSC and thermoelectric power, report phase
precipitation reactions above 400°C in AA8011, that
undoubtedly involve Fe and Si diffusion. For both
authors, recrystallization is strongly affected by the
heating rate during non-isothermal annealing, this
transfer occurring at a higher temperature when the
heating rate is higher. These authors locate the
recrystallization peak at 380°C at heating rates of
40°C/min [26], while Roy et al. [28] locate it at 352°C
for heating rates of 10°C/min.

A diagram produced by Shoji et al. [29] reports both
a-AlFeSi phase precipitation in a 70% cold-rolled
AA1200 alloy occurring at temperatures of up to
400°C and the presence of AlsFe precipitates above
that temperature. Raghavan [30], for his part, in his
evaluation of the phase diagram of an Al-Fe-Si,
identified up to seven compounds of different
stoichiometry that may result as a consequence of the
Fe/Si concentration ratio in the alloy; whereas
Vybornov et al. [31] identified the presence of stable
B-AlFeSi precipitates at 550°C. Other authors [32-
34] have observed 6-AlsFe, a-AlFeSi, and B-AlFeSi
phases reported as equilibrium phases. Kumar et al.

[35] recently performed a deformation and
recrystallization study on the microstructure and
texture development of an AA8011 alloy, and found
out that the annealing parameter combination to yield
optimal texture deformation and recrystallization for
improving this alloy’s formability was 375°C and 4
hours.

Luiggi [26] has confirmed that it is difficult to obtain
pure reactions in multicomponent alloys, whereby a
sole mechanism might account for the transformation
measured. He also asserts that the kinetic analysis of
the overall reaction is not always representative of the
individual reactions that might occur. Hence, for a
detailed analysis of the mechanisms involving the
microstructural changes brought forth in the alloy, a
mathematical  procedure  known as  signal
deconvolution [36-41] is used to separate the overall
transformation in individual reactions. This paper
endeavors, therefore, to determine the Kinetic
parameters  associated to each individual
transformation deconvolved from the overall reaction
measured by DSC in AA8011 samples at
temperatures above 400°C, where phase precipitation
and grain growth process coexist.

The paper has been organized as follows: Section Il
introduces the theory of reaction kinetics and the
isoconversion model, as well as the related
deconvolution aspects. Section |1l elaborates on the
experimental outlook; and Section IV parses the
results and discussion.

2. THEORETICAL ASPECTS

2.1 On the kinetic theory

The theory necessary to carry out the present
investigation totally corresponds with the one
explained by Luiggi and Valera in this same journal
[42], reason why the supporting equations have been
obviated, and the reader is invited to review said
reference.

We first consider the theory of reaction, where the
reaction rate is defined by the time evolution of the
extent of conversion a. Both the isothermal and the
non-isothermal evolution of o follow the same
equation, and the conversion from one to the other is
achieved by introducing the heating ratio p = dT / dt.
The reaction rate, in its simplest form, involves a
reaction constant K (T), which in principle follows an
Arrhenius relation (It is not always so [43]), and a
kinetic function F (o) associated with the reaction’s
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generating mechanism. Similarly, this reaction rate
can be determined directly from the measurements of
heat flow duly weighed by the enthalpy of the
reaction.

This approach relates the parameters defined in both
K (T) and F(a) with the heat flow measurements
obtained by DSC. The parameters of K (T) are the
prefactor A and the activation energy Q, while the
kinetic function selected is the truncated Sestik -
Berggren [44,45], whose parameters are n and m. The
kinetic analysis is, therefore, reduced to obtaining
parameters A, Q, m, and n that reproduce the
experimental data.

2.2 Evaluation of kinetic parameters

Considering the rate reaction equation, and explicitly
including the expressions of K (T) and the Sestak-
Berggren two-parameter kinetic function F(o)
[44,45], the following equation is obtained (see
appendix A),

AH,

In (ggeam) =M - @

where AH, = fot“ AHdt represents the area under the

heat flow curve AH from the start of the reaction until
a time to has elapsed. The best m and n values
linearizing Equation (1) were obtained by linear
regression with an R2(L) determination factor closer
to 1. The conversion extent o was limited to the range
between 0.05 and 0.95, a range larger than that of our
previous study [42], basically to take advantage of the
best tail effect that Weibull functions grant to fittings
of experimental data. At this stage it is worth
wondering whether a relation of uniqueness exists
between parameters n and m in Equation (1) and the
value -Q/R guaranteeing that equation’s linearity.
The answer is negative since different sets of
parameters might well adjust the experimental data in
such a way that Equation (1) is a straight line;
however, the ambiguity over parameters can be
reduced by directly deriving the activation energy by
isoconversion [25].

As for activation energy, there is such an implicit
dependence of AH on [ that its value is mainly
regulated by the natural logarithm of the quotient
between the experimental data and the Kinetic
function adjusted for these data. The literature shows
that for processes involving crystallization, there

exists a decreasing dependence on Q when B
increases [46]; however, there seems to be no
reference in the literature for processes involving the

coexistence of several processes, making it
impossible to obtain an activation energy
independent from experimental data, sample

geometry, and heating rate [47].

2.3 The Isoconversion Method

The isoconversion method is based on the fact that
for the same conversion extent o, the functions
depending on o will remain constant. For example in
Equation (1) there will be a AH curve for each heating
ratio B, and therefore, the function F(a) in the
denominator of that relation will remain constant for
a fixed value of a in each of the 8 considered. This
implies that in order to have access to the activation
energy, explicit knowledge of the kinetic function is
not required in advance. In this work, the activation
energy is evaluated using the isoconversion relation
referenced in [48], the temperature peaks for different
values of B being identified from the deconvolved
curves,

In (TLN) = In(A) — R%

)

where T represents the peak temperature of the
deconvolved reaction; and (3, the respective heating
rate. This relation allows for the graphic
determination of Q and A values for a known value
of N. The dispersion of the Q values inferred for the
same microstructural condition and different 3 from
the previous section does not allow a single reference
value of Q to determine the best value of N and the
other kinetic parameters. Hence, N=2, which is
equivalent to using Kissinger’s relation [49].
Resorting to other N values, in harmony with other
models in the literature, generates Q values not very
different from those obtained via the Kissinger
method. Since isoconversion methods get their true
meaning when the kinetic triplet is specified, to wit:
Q, A, and F(o) [50], certain approximations are
frequently used to finally assess the additional
parameters appearing in the different Kkinetic
functions; e.g., the N evaluation in the JMAEK
scheme [51].

The methodology followed in this work purports to
ascertain Q from Kissinger plots and then use
Equation (1) to obtain, from Sestak-Berggren, n and
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m values that linearize that equation in an energy
range defined by Q + 0.005 Q.

