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ABSTRACT

Thermomagnetometry: “A technique in which the magnetic susceptibility of a substance is
measured as a function of temperature, whilst the substance is subjected to a controlled
temperature program”, is one of the less commonly known and used methods of thermal
analysis. This technique is reviewed herein with reference to the instrumentation and methods
used, the property measured, suitable standard reference materials and applications to
mineralogy, metallurgy, other compounds and solid phase reaction kinetics. It is a technique
of considerable, but not general, application which has not as yet reached its true potential in
research.

INTRODUCTION

This is to be a brief survey of thermomagnetometry and some of its
applications. It is not intended to be an exhaustive review of the entire
subject. Thermomagnetometry (TM) by definition is: “A technique in which
the magnetic susceptibility of a substance is measured as a function of
temperature, whilst the substance is subjected to a controlled temperature
program,” Mackenzie [1]. The first use of the term “Thermobalance” and
the equipment’s earlier use in “Magnetochemistry,” appears to have been
made by Honda [2] and Honda and Takagi [3], respectively. The main
elements which show ferromagnetism and are suitable for the application of
this technique are Fe, Co* and Ni, although at very low temperature a
number of rare-earth elements also show this property, i.e. gadolinium,
terbium, dysprosium, holmium, erbium and thulium [4]. The equipment
generally used to make such determinations consists of a balance suitable
for thermogravimetry (TG), where a magnetic field gradient may be applied
and removed at will to the sample while undergoing its preset heating or
cooling program, see Fig. 1.

Thermal analysis Highlights, 8th ICTA, Bratislava, Czechoslovakia.
* Cobalt occurs in two ferromagnetic allotropic modifications Haglund [4].
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Fig. 1. Typical experimental apparatus for thermomagnetometry. (After Aylmer and Rowe
(45))
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Fig. 2. Sample thermomagnetometric curve for TG temperature calibration purposes. Alumel,

nickel, Perkalloy, iron and Hisat (Gallagher and Schrey [7]). (a) Raw TG signal data, (b)
corrected DTG output.
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The magnetic force on the magnetic sample acts as an equivalent “mag-
netic mass” on the balance beam to alter the apparent sample weight on the
resultant TG curve [5,6]. The magnet may be situated above or below the
sample to give effective “weight gains” or “weight losses”, respectively, on
the TG curve. These “weight” changes are due to the attraction of any
magnetic phases which may be produced, permanently, temporarily or
reversibly due to the formation of suitable products of decomposition,
reaction or simple magnetic transitions (Curie points). Figure 2 (from
Gallagher and Schrey [7]) shows TG and DTG curves for a collection of
several metals and alloys used for the purpose of temperature calibration *.

INSTRUMENTATION AND TECHNIQUES

To date, descriptions of suitable equipment or modifications to existing
thermobalances and techniques to enable TM determinations to be made
have been published by a number of workers [8-20]. A different technique
based upon the impedance change in a coil surrounding the sample was
described by Karmazsin et al. [19] who coupled it with dilatometry [21]. If
the magnetic field has an effect upon the reaction temperature or rate, then
any thermoanalytical technique may be used, e.g., EGA [22]. A new very
sensitive apparatus, described by Thomas and Ropital [23], now allows
non-ferromagnetic reactants and products to be studied. :

For convenience, permanent high intensity magnets appear to have been
used almost exclusively to date due to their ease of removal and replacement
in close proximity to the test sample. For many studies such as qualitative
analysis or temperature calibration which involve highly magnetic materials,
a strong magnet is not necessary and may even be detrimental. The use of
permanent magnets has a number of difficulties and disadvantages in
providing the required symmetrical and reproducible magnetic field gradi-
ent, i.e.:

(1) The rapid and reproducible positioning of the magnet with the
magnet directly above or below the sample. Other magnets may be needed
to counter the offset or physical displacement away from the central
position occupied by the sample suspension.

(2) The effects of heat, if the magnet is situated within the furnace. This
aspect may be countered by using special heat resistant magnets, but
magnetic retention above temperatures at about 550°C seems unlikely.

(3) Desired selectable variations in the magnetic field gradient. These can
only be conveniently achieved in a step wise manner by the substitution of

* A set of standard calibration materials, i.e., GM-761, is now available from the U.S.
National Bureau of Standards.
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different magnets which may well be difficult to position in an identical
manner.

The effects of these factors may be acceptable for some types of de-
terminations. However, it would appear that the reproducibility, control,
and continuous field strength variations obtainable with electro-magnets
would be most desirable. In addition their common circular nature would be
ideal. The experimental problems associated with additional stray magnetic
fields resulting from furnance windings have been discussed [16,24-26)].

