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ARTICLE INFO ABSTRACT

Thermal analysis consists of a wide range of methodologies that can be applied to assess the
composition and properties of materials. This paper describes the basic features of a new package
for the R software named takos for simulating and analysing calorimetric data sets. The package can
simulate data via the Sestik Berggren (SB), Johnson-Mehl-Avrami (JMA) and other common kinetic
models used in solid state kinetics (power law, one dimensional diffusion, Mampel, Avrami-Erofeev,
three dimensional diffusion, contracting sphere, contracting cylinder, and two-dimensional diffusion).
Thermal analysis The methodologies included in order to determine the kinetic triplet are the Avrami, Friedman,
Kinetic analysis Kissinger, Ozawa, Ozawa-Flynn and Wall (OFW), Mo, Starink and Vyazovkin methodology (Vyazovkin).
R The package is under constant development, being improved and extended with new functionalities,
as well as being continually tested on real-life data, the analyses of which are peer-reviewed during

their respective publication processes.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Motivation and significance enhanced by letting users write scripts that can analyse data by

means of the most widely adopted methodologies in an efficient,

To the authors’ knowledge, several non FOSS (free and open
source) softwares are able to perform analyses of thermoanalytic
data but there is a lack of scriptable, open source solutions for
performing a complete thermal analysis on the data acquired
via differential scanning calorimetry (DSC). In addition, the avail-
ability of a package in the R environment can help researchers
to rely on a reproducible work flow [1]. The usefulness of such
a tool is evident as it provides qualitative testing of the con-
sidered methodology at unprecedented precision. This is further
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reproducible pipeline. In this context the authors developed the
package takos.

2. Software framework

As reported in the ICTAC Kinetics Committee recommenda-
tions for collecting experimental thermal analysis data for kinetic
computations [2]:

Generally, any physical property whose change is measured as
a function of time can be a source of kinetic data. In the area
of thermal analysis, kinetic data are collected most commonly
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by measuring changes in either heat (calorimetry) or mass
(thermogravimetry).

For any monitored physical property £ we can write that

§i—§&
o =

& — &
where « is the degree of the process conversion, & is the current
state of a property, &; its initial and & its final value. When the
process starts, o values are at 0 while at the process end they
approach 1. Values of « in the range 0-1 represent the process
progress at a given moment of time and is determined via a
fractional change in the measured property.

The properties measured can vary depending on the technique
adopted. For example, in thermogravimetry (TG), « is the ratio of
the mass change to the total mass of the sample during the pro-
cess, while in differential scanning calorimetry (DSC) the progress
is evaluated as a ratio of the current heat change to the total heat
released or absorbed in the process.

Considering a single step process, we have:

do

3t = KT (e)h(P) (1)

where t is time, T is temperature and P is pressure. In the case
of multiple processes, it is necessary to evaluate the progress of
each single step separately. The pressure dependence, h(P), can be
a very important variable but it is generally not considered in the
majority of kinetic methods in thermal analysis, and it is beyond
the scope of the software implemented (more on this topic can
be found in [3]). For sake of clarity we will rewrite the previous
equation as

da

o = KT (e). (2)

In this equation, we made the assumption that we have the
product of two functions independent from each other, where
one depends solely on T and the other one (f(«)) solely on the
conversion process. In other words, the conversion function f(«)
at a fixed value of o holds for any temperature or temperature
regime, i.e. the mechanism of the process is solely a function of
conversion, it is not a function of temperature. These assumptions
constitute the base for isoconversional methodologies.

The dependence of « is the reaction model f(« ) that can take a
variety of mathematical forms as expressed in Table 1, while k(T)
is generally represented by the Arrhenius equation reported in
(3), where A is the pre-exponential factor (s™!), E is the activation
energy (Jmol™!), T is the absolute reaction temperature (K) and
R stands for the universal gas constant, 8.314 Jmol~ 'K~ 1.