2.4 Deconvolution of experimental curves

The analysis of overall signals in multiple response
systems tends to arrive at conclusions masking actual
individual results. Such is the case of differential
thermal analysis in multicomponent alloys where the
signal measured covers a number of particular effects
only separable by mathematical deconvolution
techniques.

Deconvolution is a highly important tool in the
treatment of signal processing based on the principle
of linearity and time invariance of the signal. The
convolution integral defines the output signal Y(t)
generated by one or several input impulses X(t)
owing to a transfer function g(t) [52,53]:

Y(6) =X(®)*g(®) = [ X(Dg(t — )dr
(3)

The opposite of convolution is deconvolution,
whereby knowing the output Y(t) and the transfer
function g(t), it is possible to determine the attainable
input functions generating said output [54]. In this
study, the output signal is the heat flow measured by
DSC. The wide array of transfer functions available
can determine particular input signals.

Deconvolution in this paper is performed by means
of PeakFit (Systat Software Inc.), whose great
versatility in signal separation and analysis, and its
spectroscopy, chromatography, statistics and
miscellaneous sections, allow for conclusive results
of a wide variety of peaks. Two types of transfer
functions were selected for this analysis.

1. Gaussian Function [55]:

women[ 2] @

where W represents heat flow; T, the temperature;
and W, W4, and W, represent the amplitude, center
and width of the curve, respectively.

2. Weibull Function [56]:

Wy — I\ W [T—W,
W_W"( W, ) w,
1\ Wa-1
W3 — 1\W;
57

1\ Ws
exp [— (T;VVZW + (—W;Vj)Ws) +o l (5)
which includes a fourth parameter, W3, that regulates
the form or asymmetry of the peak.

3. EXPERIMENTAL

3.1 Samples studied

An Al-Fe-Si alloy, commercially known as AA8011,
was selected, supplied in as-cast form by C.V.G.
ALCASA Venezuela, after a process of twin-rolling,
cast in 6-mm strips, and then milled to 0.5 mm. It is
from samples with this latter thickness that the
homogenization and rolling treatments of the present
study are initiated. Its composition is provided in
Table 1.

Table 1. Chemical composition of alloy AA8011 (wt%).

Al Fe Si
Rem 056 0.40

Mn
0.01

Zn
0.004

Cr
0.003

Cu
0.01

3.2 DSC equipment and thermal treatment

Heat flow was measured with a Netsch STA-Jupiter
499 calorimeter, whose sensitivity allowed detection
of very small heat flow fluctuations.

Three initial microstructural conditions were
considered: 1. Samples homogenized during four
hours at 600°C, then quenched in water at 2°C (HS);
2. HS samples cold rolled down to 50% gauge in a
two-high rolling mill, hence the designation 50-DHS;
and 3. Samples similar to those of condition No. 2 but
having undergone an 85% thickness reduction,
designated as 85-DHS.

To evidence the reactions occurring above 400°C, in
particular Fe-rich phase precipitation and grain
growth, samples were heated between room
temperature and 600°C, the temperature range above
400°C  being selected for each of the samples
considered.
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4. RESULTS AND DISCUSSION

4.1 Heat flow measurements

Figure 1 displays heat flow variation versus
temperature for the AA8011 alloy in HS samples
heated at different rates.

i
o
T
X0
—_—

(o]
T

Heat Flow (10°wig)
» o

N
T

o

400 450 500 550

Temperature ( °C)
Figure 1. Heat flow versus temperature for HS samples of
an AA8011 alloy at different heating rates (). Black:
5°Cmin. Red: 10°Cmin* Green: 20 °Cmin. Blue: 40
°Cmin‘t,

The figure shows the complex diffusive-like reaction
that seems to be a consequence of at least two
physical mechanisms, evident at the 40°Cmin-1
curve. Fe-rich phase precipitation has been reported
for this microstructural condition at that temperature
range, especially that of AI3Fe and Al-Fe-Si of
variable composition [30,31]. Heat flow, and
particularly the peak of the reaction, increases as the
heating rate increases, heralding larger enthalpy
reactions.

Figure 2 shows the heat flow variation versus
temperature for 50-DHS samples of an AA8011 alloy
at different heating rates.

The behavior shown in this figure seems less
complex than that of HS samples, although the
difference in kinetics indicates the existence of one
or several different reactions with respect to the
previous one. The rolling effect seems to generate a
microstructural rearrangement. In addition to the
phases already indicated for the homogenized
samples, high-angle boundary migration and the
development of recrystallized grains are expected
[4]. As in the previous case the reaction peak is higher
for larger B. This result implies that a moderate
rolling process favors the precipitation of phases
once the recovery and recrystallization processes

have taken place, since the tangle of defects and
dislocations capable of anchoring the atomic
movement has disappeared.

40 I

Exo

30

20

10

Heat Flow (10° W/g)

P a

L
450

L L )
500 550 600

Temperature (°C)

400

Figure 2. Heat flow versus temperature for 50-DHS
samples of an AA8011 alloy at different heating rates (p).
Black: 5°Cmin. Red: 10°Cmin! Green: 20 °Cmin-L. Blue:
40 °Cmin™,

Figure 3 plots heat flow versus temperature of an
AAB011 alloy for 85-DHS samples heated at
different heating rates. A complex behavior is
reflected here, different from the prior one due to the
larger number of defects and irregularities introduced
in this type of sample.

32

Exo

N
EN
T

Heat Flow (102 W/g)
o >

440 460 480 500 520 540 560

Temperature (°C)
Figure 3. Heat flow versus temperature for 85-DHS
samples of an AA8011 alloy at different heating rates (p3).

Black: 5°Cmin. Red: 10°Cmin Green: 20 °Cmin-t. Blue:
40 °Cmin‘t.

4.2 Deconvolution of heat flow curves

Experimental kinetics are first deconvolved using
Gaussian and Weibull transfer functions, both
defined in Section 2.4. The validity criterion to fit
theoretical and experimental data is set through the
determination regression coefficient R2(D), a
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minimum value of 0.99 being required for this
adjustment to be considered valid. The number of
reactions during deconvolution is set by this criterion.
The kinetics deconvolution for the three
microstructures under study required, in each case,
three reactions when Gaussian transfer functions
were used, and two when using Weibull. This
difference in the number of reactions might cast
doubts on the efficacy of the method to determine the
mechanisms generating the kinetics; it is, however, a
consequence of the symmetry of the Gaussian
function and the asymmetry of Weibull functions.

Heat Flow (10'3 Wig)

L L L L
425 450 475 500

Temperature (°C)

(©)

Heat Flow (10°wig)

475 500 525

Temperature (°C)

425 450

Figure 4. Deconvolution plots using Gaussian transfer function

y
525

Heat Flow (10°Wi/g)

Heat Flow (10'3 Wig)

4.2.1 Kinetic deconvolutions in HS samples

Figure 4 displays heat flow variation versus
temperature, as a result of the experimental data’s
deconvolution measured at different heating rates in
homogenized AA8011 samples using Gaussian
transfer function.

