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ABSTRACT. The structural and magnetic phase transformations of Fe, Co, and Ni was studied by
thermogravimetric (TGA) and calorimetric methods in the range 300-1000K. By TGA the
temperature domains of transformations were detected and the effect of oxidation on thermal
properties of these metals at heating in air was shown. The calorimetric studies were conducted in
argon using the high temperature calorimeter HT-1500 ("Seteram'). The temperature of
transformations and the values of thermal effects: for Fe Curie temperature is Tc = 1143K,
enthalpy AHm = 454 J/mole; structural transformation temperature Tst = 1183K, AH = 623
J/mole; for Co Tc = 1400K, AHm = 430 J/mole; Tst = 700K, AH = 269 J/mole; for Ni Tc = 631K,
AHm = 373 J/mole. To characterize the ferromagnetic disordering process, the heat capacity
Cp(T) of nickel in the region of 300-1000 K was studied by differential scanning calorimeter (DSC-
111). The excess magnetic heat capacity ACm was separated from experimental Cp (T) by using the
special method. The ACwm (T) has the A-type curve with Curie temperature at 625K. Above Tc it has
a tail over 150K which corresponds to short-range magnetic interactions. The full magnetic
enthalpy Hm and entropy Sm are evaluated to be 1100 J/mole and 2.3 J/K.mole, respectively. The
share of short-range energy is ~15-20 per cent of this value. The relationship between the enthalpy
of magnetic transformation and of magnetic moment of saturation of metallic and oxide
ferromagnets is illustrated © 2079 Bull. Georg. Natl. Acad. Sci.
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The study of the various physical properties of  (iron, cobalt, nickel) in the region of high

compounds in the region of phase transitions is of
significant importance for solid-state physics and
chemical thermodynamics. Transition metals of
iron subgroup from this point of view are quite
successful objects for research, since they are
characterized by various types of structural and
magnetic transformations occurring at temperature

and pressure change. For classical ferromagnets

temperatures (above room temperature) various
structural transformations and magnetic disordering
processes are elucidated and reported [1-5]. The
study of thermal behavior of these processes,
especially in the nearest region of phase transitions,
is a significant task for modeling and predicting the
of numerous compositions

properties new

developed on the basis of transition metals.

© 2019 Bull. Georg. Natl. Acad. Sci.
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The nature of phase transformations of transition
metals at high temperatures has been studied quite
well (with the exception of high-temperature
transitions in rare-earth metals). In most cases, there
is  detailed

characteristics, as well as the change in the

information  about magnetic
parameters of the crystal lattices and other structural

characteristics of these metals during phase
transformations of the first kind [5]. However, the
question of the behavior of the thermophysical
properties of transition metals near points of phase
transformations of the first and second kind in many
cases remains poorly understood and controversial.
and heat

conductivity, as well as information on the heat

Experimental data on temperature
capacity and electrical conductivity of transition

metals during high-temperature phase
transformations were studied by the authors in [1-5].

According to the existing literature data [5]
polymorphic and magnetic transformations for
iron, nickel and cobalt have the following
temperature characteristics: iron has a volume-
centered cubic lattice (bcc) of a-Fe at T <1184K,
and face-centered — fcc y-Fe at T> 1184K. At
1665K the reverse transformation of fcc-bee y-a
(0) occurs. Ferromagnetic transformation take
place at T, = 1041K. The standard state of cobalt
in the interval of 0-718 K is assumed to be
hexagonal modification — a — Co and in the
interval 718—-1768 K — the cubic modification, B -
Co (fcc). Cobalt is ferromagnetic with Curie
temperature at 1394 K. Nickel has a ferromagnetic
transformation with Curie point at T, - 631K.

The aim of this work is an experimental study
of transition metals — iron, cobalt, nickel — in the
high-temperature region near the points of
structural and magnetic phase transformations, and
evaluation of enthalpy of the corresponding

thermal anomalies.

Experiments and Results

Investigations of high-temperature transformations

of Fe, Co and Ni were carried out on an HT-1500
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calorimeter manufactured by “Seteram” (France).
High-purity metals (<99.9%) were used as
research objects.