K(T) = Aelwr) (3)

Combining Egs. (2) and (3) when we have a linear heating
temperature program we can obtain:

(&).= (05), = wsemen]-] =aen[ -] @

where the subscript « refers to a fixed conversion degree and S is
the applied heating rate. This is the starting point for differential
methods. Applying a logarithmic transformation to (4) we have:

da B
z ( —) = InA, — -2 5
"Far), = e = 7 )
known as Friedman’s method.

Integrating (4), we have:
¢ da

0 m:/o K(T)dt (6)
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which is the starting point for integral methods. All the ex-
pressions for methods implemented in takos are presented in
Table 2.

In order to determine the kinetic triplets (E, A and f(«)) apply-
ing the methodologies presented, we need to simulate or collect
data sets of kinetic runs from the dependencies of time vs. heating
rate (for isothermal measurements), temperature vs. heating rate
(for integral and incremental methods with linear heating rate) or
from reaction rate vs. temperature (for the differential Friedman
method). It is worth noting that takos implements each method-
ology by means of dedicated functions, allowing the user to create
scripts able to perform analysis in batches.

It should be noted that the methods listed in Table 2 are not
equally adoptable regarding their utilization in kinetic analysis.
For example, the Kissinger method (based on the utilization of
the temperature corresponding to the maximum of the kinetic
peak) is largely insensitive to the process complexity and must
not be used during cooling (see e.g. [16,17]). The rigid integral
isoconversional methods (such as KAS, OFW or Starink) were also
derived for the single-process analysis, and when the activation
energy exhibits variability above 20%, these methods result in
large systematic errors (see e.g. [18,19]). Although the kinetic
analysis is usually performed on data obtained during heating, a
similar approach can be also adopted for data obtained during
cooling (such as e.g. crystallization of melts). However, in such
case only certain methods (such as the Friedman or the Vya-
zovkin advanced isoconversional method) that reflect the cooling
temperature program can be used (see [20] for more detail).

2.1. Software architecture

Simulation
or Input of
Raw Data

Check
of Data

Model B
(integral)
Parameter
estimates
Summary
and Plot

2.2. Software functionalities

The R package depends on packages MASS, devEMF, seg-

mented, sfsmisc, smoother, pracma, data.table,
broom, colorRamps, minpack.lm, tools, baseline and
graphics.

Its latest version (0.2), including the User Manual, is down-
loadable from the Comprehensive R Archive Network (CRAN)
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Table 1
Reaction model implemented in takos.
Reaction Model Code f(a) = [y If(a)l da
Power Law P4 4034 [ dor/(4a®/4)
Power Law P3 3023 al/3
Power Law P2 2a1/? al/2
Power Law P2/3 2/3a71/2 a3/2
One-Dimensional diffusion D1 1/2a7! a2
Mampel (first order) F1 11—« —In(1 —«a)
Avrami-Erofeev A4 4(1 — a)[—In(1 — a)]?/* [—In(1 —a)]V*
Avrami-Erofeev A3 3(1 — a)[—In(1 — a)]?? [—In(1 —a)]'/3
Avrami-Erofeev A2 2(1 — a)[—In(1 — a)]'/? [—In(1 — a)]/?
Three-dimensional diffusion D3 3/2(1 — )?P[1 — (1 — ) /317! [1—(1—a)P
Contracting sphere R3 3(1 —a)?? n—1—-a)??
Contracting cylinder R2 2(1—a)'/? [1—(1—a)]?
Two-dimensional diffusion D2 [—=In(1 —a)]7! [(1—a)n(l1—a)]l+«
Truncated Sestik Berggren SB a™(1—a) [ do/(a™(1 —a)")
Johnson-Mehl-Avrami JMA m(1 — a)[—In(1 — )] =(1/m) [—In(1 — a)]V/m
Table 2
Kinetics methods implemented in takos.
Method Expression Ref.
Johnson-Mehl-Avrami & — kn(1 — o)[—In(1 — o)~/ [4,5]
Differential Kissinger ln(%> =%k — é [6]
Differential Friedman 1n<%>a = m(g %)a = Inf(a)(Ag) — % 7]
Integral Avrami log(—In(1 — «(T, t))) = Blog(k') + nlogt [8]
Integral Ozawa log(—In(1 — «(T, t))) = logK*(T) + mlog B [9]
Integral Flynn-Wall-Ozawa log(B) = log(%) — log(g(e(T))) —5.331 — 1.052 % [10]
Integral Kissinger-Akahira- log(%) log( am)) % [11]
Sunose
Integral Mo log(B) = log(F(T)) — blog(t) [12]
Integral Advanced J(Ey, ty) = f exp[ ]dt [13]
Isoconversional Method
Integral Modified Advanced J(Ey, ty) = j;i"im exp[;—f}dt [14]