()

Temperature (°C)

(d)

Temperature (°C)

showing heat flow vs temperature for HS samples for

different heating rates. a.5°Cmin™b. 10 °Cmin ¢. 20 °Cmin? d. 40 °Cmin™.

Both the experimental and theoretical curves are
highlighted in each of these figures, in addition to the
different reactions obtained by deconvolution. In
principle, for this microstructural condition,
precipitates of differing Fe/Si ratios, and stable Al3Fe
phase precipitates are expected to coexist. The
possibility of co-existence of these reactions is
enhanced by Langsrud [57], where intermetallics
with different structures can be formed depending on
the Fe/Si ratio in Al-Fe-Si alloys. Each deconvolved

reaction can be characterized by both the position of
its peak and its enthalpy, although there is no way to
identify any of them, despite the fact that the first one
in Figure 4.a; the second, in Figures 4.b and 4.c; and
the third, in Figure 4.d, show areas larger than those
of the others.

These reactions confirm that phase precipitation in
multicomponent commercial alloys does not occur by
means of a unique reaction, even though the DSC
curves show a single peak.
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The same experimental data are analyzed using
Weibull transfer functions. This analysis is presented
in Figure 5. Due to the asymmetry of this transfer
function, only two reactions are needed to meet the

Heat Flow (10°wig)

h
500

L
475

Temperature (°C)

L L
425 450

(c)

Heat Flow (10°°Wi/g)

425 450 475 500

Temperature (°C)

s
525

condition R2 >0.99.

Heat Flow (10° wWi/g)

450 465 480 495 510

Temperature (°C)

420 435

12

(d)

o ©
T T

Heat Flow (10° Wig)
w

480 500 520 540

Temperature (°C)

460

Figure 5. Deconvolution plots using Weibull transfer function, showing heat flow vs temperature for HS samples for
different heating rates. a. 5 °Cmin*b. 10 °Cmin c¢. 20 °Cmin* d. 40 °Cmin™.

Deconvolved reactions are not so different in area, a
condition that poses competitiveness between the two
precipitation mechanisms generating the
experimental kinetic. The diffusive character of the
mechanisms controlling the reactions and moving the
peaks towards the high temperatures when the
heating rate is greater is a confirmation of the
coexistence of both reactions, as shown in particular
by Figure 5.d.

Table 2 displays Wi deconvolution parameters for
HS samples. It also includes the total transformation
area (Stotal: Total area under the reaction curve) and
the area for each particular reaction. Stotal increases

as heating ratio B increases, the particular areas not
following the same pattern. A similar disposition can
be observed in W1, corresponding to the temperature
of maximum transformation in °C, each reaction
reaching higher temperatures as [ increases,
confirming that each of these particular reactions
hinges on a diffusive mechanism. As for the value of
R?, a better overall reproduction of the experimental
data can be attained when Weibull functions are used,
owing to W3 reflecting in all cases the asymmetry of
both reactions, and reproducing more effectively the
start and endpoints of the experimental curve.
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Table 2. Deconvolution parameters for Gaussian and Weibull transfer functions for AA8011 HS samples.

B R? .
oC mint Stotal TF Reaction Wo W1 W- W3 S

0.9968 1 0.0037906 436.000 14.713 0.1398
5 0.28029 ' G 2 0.0024932 461.486 11.562 0.0722
3 0.0021034 484.419 12.941 0.0682
0.9984 1 0.0035368 445,181 9.9228 0.0879
10 0.32388 ' G 2 0.0052311 467.027 14.6608 0.1922
3 0.0017200 489.894  10.1282 0.0437
0.9975 1 0.0044363 453.366  8.99940 0.1000
20 0.38410 ' G 2 0.0057198 471.009 11.8355 0.1698
3 0.0034773 494.361 13.1239 0.1144
0.9977 1 0.0040091 461.729  8.13644 0.0818
40 0.57662 ' G 2 0.0078178 576.483 12.0109 0.2354
3 0.0076098 504.685 13.6032 0.2595
0.9948 1 0.0024598 437.141  39.6436  2.0433 0.1121

5 0.28512
W 2 0.0025749 468.323 197.766  7.9333  0.1730
10 0.32214 0.9989 1 0.0052717 451.022  35.4609 2.4040  0.1909
' W 2 0.0036096 480.933 56.9331 4.0920 0.1312
0.9998 1 0.2229891 460.422  32.0313 2.1964 0.2230

20 0.38135
W 2 0.1583588 489.789 74.324 45808 0.1584
0.9997 1 0.2508606 468.758  30.8704 2.3229  0.2509

40 0.57288
w 2 0.3220156 503.422 104.750 6.6623  0.3220

4.2.2 Kinetic deconvolutions in 50-DHS samples

Figure 6 displays the kinetic deconvolutions in 50-
DHS samples using Gauss transfer functions. Under
this microstructural condition at that temperature
range, the precipitation occurring in HS samples and
a process associated to recrystallized grain boundary
migration must ensue.

Furthermore, owing to different factors modifying
recrystallization some remnants of this precipitation
process should be considered. Although three
Gaussian functions are needed for the experimental
data reproduction, in each case one or two reactions
would prevail, which can be associated to the
precipitation process, whereas the remaining lesser-
enthalpy reaction might be related to high-angle grain
boundary migration or grain growth.

Figure 7 shows the kinetic deconvolution in 50-DHS

samples using Weibull transfer functions. Two
deconvolved reactions are shown. This behavior is
the comportment expected for a homogenized,
guenched, and 50% cold-rolled microstructure,
where a strong reaction associated with the
precipitation of an iron-rich phase is simultaneously
manifested with a reaction of much lesser enthalpy
associated to grain growth. Moderate rolling seems to
have a double effect on Kinetics, the first one
generating an atomic arrangement with a propensity
to favor only one kind of precipitates; and the second,
inducing a simultaneous reaction associated to grain
growth, the enthalpy in this second reaction
augmenting as 3 increases. This result seems ideal to
analyze the interaction between phase precipitation
and recrystallized grain growth.

Table 3 shows deconvolution parameters obtained for
kinetics in 50-DHS samples. The increase of Stotal
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with a B increase is again reported, as well as the
diffusive character of the individual reactions.
Deformation, with respect to HS samples, increases
the overall area under the transformation (except for
5°Cmin-1), a phenomenon suggestive of another

N
d
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mechanism or other mechanisms taking place for
samples with this microstructural condition. The
asymmetry of the precipitation reaction changes little
with B increase; unlike that of the second reaction,
which grows significantly as 3 increases.
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Figure 6. Deconvolution plots using Gaussian transfer function and showing heat flow vs temperature for 50-DHS samples
for different heating rates. a.5°Cminh. 10 °Cmin= c. 20 °Cmin d. 40 °Cmint.
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different heating rates. a. 5°Cminb. 10 °Cmin? c. 20 °Cmin d. 40 °Cmin.