A preliminary thermos-gravimetric study (at
the facility by NETZSCH, STA-2500 Regulus)
in the temperature range 300-1300K showed
that conducting experiments in the atmosphere
of air is associated with a change in the weight
of the

processes. As an example, Fig. 1 shows the

samples as a result of oxidative
thermal behavior of iron during heating. It is
obvious that the oxidation process gradually
increases above 800K and sharply increases in
the region above 1100K. Oxidation processes at
temperatures T>300 K are also expected for
cobalt and nickel. The

exothermic effects prevent the unequivocal

corresponding

identification and evaluation of both structural
and magnetic transformations occurring in the

same temperature range.
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Fig. 1. Process of oxidation of iron.

In order to avoid oxidative processes,
calorimetric studies on HT-1500 were carried out
in an argon atmosphere. The samples weighed
with an accuracy of 0.00005 g were loaded into a
crucible, which was then placed in the calorimeter.
After careful assembly and degassing of the

calorimeter, argon was injected into the furnace



Thermal Anomalies at Structural and Magnetic Transformations of Iron Subgroup Metals 61

and into the muffle to a certain pressure (1.1 atm.).
Then the required mode of operation of the
calorimeter was set.
The studies
calorimetric detector with differential thermal
battery Rt /Pt/Rd 60% /Pt Pt/Rd 30%.

Experimental conditions (sample heating rate,

were carried out on a

instrument sensitivity, sample size, etc.) were
selected empirically depending on the nature of
the studied process in such a way that the
configuration of the thermal anomaly provided a
minimum error in its evaluation. The constant of
the calorimeter K at a given temperature was
determined by the enthalpy of melting of the
reference substances — indium, tin, lead, zinc,
aluminum, silver, and gold as:

K=AH G/AM, (1)
where:
AH — the heat of melting of reference substance
(j / mol) [6];
A —
peak of melting;

the area corresponding to the calorimetric

G — the sample weight in g.;
M - the molecular weight.
In our studies the heating rate of the samples
was 200 K / hour (~ 3 K/ min.), the sensitivity of
-500 mv,

measurements for each substance was 5-8.

the galvanometer the number of
In case of the samples of metallic ferromagnets
Fe, Co, Ni experiments were carried out under
analogous conditions. The heats correspondent to
the anomalies in the region of transition points
were calculated using the formula:
AH=K-A-M/G (J/mole), 2)
where:
K — the calorimeter constant taken from the
calibration graph (Fig. 2);
A — experimental calorimetric thermal anomaly;
M — the molecular weight of the metal;

G — the weight of the metal sample in grams.
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Fig. 2. Calibration curve of calorimeter.

Standard deviation of enthalpy S =+2.5%. The

results are shown in Table 1 and in (Figs. 3,4).

Table 1. Characteristics of structural and magnetic
phase transitions

AH ferromag. | AH structural
(J/mole) (/moley | 1eX | TuK
Fe 454 955 1143 | 1259
Co 430 269 1400 700
Ni 372 631
1450 Ni
1080
1400
500 700 900 1100 1300 1500 1700

Fig. 3. Enthalpy of magnetic transition of iron,
cobalt, nickel.



62 Mzia Khundadze, Vera Varazashvili, Tengiz Machaladze, Murman Tsarakhov, Rusudan Jorbenadze

> F Co
= e
S 1259
2 730
fud
-
o
g
=
—
664
1183
Temperature K

640 690 7401150 1200 1250 1300

Fig. 4. Enthalpy of structural transition of iron and
cobalt.

known that in most cases the

ferromagnetic disordering process is realized in

It is

the form of second-order transformations with the
A-shaped form of heat capacity function. Based on
the temperature dependence of magnetization
(magnetic moment M) as an order parameter, we
can conclude that the process of magnetic
disordering occurs most intensely in the
immediate vicinity of the critical temperature —
Curie point T., making this area most interesting
for detailed study. Therefore, the magnetic part of
the enthalpy (Hm) and the excess magnetic part of
the heat capacity (Cn) in classical ferromagnets
are determined by the value of magnetic moment

of saturation M, as [7]:
Hpm=-0.5nM? and

Cu = dHn/dT= 0.5n (dM?/ dT) 3)