Isoconversional Method

Integral Starink

()

E
= —1.0008 £ + Const [15]

(http://CRAN.R-project.org/package=takos).
The package is installed into the R software by issuing the
following commands in an R terminal:

install.packages(’takos’)
library(takos)

The package includes a generic function that can simulate
thermoanalytic data according to the reaction models presented
in Table 1 that can be invoked using the command gAC. It per-
forms calculations using the function LSODA, which is a part of
the deSolve package [21]. The LSODA function provides an in-
terface to the Fortran ordinary differential equation (ODE) solver
of the same name. It switches automatically between stiff and
non-stiff methods and employs the following families of linear
multi-step methods: Adams methods (interpolation of the past
dy/dx values) for solving the non-stiff problems and the backward
differentiation formulae (interpolation of the past y values) for
solving the stiff problems.

For this function the user needs to input:

e the time of starting of the simulation (time.start)
e the desired starting temperature (TO) and the desired end-
ing temperature (T.end) for the simulation

e the heating rate (expressed in degrees Celsius/min or in

Kelvin/min) (qqq)

the pre-exponential parameter A expressed in 1/s (A)

E,, the activation energy expressed in J/mol (Ea)

the parameters m, n, K of the chosen model (m, n, K)

the number of points for the simulated thermoanalytic curve

(npoints)

e the starting 0 value for the simulation, that will affect the
precision of calculations [22] (prec)

e the user selected model (rmod)

When we invoke the command gAC with the default parame-
ters we have

gAC(time.start=0,
T0=0, T.end=500,
q99=50,
A=10"(6.3),
Ea=80000,
m=1, n=2, K=0,
npoints=10000,
prec=10~(-4.30095790876) , rmod="3B",
)
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Also, due to the frequent use of the Johnson-Mehl-Avrami and
truncated Sestik Berggren, these models have two dedicated
functions called JMA and SB.

After the importing or simulation of a series of thermoan-
alytic curves, the data need to be converted to a data table
using the command data.table, then checked via the function
checkmat, included in takos, before being able to be analysed.

In both cases the imported files must include a column with
the time of acquisition (expressed in seconds or minutes), a
column for the sample temperature (in degrees Celsius or Kelvin)
and one column with the value of the signal (expressed in mW).

Each methodology for finding the kinetic triplet can be in-
voked using:

METHOD (mat , id,degree) where the arguments are defined
as:

o the matrix of all the thermoanalytic data, mat, checked using
the function mat . check

e the variable chosen for subsetting the matrix (default =
“rate”), id, alternatively the number of the thermoanalytic
data-curve or another numeric value

e degree, selected degrees of crystallinity for performing the
analysis.

The name of the methods implemented in takos are the fol-
lowing: FRI (Friedman), KAS (Kissinger-Akahira-Sunose), Kiss
(Kissinger), MO (Mo), OFW (Ozawa-Flynn and Wall), 0Z (Ozawa),
VY (Vyazovkin isoconversional method).