Table 3. Deconvolution parameters for Gaussian and Weibull transfer functions for AA8011 50-DHS samples.

B R? .
oC min‘t Stotal TF Reaction Wo W1 W- W3 S

0.9955 1 0.0033738  448.701 13.743 0.1162
5 0.17251 ' G 2 0.0011042  469.551 8.1679 0.0226
3 0.0013243  483.889 10.144 0.0337
0.9986 1 0.0057416  462.520 11.809 0.1699
10 0.44299 ' G 2 0.0060486  484.105 12.697 0.1925
3 0.0023289 511.241 13.795 0.0805
0.9990 1 0.0061853  471.227 12.276 0.1903
20 1.20577 ' G 2 0.0179419  499.744 18.718 0.8418
3 0.0055669  531.297 12.442 0.1736
0.9992 1 0.0097836  482.661 16.553 0.4059
40 2.63450 ' G 2 0.0321446  521.404 21.890 1.7638
3 0.0127612  553.430 14.530 0.4648
0.9952 1 0.0033864  453.446  45.6784 2.2950 0.1637

5 0.17187
W 2 0.0004303  483.315  21.9301 2.8486 0.0082
0.9990 1 0.0075606  471.362  44.9460 2.4803 0.3386

10 0.44083
W 2 0.0020494  505.724  90.0385 4.7940 0.1022
0.9990 1 0.0161558  491.938  61.3540 2.6655 0.9319

20 1.20455
W 2 0.0056271 525.019  311.876 17.468 0.2726
0.9989 1 0.0228547 512.057 86.6841 3.1701 1.6063

40 2.63627
w 2 0.0171915 544.409  456.563 20.690 1.0300

4.2.3 Kinetic deconvolutions in 85-DHS samples

Kinetic deconvolutions in 85-DHS samples are
presented in Figure 8 for Gaussian transfer functions;
and in Figure 9 for Weibull transfer functions. The
difference in microstructural condition between this
sample and the previous one is the presence in the
latter of a larger number of defects due to a higher
degree of deformation. In Figure 8, one out of the
three reactions, the middle one in particular, prevails
over the other two, whereas in Figure 9, with the
Weibull transfer function, a first dominant reaction is
observed interacting with a less prevailing one but
whose enthalpy is larger than that of a second
reaction obtained for samples cold-rolled to a lesser
reduction.

Table 4 displays deconvolution parameters for 85-
DHS samples, which are coherent with the aforesaid
statement regarding Stotal and diffusive mechanisms.

There seems to be a setback, however, as total areas
are compared with those of 50-DHS, perhaps a
product of the rearrangement of dislocations
occurring when a sample is severely deformed,
although in the case of Weibull transfer functions, the
area of the second reaction shows a gain in enthalpy
relative to the first reaction, an expected behavior
owing to the larger number of rolling defects in these
samples.

4.3 Kinetic parameters

The following tables, 5, 6, and 7, present the
temperature of the maximum for each reaction, the
transfer function used, parameters n and m, the
activation energy Q, linear determination factor R2
(L), and the Arrhenius prefactor A.

The analysis of results must be carried out taking into
account that the mechanisms of the resulting
reactions are diffusive; that the diffusion energy of Si
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in Al is 136 kJmol in a temperature range between
480 and 620°C [58], capable of reaching 76 kJmol*
between 360 to 500°C in thin foils [59]; that values
between 135 and 223 kJmol* have been reported for
diffusion of Fe in Al [60]; and also that for
temperatures above 400°C, activation energy values
from 79 to 184 kJmol? have been reported in
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different reactions occurring in AA8011 under
different microstructural conditions [61- 63].

The fitting results in Equation (1) are presented
below, provided that the value R? is the one to
the

generate best

correlation.
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Figure 8. Deconvolution plots using Gaussian transfer function, showing the heat flow vs temperature for 85-DHS samples
for different heating rates. a.5°Cminb. 10 °Cmin ¢. 20 °Cmin d. 40 °Cmin™.

Table 4. Deconvolution parameters for Gaussian and Weibull transfer functions for AA8011 85-DHS samples.

oc n[:in'l Stotal _IF_i Reaction Wo W1 W2 W3 S
1 0.0014054 450.062 4.41259 0.0155
5 0.12118 0.96979 2 0.0043246  460.560 6.98770 0.0757
3 0.0020851 472.445 5.71864 0.0299
1 0.0034999 459,992 7.99367 0.0701
10 0.32796 0'96987 2 0.0069392  476.358 11.1634 0.1942
3 0.0032096 494.313 7.91190 0.0637
0.9925 1 0.0106065  468.943 12.8207 0.3409
20 1.32268
G 2 0.0117635 499.563 20.9540 0.6179
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3 0.0063824  520.369  22.7499 0.3640
Table 4. Deconvolution parameters for Gaussian and Weibull transfer functions for AA8011 85-DHS samples. Continued.

R? .
oC r[:ﬂn'l Stotal TE Reaction Wo W1 W2 W3 S
0.9950 1 0.0224553  480.649 14.9025 0.8388
40 2.26871 'G 2 0.0255473  511.330 19.0217 1.2181
3 0.0077900  543.114 10.8462 0.2118
5 012118 0.9987 1 0.0032529  457.304 21.04796  2.30422 0.0722
' W 2 0.0022396  469.010 71.97259  8.89100 0.0490
0.9996 1 0.0060734  467.700 31.65814  2.46713 0.1292
10 0.32694
W 2 0.0043673  490.298 172.4429 15.1828 0.1345
0.9965 1 0.0160366  476.412 44.80084  2.23006 0.7765
20 1.31134
W 2 0.0113294  516.225 44.85233 2.31111 0.5348
0.9987 1 0.0306889  491.240 54.54027  2.22808 1.8102
40 2.25400
W 2 0.0096349  536.106 625.3847  36.8966 0.4438
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Figure 9. Deconvolution plots using Weibull transfer function, showing the heat flow vs temperature for 85-DHS Samples
for different heating rates. a.5°Cmin~b. 10 °Cmin* c¢. 20 °Cmin d. 40 °Cmin™.
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4.3.1 Kinetic parameters for HS samples

Table 5 showcases the adjustment results for HS
samples with both transfer functions, from which the
following can be highlighted:

For Gaussian transfer functions, the first reaction
holds values of n and m around 1 and 0.55,
suggesting that the same kinetic function is valid for
different B, akin to a sole mechanism with an
activation energy reaching from 79 to 218 kJmol™.
Values of n and m for the second reaction do not
follow the same pattern as those of the first, two
different types of kinetic functions being generated
for B=5 and 10°C/min with activation energies over
400 kJ/mol; and for B=20 and 40°C/min with
energies of 106 and 72 kJmol™?, respectively. The
third Gaussian reaction with m=0 shows a behavior
associated to a reaction controlled by boundary
diffusion, (Rn type with n=1.4 [43]). The activation
energy values for this case are quite high, the R%(L)
values being, in addition, the smallest obtained in the
calculations. The asterisk indicates the existence of
better R?(L) values, though their positive slopes bring
forth an inconsistency with the value of Q. Reactions
with high Q values are hardly harmonious with actual
physical ~ processes, an inconsistency that
compromises the use of Gaussian transfer functions
for the analysis of these experimental data.