The loss of sample material by decrepitation, coupled with magnetic
attraction from above may be solved by the use of silica capsules [10,17] or a
quartz wool plug or fine platinum mesh cover [27,28].

A further contribution relevant to TM (and TG) has been made in the
area of measuring the correct sample temperature. This involves duplicate
geometrically identical crucibles as suggested by Wendlandt [29] and con-
firmed and extended by Sestak and Satava [30].

Operation under vacuum is recommended for the most sensitive measure-
ments since oxygen is paramagnetic and gas absorbed onto the holder or
sample may interfere [31]. Further, provided self generated gases are not
involved, sample oxidation may be prohibited completely by determinations
in vacuum or evacuated sealed silica capsules of the type used by Nishiyama
and Ishida [10]. The theory, instrumentation and techniques of thermomag-
netometry as reviewed by Daniels [31], still represents a valuable contribu-
tion, while Haglund [4] in his review of methods of determining Curie points
of alloys also includes thermomagnetometry.

APPLICATIONS AND STANDARDS

There are two clearly different applications of Thermomagnetometry for a
wide range of substances of a mineralogical, metallurgical or process prod-
uct nature.

(1) Temperature calibration and qualitative analysis based upon the
determination of Curie temperatures.

(2) Quantitative analysis of magnetic materials based upon magnetic
saturation measurements. .

In the case of temperature calibration the “Committee on Standardiza-
tion” of the Internal Confederation for Thermal Analysis has selected a set
of reference materials of such merit that these have been certified by the
United States Bureau of Standards (No. GM-761).

The accompanying certification document was prepared by Garn, Menis
and Wiedemann (see also Blaine and Fair [32] and Charsley et al. [33,34)).
The document states that three characternistics for such standard material are
vital

(1) It must have an easily detected and reliable thermal effect, i.e. provide
an easily measurable and reproducible signal.
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(2) It must undergo its thermal change rapidly enough to be measured on
commercially available dynamic instruments.

(3) It must be stable enough to permit its convenient use under the
normal operating conditions of the instrument.

The materials selected in ascending temperature order of their magnetic
transitions are: Permanorm 3 < nickel < Numetal < Permanorm 5 <
Trafoperm.

Additional detailed work on these standard materials for thermomagne-
tometry, using a specially calibrated Stanton Redcroft STA-780 simulta-
neous TG-DTA unit has been described [33], and documented in detail [34].
Individual research workers have used other reference materials with success,
e.g., Norem et al. [5], Gallagher and Schrey [7]. Elder [35] and Earnest [6]
used alumel, nickel, perkalloy, iron and hisat (see Fig. 2). As the progressive
Curie temperatures are reached the individual materials transform to the
paramagnetic state (non-magnetic) and so apparently lose weight (due to
loss of magnetic attraction). The actual temperature at which this happens
may be accented by a DTG plot of the weight loss information.

It is also noteworthy that most alloying elements lower the Curie points of
Fe, Co and Ni [4]. Furthermore, the temperature dependence of solubility
for several metallic solutes in Fe, Co or Ni is generally approximated by an
Arrhenius equation, where the solubility is a linear function of the reciprocal
absolute temperature according to Borelius [36] and Borelius et al. [37].

It should be considered that the magnetic attraction in a ferro or ferri-
magnetic material is constantly decreasing with temperature until it essen-
tially vanishes at the Curie temperature. Consequently, the onset of the
observed initial weight loss with temperature is dependent upon the strength
of the magnetic field gradient, if at less than saturation. A weak field

800 1000

Fig. 3. Example of TM showing the formation of a magnetic phase during the decomposition
of siderite in N, but not in O, (Gallagher and Warne [28]).



274

gradient, therefore, gives a sharper apparent weight change and, secondly, it
is only the final loss that is associated with the actual Curie temperature. In
this way accurate temperature reference points may be established by
thermomagnetometry.

In the case of qualitative and quantitative analysis TM is used to detect
the formation or loss of magnetic phases produced by decompositions, solid
state reactions, phase transitions, or magnetic changes. As an example Fig. 3
from Gallagher and Warne [28] shows how Fe,0, (T, =585°C) is formed
during the decomposition of Siderite (FeCO,) in N, but not in O,.

Finally, the following is a list of numerous examples of the use of TM in
various fields.

MINERALOGY
1. Sulphides

Pyrrohitite (Fe,_,S,): Bennett and Graham [38] and Schwartz [39].
2. Oxides

Maghemite (y-Fe,0,): O’Reilly [40].