As output we obtain a model mod, a data.table, a table xy
that let us construct the default plot for each model, the activation
Energy, Ea, and a data.table, DT, built with the values of mat
according to the specified degree used for calculating the model.

The package has a methodology for calculating the baseline
in differential thermal scans (tangent area proportional baseline)
that was also later included in the package baseline due to its
feasibility of use in signals originating from other physical chem-
ical analytical techniques (i.e. X-ray photoelectron spectroscopy
XPS, Mossbauer spectroscopy etc.).

Finally, functions for creating summaries with all the values of
each model and to create standard plots for each model calculated
are available in the package.

3. Illustrative example

As a demonstration we will report a generic script used for
creating part of the data sets and the analysis reported in [23].
Briefly, theoretically simulated kinetic data were used to evaluate
the performance of the most common isoconversional methods
of kinetic analysis in complex-process scenarios with two in-
dependent overlapping processes exhibiting nucleation-growth
kinetics, and further expand the conclusions for the autocatalytic
kinetic processes with positive asymmetry.

The performance was evaluated by means of the Friedman,
KAS, Starink, OFW, Vyazovkin and incremental modified Vya-
zovkin methods.

After loading the required libraries, we can launch the follow-
ing script that will perform the analysis:

rates=c(0.5,1,2,5,10,20,50)
# The rates chosen for the simulation

# Application of the model JMA with the selected parameters:
al <- lapply(rates, function(x) JMA(A=exp(35),Ea=120000,
T0=-100, T.end=300,
g=x, npoints=10000, n=2))

a2 <- lapply(rates, function(x) JMA(A=exp(14), Ea=60000,
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T0=-100, T.end=300,
9=x,npoints=10000, n=1))

# Conversion to data.table and merging of the curves:
al <- lapply(seq(1,length(al)),
function(x) data.table(al[[x]]$time.s,
al[[x]11$T.cC,
al[[x]]$dadT,
rates[[x]]1))

lapply(seq(1,length(al)),
function(x) setnames(al[[x]],
c("time.seconds",
"temperature.s",
'heat.flow",
"rates") ) )

a2 <- lapply(seq(1,length(a2)),
function(x) data.table(a2[[x]]$time.s,
a2[[x]]1$T.cC,
a2[[x]]1$dadT,
rates[[x]]))
lapply(seq(1,length(a2)),
function(x) setnames(a2[[x]],
c("time.seconds",
"temperature.s",
'heat.flow",
"rates") ) )

a <- lapply(seq(1l,length(al)),
function(x) data.table(al[[x]]$time.seconds,
al[[x]]$temperature.s,
(a1[[x]]$heat.flow*0.66)+
(a2[[x]]1$heat.flow*0.33),
rates[[x]]))
lapply(seq(1,length(a)),
function(x) setnames(al[[x]],
c("time.seconds",
"temperature.s",
'heat.flow",
"rates")))

In order to visually inspect the simulated data, we can write:
windows () # to open a new window

# To calculate the maximum value of y:
amaxH <- max(sapply(a, function(x) max(x$heat.flow)))

# To plot the mixed curves:
thermo (c(-100,300), c(0,amaxH),
mytitle='Dataset A 120/60 0.66/0.33")

lapply(a, function(x) lines(x$temperature.s,
x$hat.flow,lwd=3))

lapply(al, function(x) lines(x$temperature.s,
x$heat.flowx0.66, col="red"))

lapply(a2, function(x) lines(x$temperature.s,
x$heat.flowx0.33, col="blue"))

After preparing the matrix we can apply the methodologies.
# Setting the parameters for the analysis:
mystep <- 0.01 # chosen step size for the alpha to be investigated

mydegree <- seq(0.005, 0.995, by = mystep)

aF <- FRI(ap,degree=mydegree) # Friedman method
aKAS <- KAS(ap,degree=mydegree) # Kissinger-Akahira-Sunose method
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Fig. 1. Activation Energy vs degree of transformation (i.e.crystallization).