For Weibull transfer functions, the first reaction
shows values of 0.92<n<0.94 and 0.47<m<0.51,
indicative of a sole kinetic function with an activation
energy between 35 and 75 kJmol, whereas a larger
array of m values is obtained for the second reaction,
showing that the data obtained at 5°C/min
considerably pulls away from the single function
presented by other 3 values. The activation energy for
this reaction fluctuates between 36 and 109 kJmol,
these values being extremely low taking into account
that this reaction occurs by Fe or Si diffusion.

4.3.2 Kinetic parameters for 50-DHS samples of
an AA8011 alloy

Table 6 displays the results for 50-DHS samples for
both transfer functions. The first reaction with the
Gaussian transfer function shows similar n and m
values for each (3, and a decreasing activation energy
with B located between 110 and 75 kJmol-1. The
second reaction equally presents a decreasing energy
except for f=40°C/min, where n and m differ from

those obtained for smaller 3 values. The third
reaction presents equal n and m values within an
elevated range and activation energy. Again, the
asterisk in R2 indicates a possible adjustment with
other kinetic parameters but with negative values of
Q.

The Weibull distribution generates well behaved n
and m values with a low activation energy between
30 and 56 kJ/mol for the first reaction, whereas for
the second reaction a slight n and m dispersion is
observed with Q values scattered around 206 kJmol-
1, these Q values being higher than those obtained
with HS samples.

4.3.3 Kinetic parameters for 85-DHS samples

Table 7 showcases the kinetic parameters for 85-
DHS samples. The first Gaussian reaction shows n
and m values suggesting a kinetic function with
decreasing Q values between 407 and 115 kJmol*
when f is increased. The second Gaussian reaction
holds similar values of n and m except for
B=40°C/min, and a large Q dispersion; whereas in the
third reaction, as in the two previous microstructures,
the value of m remains zero, and Q values are quite
high.

With Weibull, the first reaction reports energy values
between 15 and 70 kJmol™; and the second, higher
ones between 225 and 305 kJmol-1.

This first Kinetic analysis using only the fitting
method of theoretical parameters on experimental
data reveals that:

a) The experimental kinetics are complex and
separated  into  simple  reactions by
deconvolution, but no single criterion associates
these simple reactions to each other for different
values of . Considering that the same physical
mechanism should be represented by the same
kinetic function, i.e., same values of n and m for
the same mechanism, results show that different
mechanism are responsible for the dispersion of
Q values.

b) As for the activation energy, an implicit
dependence of AH on B subjects its value to both
the natural logarithm of the experimental data’s
ratio and the kinetic function fitted on those data.
The literature shows, for certain materials and for
processes involving crystallization [45], a
decreasing variation in Q as 3 grows; but there is
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no mention in the literature of processes c) This method does not guarantee that the kinetic
involving the coexistence of multiple parameters obtained for a sequence of B values
mechanisms, so it is impossible to obtain the correspond to the same physical mechanism,
activation energy of any process without hence the dispersion of Q values.

considering the experimental details, the sample
geometry, and the heating rate 3 [47].

Table 5. Kinetic parameters for HS samples of an AA8011 alloy.

T (°C) °Crﬁin'1 TF- Reaction n m kJn(?noI'l A R?(L)
436.008 5 G 1 0.945 0.595 79.2768 1.1052E+4 0.9999
445,181 10 G 1 0.945 0.615 113.233 2.0526E+6 0.9998
454.366 20 G 1 1.035 0.465 217.935 2.8275E13 0.9999
461.730 40 G 1 1.010 0.505 218.041 1.1191E13 0.9999
461.486 5 G 2 1.400 0.160 415.904 7.7168E27 0.9989
467.027 10 G 2 1.495 0.00 403.095 2.1746E26 0.9988
471.009 20 G 2 0.960 0.640 105.609 1.3329E+5 0.9991
476.483 40 G 2 0.910 0.680 72.4560 2.8206E+2 0.9997
484.419 5 G 3 1.400 0.00 469.113 3.7439E30 0.9975*
489.894 10 G 3 1.320 0.00 593.009 o0 0.9963*
494.361 20 G 3 1.420 0.00 473.335 6.8385E29 0.9980*
504.685 40 G 3 1.390 0.0 464.831 3.2496E28 0.9976*
437.141 5 w 1 0.920 0.465 35.3244 4.26894E0 0.9998
451.022 10 w 1 0.920 0.510 61.3737 1.9220E+2 0.9998
460.422 20 w 1 0.940 0.480 63.3537 1.1773E+2 0.9997
468.758 40 w 1 0.935 0.495 74.6479 3.5959E+2 0.9998
468.323 5 W 2 0.845 0.275 109.180 3.6507E+5 0.9998
480.933 10 w 2 0.740 0.700 36.2915 2.47504E0 0.9996
489.789 20 W 2 0.775 0.670 52.7781 1.3313E+1 0.9998
503.422 40 w 2 0.805 0.605 98.9312 7.4988E+3 0.9999

Table 6. Kinetic parameters for 50-DHS samples of an AA8011 alloy.

T (°C) °Cn§in'1 TF- Reaction n m kJn?oI‘l A R?(L)
448.700 5 G 1 0.985 0.540 110.266 1.6109E+6 0.9999
462.520 10 G 1 0.955 0.590 109.140 5.5989E+5 0.9993
471.227 20 G 1 0.915 0.660 75.5929 9.8593E+2 0.9998
482.661 40 G 1 0.940 0.605 749811 2.7030E+2 0.9999
468.560 5 G 2 1.105 0.495 295.724 1.8845E19 0.9989
484.110 10 G 2 1.125 0.460 215.559 7.0397E12 0.9989
499.744 20 G 2 1.040 0.355 115.597 2.0768E+5 0.9989
521.404 40 G 2 1.475 0.00 306.818 1.8999E17 0.9989

©2019 Universidad Simén Bolivar 30 Rev. LatinAm. Metal. Mat. 2019; 39 (1): 16-40



Rev, LatinAm. Metal, Mat,

www.rimm.org

Table 6. Kinetic parameters for 50-DHS samples of an AA8011 alloy. Continued.