Magnetite (Fe,0,): Gallagher et al. [41] (A study of the effect of the
internal magnetic field upon the rate of oxidation), Charles et al. [42] and
also Smykatz-Kloss [91].

Titanomagnetites (Fe, Ti),0,: Readman and O’Reilly [43].

Hematite (a-Fe,0,): Schwartz [39] and Karmazsin et al. [21].

Spinels: Moskalewicz [16].

3. Carbonates

Siderite (FeCO,): Gallagher and Warne [27,28].
Ankerite Ca(Mg, Fe)(CO,),: Milodowski and Morgan [44] and Warne
[48].

4. Pyrite and siderite in coals

Pyrite (FeS,): Aylmer and Rowe [45,46], Hyman and Rowe [18] and
Warne et al. [47].

Siderite (FeCO,): Gallagher and Warne [28] and Warne [48].

Ankerite Ca(Mg,Fe)(CO,),: Warne [48].

5. Iron compounds in coal char, solvent-refined coal filter cake and oils from
coal and oil shale

Iron oxides and sulphides: Richardson [14].
Pyrrhotites; Petrakakis et al. [49], Maxwell et al. [50,51] and Jeong et al.
[52].
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6. Silicates
Garnets (Fe): Moskalewicz [16].
7. Clays

Nontronite: Mackenzie et al. [53].

METALLURGY

Lecoq and Michel [54,55], Bickman et al. [56], Kopp [15], Wachtel and
Kopp [57], Gallagher et al. [58], Tumanov and Korchakova [59], Charles
[17,60], Haglund [4], Rahman et al. [61].
COMPOUNDS AND SOLID PHASE REACTION KINETICS

1. Ferrite and garnet formation

Mehandjiev and Nikolova-Zhecheva [62], Tzechoval and Steinberg [63],
Roy et al. [64], Sztatisz et al. [65].

2. Coordination compounds
Simmons and Wendlandt [12], Miyokawa et al. [66], Kinoshita et al. [67].
3. Catalytic Materials
Gasparoux [68].
4. Effects of external magnetic fields
Gallagher et al. [22], Mackenzie et al. [53], Rowe et al. [69].
5. Effects of mechanical treatments
Boldyrev [70].
6. Corrosion

Charles [17].
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CONCLUSIONS

The conversion of modern thermobalances for thermomagnetometry is
usually relatively simple using detachable permanent high intensity magnets.
It is a technique with considerable, but not general application, which has
not as yet attracted the research interest it warrants. It offers considerable
scope for the detection of “short lived” magnetic phases, produced during
heating and in particular offers potential in mineralogy/earth science stud-
ies, where it may even prove useful, for example in detecting ferro-organic
grain coatings in unconsolidated sediments [71].

EDITORIAL NOTE ON THERMOMAGNETOMETRY AND THERMOELECTROME-
TRY BY JAROSLAV SESTAK AND VLADIMIR BALEK

By measuring the force acting on a sample, experimental physicists
usually set up curves of the dependence of magnetization on the magnetic
field and only consequently derive the dependence of magnetization on the
temperature at constant field. The final goal is the determination of the type
of magnetic ordering and the position of the Curie temperature (7). Such
thermomagnetometry has also recently been used to monitor the structural
relaxation of metallic glasses [72] and particularly to describe crystallization
processes that take place below T, [73]. The degree of crystallinity («) is
then determined by the measurement [74] of the saturation magnetization
[M,] in crystalline (M) and glassy (M) states at different temperatures.
The results are analysed in terms of the ordinary nucleation growth (JMAKY)
equation [74]. Constant heating rate experiments were also carried out [75]
and the temperature dependence of magnetization [M,,,] for a glassy alloy
with a given crystalline phase content was discussed [76] [i.e., the validity of
the equation a = (M, — M)/ (M, — M)l

A thermoelectrometric analogue of thermomagnetometry can be termed
dielectric thermal analysis, in which the dependence of the dielectric polari-
zation [like the magnetization, M, ] on the applied electric field is mea-
sured. In contrast to ordinary frequency characteristics and electric current
dependences of dielectric constants, the temperature dependences were
determined less frequently, having first been measured in a dynamic temper-
ature regime by Bergstein [77]. Interest in this method, using constant
heating, has been reviewed during the past 20 years, e.g., refs. 78-88.
Despite the possible extent of the information that can be provided by this
method, it has not been widely used for the study and identification of
materials. The principles and theoretical basis have recently been considered
in detail by Egerer [89] and Roque-Malherbe and co-workers [88,90].
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