aStarink <- Starink(ap,degree=mydegree) # Starink method
a0FW <- OFW(ap,degree=mydegree) # Ozawa-Flynn and Wall method
a0Z <- 0Z(ap,n.step=1, spks=1, eps=0.001) # Ozawa method

The summary for each model can be presented with the fol-
lowing commands:

aF.Table <- summaryTableF (aF)

aKAS.Table <- summaryTableF (aKAS)
aStarink.Table <- summaryTableF (aStarink)
a0FW.Table <- summaryTableF (aOFW)

a0Z.Table <- summaryTableOz(a0Z)

aKiss.Table <- data.frame (summaryTableK(aKiss))

As an example the table for the model according to Friedman
is reported:

rit term estimate std.error statistic p.value Ea.dup

1: 0.01 (Intercept) 38.08 0.61 62.08 2.59e-04 125.25
2: 0.01 x -15.07 0.22 -69.70 2.06e-04
3: 0.02 (Intercept) 36.55 0.34 106.29 1.84e-06 119.88
4: 0.02 x -14.42 0.12 -118.61 1.32e-06
5: 0.03 (Intercept) 34.97 0.20 172.03 3.38e-05 114.88
194: 0.97 x -11.64 1.52  -7.67 6.02e-04
195: 0.98 (Intercept) 24.44 4.18 5.85 2.07e-03 96.75
196: 0.98 x -11.64 1.52  -7.67 6.02e-04
197: 0.99 (Intercept) 24.44 4.18 5.85 2.07e-03 96.75
198: 0.99 x -11.64 1.52  -7.67 6.02e-04

Results can be easily plotted with standard R commands
(Fig. 1).

As can be seen in the reported results, the simulation of
the data was successful in obtaining the curves with the given
parameters.

These curves were generated using the “JMA” methodology.
For the paper previously cited, we performed different simula-
tions in batches changing the parameters at the beginning of the
process while leaving the remaining workflow the same. This had
the double advantage to decreasing the time needed for the study
(in comparison with a less automated approach) and to avoid any
mistake that could have arisen from an operator while conducting
tedious repetitive tasks. Furthermore, for a quick batch compari-
son with other methodology of simulations, we would have just
needed to change the method while invoking the gAC function.
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4. Impact

The package takos will let researcher perform calculations
with unprecedented precision and so study in depth kinetics
processes on thermograms already collected. It will speed up the
workflow letting users take advantage of a scripting language.
Once implemented, scripts can be used in a laboratory and rou-
tinely applied to collected data, shifting the focus to the analysis
of the results obtained instead on their calculation.

We have received positive feedback while presenting our work
in congresses and several colleagues, that actually rely on propri-
etary software, are interested in trying the software in order to
compare it with their present work flow. The package takos was
also used by the authors for performing all the data analysis for
the following peer reviewed published articles [22-26] and it is
routinely used as a diagnostic tool at the SCITEC laboratory. The
diagnostic available on CRAN reports that it has been downloaded
almost 7000 times.

5. Conclusions

In this paper, we have presented takos, an R-based, flexible,
and powerful collection of functions for differential and integral
methods dedicated to the kinetic analysis of data obtained by
Differential Scanning Calorimetry.

Since the software R allows for creation of complex and flex-
ible data processing routines that are not available in existing
programs, it gives the user the possibility to perform calculation
with unprecedented precision and to avoid pitfalls due to the
repetitive task needed while following a workflow which includes
a non-scriptable approach.

The kinetic models provided in the package may prove useful
in characterizing a wide range of processes, e.g. curing, poly-
merization, and effects on changing of synthesis parameters of
a material, which are the fundamental aspects of thermal kinetic
analysis.

The package takos is an ongoing project. We intend to improve
its performance using specific architectures (Compute Unified
Device Architecture) and to extend its features and functionality
by implementing pre-processing functions for the thermoana-
lytic data and implementing additional methodologies for kinetic
analysis.
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