Consequently, a complete decreasing (jump) of
the heat capacity at the transition temperature ACp,
correlates with the magnetic moment of saturation
M; as well. A detailed study of the thermal
characteristics in the critical region makes it
possible to clarify the type and nature of the
transformation, to determine the temperature

boundaries and other critical indexes and
parameters of transformation. All this information
is necessary for further improvement of theoretical

models of ferromagnetic phase transformations.
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From this point of view, the study of the
temperature function of heat capacity, the reliable
determination of its excess magnetic component,
and estimation of a heat capacity jump at the
Curie point (T;) are especially informative for
characterization of ferromagnetic disordering
process. For this purpose, as an example, we
investigated the heat capacity of nickel in the
region of 300-1000 K on the differential scanning
calorimeter DSC-111 (Setaram). Accuracy of
measurements, determined by the standard
substance — alumina was 1.5%.

The obtained data are presented in Fig. 5
(curve 1) and in Table 2. A comparison with the
most reliable literature values is given also. The
critical point of the singularity on the A — curve of
heat capacity at 625K corresponds to the Curie
point of nickel, which agrees well with the
existing literature data and also with the values

given in Table 2.

Table 2. Heat capacity of Nickel Cp(J/K.mole)

TK | Cuep [gg] TK | Cyep [gg]
298.15 | 2583 | 25.79 | 600.00 | 34.88 | 3475
31000 | 2650 | 2608 | 610.00 | 3550 | 35.38
33000 | 2705 | 2667 | 62000 | 3689 | 3622
35000 | 27.51 | 2726 | 624.00 | 37.89 | 37.05
37000 | 2801 | 27.84 | 62500 | 36.63 -
390.00 | 2851 | 2843 | 630.00 | 3341 -
41000 | 2872 | 29.01 | 640.00 | 3224 | 32.87
43000 | 2948 | 2960 | 650.00 | 31.69 | 31.82
45000 | 29.73 | 29.64 | 67000 | 3144 | 3161
47000 | 2998 | 3035 | 690.00 | 3098 | 31.19
49000 | 3048 | 3094 | 71000 | 3098 | 3098
51000 | 3098 | 3140 | 750.00 | 30.73 | 31.07
53000 | 31.82 | 3224 | 80000 | 31.19 | 31.15
550.00 | 3245 | 3270 | 850.00 | 31.40 | 31.53
57000 | 33.16 | 33.70 | 900.00 | 31.74 | 31.40
590.00 | 3442 | 3429

Evaluation of the magnetic part of enthalpy is

associated with a very sensitive task of separating
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the excess magnetic heat capacity from the full
experimental function Cp (T). To estimate the
magnetic excess heat capacity Cn, we used the
method described in our previous work [10], and
also by extrapolating the heat capacity equation of
Mayer and Kelly type [11] from the paramagnetic

region to the standard temperature.
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Fig. 5. Heat capacity of nickel
1. experimental Cp
2. magnetic part Cm.

The obtained magnetic heat capacity is
shown in Fig. 5 curve 2. It is obvious that at the
point of ferromagnetic transformation the heat
capacity decreases sharply, but above T, has a
tail over 150K. It is assumed that in the region
of T<T., the destruction of the long-range
magnetic order occurs, and the region above Tc
corresponds to the destruction energy of the
nearest magnetic interactions. The full magnetic
enthalpy Hn and entropy S, are found to be
1100 J/mole and 2.3 J/K.mole, respectively.
Despite the fact that the energy of short-range
magnetic order (Hg) is a small part of the total
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energy of magnetic exchange interactions
(~15-20%), still the values of Hsh. Ssn, and ACy
are an additional and important information
when developing model representations of
ferromagnetic transitions, and at estimating
corresponding critical parameters.

Based on calorimetric measurements, the
relationship between the enthalpy of magnetic
transformation and of magnetic moment of
saturation of metallic ferromagnets is illustrated
on Fig. 6a which reveals the rectilinear correlation.
It should be said that the similar type of
relationship was received in our earlier work
(Fig. 6b) [11] for antiferromagnetic individual
ferrites and their solid solutions, which has

magnetic moments higher than 2 nB.
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Fig. 6(a,b). Correlation between magnetic enthalpy
AHm and magnetic moment nB:
(a) —Ni, Co, Fe
(b) — ferrites.
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