T (°C) °CrEin‘1 TF- Reaction n m kJr(r?oI'l A R?(L)

482.370 5 G 3 1.455 0.00 606.257 00 0.9982*
511.240 10 G 3 1.360 0.00 459.806 3.1981E28 0.9974*
531.297 20 G 3 1.435 0.00 558.783 8.6309E33 0.9979*
553.430 40 G 3 1.380 0.00 491.405 2.0958E28 0.9975*
453.450 5 W 1 0.850 0.50 34.0441 2.86693E0 0.9974
471.360 10 W 1 0.920 0.515 55.5770 4.6490E+2 0.9998
491.960 20 W 1 0.845 0.570 30.2830 2.6719E-1 0.9999
512.057 40 W 1 0.830 0.595 32.8639 1.4727E-1 0.9999
483.210 5 W 2 0.890 0.565 128.629 2.1354E+7 0.9998
505.730 10 W 2 1.130 0.00 282.513 4.5579E16 0.9980
525.020 20 W 2 0.910 0.250 211.173 1.8366E11 0.9999
544.409 40 W 2 0.920 0.135 202.513 9.3904E+9 0.9999

Table 7. Kinetic parameters for 85-DHS samples of an AA8011 alloy.

T (°C) °Crr[:in'1 TF Reaction n m kJn(?noI'l A R?(L)

450.060 5 G 1 1.025 0.490 407.448 1.4162E28 0.9999
459.990 10 G 1 0.965 0.585 166.892 1.1511E10 0.9999
468.840 20 G 1 1.000 0.515 135.669 1.5962E+7 0.9999
480.649 40 G 1 0.990 0.525 115.323 1.8977E+5 0.9999
460.560 5 G 2 0.905 0.700 109.210 2.0905E+6 0.9994
476.360 10 G 2 0.990 0.600 140.628 6.8578E+7 0.9989
499.560 20 G 2 0.875 0.705 33.8929 5.6063E-1 0.9992
511.330 40 G 2 1.470 0.00 343.829 1.1530E20 0.9988*
472.440 5 G 3 1.440 0.00 1077.99 00 0.9978*
494.310 10 G 3 1.420 0.00 807.485 0 0.9973*
520.370 20 G 3 1.185 0.00 268.900 1.0844E15 0.9954*
543.115 40 G 3 1.310 0.00 638.310 1.6980E38 0.9957*
457.303 5 W 1 0.840 0.525 57.3963 2.8825E+2 0.9984
467.700 10 W 1 0.905 0.525 69.5353 6.6204E+2 0.9998
476.410 20 W 1 0.930 0.485 46.9284 0.4888E0 0.9998
491.240 40 W 1 0.820 0.530 14.8788 1.0970E-2 0.9994
469.010 5 W 2 0.790 0.520 224.620 1.6024E14 0.9998
490.300 10 W 2 0.865 0.380 250.365 1.2061E15 0.9979
516.230 20 W 2 1.330 0.000 305.189 3.5790E17 0.9987
536.104 40 W 2 0.880 0.175 246.916 1.2233E13 0.9999
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4.4 Activation energy evaluation

This section combines isoconversion theory tenets
and experimental Kkinetic deconvolution results
obtained via calorimetric measurements for HS, 50-
DHS, and 85-DHS samples [48,65,66]. Peak
temperatures for different values of p are identified
from the deconvolved curves, and the activation
energy Q is evaluated using the isoconversion

Columns 1 and 2 from Tables 5, 6, and 7, for HS, 50-
DHS and 85-DHS samples respectively, show the
temperature of the maximum of each deconvolved
reaction and its respective heating rate 3. From these
values, In (B/ T?) vs 1/T was plotted, the slope (-Q/R)
and intercept In(A) being determined next. Figure 10
displays the respective Kissinger plots, and Table 8
showcases the different parameters deduced from

: . them.
relation (Equation (2)) [48].
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Figure 10. Kissinger plots to determine activation energy Q for different reactions deconvolved in an AA8011 alloy. a)
Samples HS b) Samples 50-DHS c) Samples 85-DHS. Black symbols: Using Gaussian TF. White symbols: Using Weibull
TF. Circle: First reaction. Triangle: Second reaction. Square: Third reaction.

The linearity obtained for each reaction and for every
one of the microstructures studied was exceptionally
good, which is reflected in values of R? > 0.99, except
in the case of the third reaction using HS samples
with Gaussian transfer functions. Comparing these
energies with those obtained in the previous section
via linear regression, where the same reaction with

different values of  reflects important differences,
makes for the conclusion that the supposed fitting
uniqueness of parameters is not so; and that different
sets of parameters that minimize Equation (1), for
example, might be obtained. The more adjustable
parameters exist, the more groups of these parameters
might achieve such minimization. Based on this
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reasoning, it is necessary to reduce the group of
parameters minimizing Equation (1), so that the n and
m dispersion can be made smaller, and thus the Q
energy spectrum obtained in the previous section be
in turn lessened. The energy values obtained by
isoconversion are located between 139 and 489
kJmol-1, excepting the value of 633 kJmol, reached
by the second reaction in HS samples using Gaussian
transfer function, which can be better explained by

taking into account that these reactions are diffusive,
and that the diffusion energy of the main alloying
components in AA8011 are 136 kJmol for Si in Al
and up to 232 kJmol* for Fe in Al. In conclusion,
isoconversion allows for more reliable energy values,
and reduces the uncertainty regarding the values
fitting the kinetic function; hence the need to apply
an isoconversion assessment before evaluating the
parameters of the latter.

Table 8. Activation energy and other parameters deduced from the linearization of Equation 8.

Samples Reaction TF Slope Ln(A) R? Q (kJmol?)
HS 1 G -40.231 45.192 0.994 334.493
HS 2 G -76.122 90.029 0.998 632.901
HS 3 G -58.840 66.154 0.982 489.214
HS 1 W -32.956 34.793 0.990 282.321
HS 2 w -33.236 33.211 0.997 276.128

50-DHS 1 G -32.407 33.286 0.995 269.442

50-DHS 2 G -21.179 17.820 0.997 176.089

50-DHS 3 G -16.788 10.505 0.994 139.581

50-DHS 1 W -18.606 14.054 0.999 154.713

50-DHS 2 W -19.480 14.066 0.997 161.963

85-DHS 1 G -35.967 38.196 0.999 317.573

85-DHS 2 G -20.873 16.869 0.991 173.545

85-DHS 3 G -16.131 10.020 0.994 134.118

85-DHS 1 W -33.131 33834 0.994 275.461

85-DHS 2 W -16.708 10.899 0.998 138.915

45 Kinetic parameters  deduced from correlation factor quotient for each transfer function

isoconversion and SB combined methods

The activation energy having been evaluated through
isoconversion, Qiso, there followed the evaluation of
the kinetic function, applying the same methodology
as in the previous section, but in this case, seeking the
values of n and m linearizing Eqg. (7) for a value of
activation energy equal to the energy obtained by
isoconversion. A well-behaved kinetic function for n
and m is that which generates the highest R?(L) value
for a Q value no more than 0.5% apart from Qiso.

The parameters obtained through linear regression
for homogenized samples (HS) are shown in Table 9.
It shows activation energy values obtained by
isoconversion (Qisx) and those obtained by
adjustment (Qsg), as well as n and m values of the A
Sestak-Berggren kinetic function and the R?

used.

Q values obtained using Gaussian transfer functions
are higher than those obtained using Weibull.
Undoubtedly, Q values obtained for reactions 1 and
2 with Weibull may be interpreted as having been
mainly generated, in lesser proportion, by Fe and Si
diffusion, where undoubtedly Fe and Si rich phases
coexist, possibly those of a-AlFeSi and Al3Fe, in
agreement with reports by Shoji [29]. A graceful way
to circumvent elaboration regarding the high values
obtained when the Gaussian transfer function is used,
is accepting that it is inadequate for the kinetics study
of these particular experimental data. Even A values
are much too high for the third reaction.

Table 10 shows the results for 50-DHS samples. In
this case, Q values displayed seem valid for both
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Gaussian and Weibull transfer functions. It must be
taken into account that these samples are cold-rolled
down to 50%; that the recrystallization process at this
temperature has been completed or is in the process
of being completed; and that an extra mechanism,
associated to recrystallized grain growth, must be
under way. The energy of the first two reactions using
Gaussian transfer functions indicates that a process is
indeed ongoing, whereby Fe diffusion is

predominant, and Si diffusion markedly less so;
whereas the third reaction might well correspond to
the high-angle boundary migration that characterizes
crystallized grain growth. Using Weibull transfer
functions results in Q values much lower than those
reported for homogenized samples, though bearing
more resemblance to those of reactions 2 and 3
obtained with Gaussian transfer functions.

Table 9. Kinetic parameters deduced from combined Isoconversion-Sestak-Berggren models, for HS samples.

Q=Qss

. ; Q=Qiso 2
0
KImol-t B (°C/min) TF Reaction n m KImol-L A R4(L)
333.773 5 G 1 1.435 0.065 5.9271E22 0.9991
333.451 10 G 1 1.230 0.320 334.493 2.1085E22 0.9993
334.999 20 G 1 1.170 0.335 ' 7.1945E21  0.9997
334.277 40 G 1 1.130 0.390 2.0529E21 0.9997
630.376 5 G 2 1.870 0.000 o0 0.9952
630.601 10 G 2 2.310 0.000 o0 0.9842
632.901
631.487 20 G 2 1.865 0.000 o0 0.9951
630.834 40 G 2 1.865 0.000 o0 0.9951
487.187 5 G 3 1.455 0.00 6.9966E31 0.9973
490.358 10 G 3 1.210 0.130 489.214 3.8453E31 0.9959
486.835 20 G 3 1.460 0.00 ' 5.9149E30 0.9978
488.452 40 G 3 1.460 0.0 1.3500E30 0.9973
281.417 5 W 1 1.655 0.000 4.9628E18 0.9978
282.314 10 W 1 1.375 0.145 282,391 1.5466E18 0.9984
281.851 20 W 1 1.390 0.165 ' 4.0843E18 0.9982
282.174 40 W 1 1.305 0.205 1.4089E17 0.9986
274.999 5 W 2 1.680 0.000 4.0348E17 0.9746
275.239 10 W 2 1.095 0.220 276,128 8.6970E16 0.9986
275.098 20 W 2 1.135 0.125 ' 2.1441E16 0.9989
275.220 40 W 2 1.050 0.150 5.2519E13 0.9995
Table 11 displays kinetic parameters for 85-DHS, referenced in [ 2,51,67]. The Q value for the second
where the behavior obtained in moderately reaction using Gaussian transfer function coincides
deformed samples is emphasized. The activation with that obtained for 50-DHS samples.
energy shows two reactions, the first for each This second kinetic analysis reveals n and m
transfer function might well be associated to an Fe: dispersion values lower than those obtained using
rich phase precipitation, whether FesAl or B-AlFeSi; the previous method. This dispersion is attributable
whgreas the th!rd Gau_s.su_m reaction and the secor}d to the dependence of the activation energy Q on a,
Weibull reaction coincide in energy value, in and to the fact that the Kissinger method used can
agreement with the high-angle boundary diffusion only be considered as an isoconversion method for
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fully symmetric kinetic reactions where the Tp value being valid when Gauss transfer functions are used,
corresponds to a conversion around o = 0.5, this but not when using Weibull functions.

Table 10. Kinetic parameters deduced from combined Isoconversion-Sestak-Berggren models, for 50-DHS samples.

ISJTn(?)SIi c rE :n'l FT Reaction n m E;S(;TS A R?

268.296 5 G 1 1.260 0.250 4.3248E17 0.9994
268.739 10 G 1 1.185 0.345 269.442 1.1879E17 0.9994
269.463 20 G 1 1.200 0.355 3.9162E16 0.9992
269.206 40 G 1 1.305 0.200 6.9225E15 0.9993
176.707 5 G 2 0.990 0.625 8.0954E10 0.9989
176.619 10 G 2 1.070 0.525 176.089 1.4603E10 0.9989
175.305 20 G 2 1.160 0.395 2.2246EQ9 0.9989
176.198 40 G 2 1.190 0.345 5.1125E08 0.9988
140.093 5 G 3 0.935 0.615 1.0787E08 0.9967
139.137 10 G 3 0.925 0.545 139.581 1.5004E07 0.9940
138.884 20 G 3 0.925 0.595 4.8655E06 0.9951
139.494 40 G 3 0.920 0.560 1.2703E06 0.9941
155.471 5 W 1 1.175 0.235 1.4679E09 0.9972
154.441 10 W 1 1.150 0.315 154713 3.9031E08 0.9989
154.724 20 W 1 1.175 0.245 7.9783E07 0.9983
154.250 40 W 1 1.170 0.190 1.6677E07 0.9986
161.421 5 W 2 0.920 0.535 3.9153E09 0.9997
162.316 10 W 2 0.925 0.340 161.963 4.0651E08 0.9984
162.042 20 W 2 0.850 0.415 1.1435E08 0.9995
162.063 40 W 2 0.865 0.300 2.5104E07 0.9999

Table 11. Kinetic parameters inferred from combined Isoconversion-Sestak-Berggren models for 85-DHS samples.

S]m%sii °Cn[13in'1 Re;:iion : m (ngrSj? A R?
319.118 5 G 1 0.975 0.540 5.9073E20  0.9998
317.853 10 G 1 1.115 0.430 317573 6.5345E20  0.9996
317.201 20 G 1 1.280 0.225 9.4382E19  0.9994
316.827 40 G 1 1.340 0.160 1.7131E19  0.9993
173.645 5 G 2 0.960 0.640 8.0643E10  0.9993
173.147 10 G 2 1.030 0.550 173545 1.2565E10  0.9989
172.878 20 G 2 1.185 0.340 1.3433E09  0.9989
173.837 40 G 2 1.140 0.400 5.7934E08  0.9987
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Table 11. Kinetic parameters inferred from combined lIsoconversion-Sestak-Berggren models for 85-DHS samples.

Continued.

Q=QSsB B TF m Q=Qiso A R2
kJmol™ °Cmin Reaction kJmol!

134.492 5 G 3 0.815 0.695 1.0896E08 0.9848
134.756 10 G 3 0.865 0.670 134.118 2.2302E07 0.9873
134.434 20 G 3 0.915 0375 1.5953E07 0.9918
134.165 40 G 3 0.825 0.610 9.7962E05 0.9817
274.243 5 W 1 1.110 0.310 8.9681E17 0.9977
274.380 10 W 1 1.255 0.240 1.7907E17 0.9985
274.705 20 W 1 1.525 0.020 275461 3.3228E16 0.9982
274.296 40 W 1 1.670 0.000 6.0538E15 0.9960
139.006 5 W 2 0.725 0.645 1.5129E08 0.9993
139.565 10 W 2 0.765 0.625 138,915 3.2357E07 0.9996
138.948 20 W 2 0.980 0.300 3.7609E06 0.9921
139.364 40 W 2 0.765 0.525 1.4631E06 0.9999

5. CONCLUSIONS

An above-400°C study of an Al-Fe-Si alloy
(AA8011) was carried out by calorimetric curve
deconvolution obtained by DSC using different
transfer functions and by combining Sestak-
Berggren and isoconversion methods, with the
following conclusions:

1. A Kkinetic analysis based solely on the
adjustment of parameters associated to the
kinetic function does not guarantee the absolute
minimum demanded by linear regression, so that
different relative minima that meet the condition
of linearity may be obtained. The isoconversion
method, by directly supplying the activation
energy, reduces this problem to obtaining the
kinetic function that replicates that energy value.

2. The deconvolution of experimental DSC plots
by employing Gaussian and Weibull functions
evinces the coexistence of different overlapping
reactions happening along the main processes
and affecting their kinetic parameters. It took
three reactions to reproduce the experimental
kinetic when using Gaussian transfer function,
whereas only two were needed when Weibull
functions were used. This is possible since the
asymmetry associated to Weibull better covers

the start and endpoints of the experimental
Kinetic.

In the case of homogenized samples, the
Gaussian transfer function results in physically
inadequate outcomes, whereas the Weibull
transfer function predicts the coexistence of two
Fe-rich phases, the first of which corresponds,
according to the literature, to AlFeSi; and the
second, probably, to AlsFe [29,30].

For highly deformed samples, Gaussian transfer
functions predict two reactions whose activation
energy is in agreement with Fe diffusion energy;
whereas the third reaction reflects activation
energy in conformity with the energy associated
to the diffusion process of high-angle grain
boundaries. Weibull transfer functions yield an
Fe-rich phase and a second reaction associated
to the diffusion process of grain boundaries
located around 136 kJmol, similar value for
both transfer functions.

It follows that in multicomponent alloys, DSC
measurements generate a heat flow which in
turn encompasses several reactions; and the
particular information borne by each of them
can be inferred by using deconvolution methods.
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6. The combination of isoconversion and linear
regression are presented as the adequate
methodology to determine the kinetic triplet.
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8. APENDIX

Derivation of equation (1)

The reaction rate taken from the theory of chemical
reactions for isothermal processes is given by
d
—=K(TF(a) (A1)
Considering the heating ratio = dT/dt, this same
expression can be used for non-isothermal
processes,
d
—=K(TF(a) (A2)
Experimentally, the extension of the conversion or
transformed fraction «, associated with the reaction,
can be deduced from the heat flow curve as a
function of time considering that in the isothermal

case o is defined, by:

©2019 Universidad Simén Bolivar

Rev. LatinAm. Metal. Mat. 2019; 39 (1): 16-40



Rev, LatinAm. Metal. Mat,

Articulo Regular]

www.rlmm.org

[fe AHAt
= (A3)
J,  AHdt
And in the non-isothermal case
Ta
AHAT
@ =5 2 (A4)
f,” aHar

where t, (To) represents the time (Temperature)
elapsed for the reaction to reach a transformed
fraction o and tr (Tr) the time (Temperature) for the
reaction to occur completely. The integral of the
denominator represents the total area under the
curve and we designate it with the letter S. Deriving
o in A3 with respect to time (A4 with respect to
Temperature) we obtain the relation

da AHg,

— = (A5)
dt S

de _ 2 A6

Note that in A6 the area is written as S' to
differentiate the gauging unity from that at A5.
Combining Al and A5 in the isothermal case, and
A2 with A6 for the non-isothermal case, we obtain:
da _ _ Mg
—=K(DF(a) =—= (A7)
da _ K(T)F(a) _ AHg
ar g s
considering that the reaction constant follows an
Arrhenius relationship, K (T) is defined as

K(T) = Aexp (— RQ—T) (A9)

(A8)

And that the kinetic function F (a) in the two-
parameter model of Sestak -Berggren is defined by:

Fl@=1—-a)*a™ (A10)

For the isothermal case, the expressions A9 and A10
are substituted in A7 and the neperian logarithm is
taken, generating Equation (1)

AH, _ . &
In (m) = In( A) RT (1)

While that expression, following the same
procedure, in the non-isothermal case, is written as

1 ( PAHg

S'A—a) gm

) =1In(A) — % (A11)

Note that both (1) and (A11) have similar functional
forms when we incorporate in All the term In ()
into the term In (A) and define A'= A/ .

9. SYMBOL LIST

AH: Heat flow

S: Area under the heat flow curve

ou: Fraction transformed, conversion extension

F (o): Kinetic function

K (T): Reaction constant

n, m: Coefficients of Sestak -Berggren

A: Arrhenius prefactor

Q: Apparent activation energy

Qss: Activation energy deduced from the Sestak-
Berggren model

Qiso:  Activation energy deduced from the
isoconversion scheme

R: Universal gas constant

T: Temperature

t: Time

[: Heating rate

R2: Determination coefficient of the regression

N: Validation coefficient of the Isoconversion

X (t): Input signal

Y (t): Output signal

g (1): General transfer function

W: Gauss or Weibull transfer function

Wi: Transfer function parameters

Stotar; Total area, sum of area for each deconvolved
reaction

TF: Type of transfer function (G: Gauss; W:
Weibull)
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