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MEASUREMENTS OF THERMAL AND MAGNETOVOLUME CHANGES 
OF SOFT FERROMAGNETIC RAPIDLY QUENCHED MATERIALS 

 
 

Gabriel Vlasák*  Peter Švec  
 
 

Enhanced and outstanding physical properties, especially magnetic properties, are one of the reasons of attractivity of rapidly 
quenched materials for researchers. In the course of their thermal treatment aimed at optimization of the properties or during their 
applications, however, reversible as well as irreversible volume or shape changes are observed which take place due to the 
influence of external thermal and magnetic fields. A special dilatometer has been designed and constructed in order to quantify 
these changes on samples in form of thin ribbons, including changes due to magnetic processes taking place under and around the 
Curie temperature; the so-called invar effect, i. e.spontaneous volume magnetostriction as well as coefficient of thermal dilatation 
can be determined.  The measurements of these effects are illustrated on two sets of samples belonging to the Fe1-xBx (x=14, 16, 17, 
20, 23, 25) and (Fe1-xCox)81Nb7B12 (x=0, 0.25, 0.33, 0.5) systems.  
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1  INTRODUCTION 
 
 

Metallic materials, especially ferromagnetic alloys, are 
generally thermally treated prior to their applications with 
the aim of optimizing a selected set of properties. 
Ferromagnetic alloys require, in addition to thermal 
treatment, also processing in magnetic field, which 
usually leads to changes in their dimensions, ie volume, 
which may be reversible or irreversible. These processes 
are generally denoted as magnetostriction and are due to 
rotation of dipoles or of entire magnetic domains in to the 
direction of externally applied magnetic field. Such 
a process is mostly reversible, except for the effects of 
coercive field. 

Thermal treatment of metallic materials leads to 
processes of relaxation from the as-prepared state; this is 
of special importance in metallic systems prepared by 
rapid quenching from the melt where a formation of 
certain polyatomic clusters can be expected, alongside 
with mechanical stresses. In such a case the process of 
relaxation into a more stable state, especially at higher 
temperatures, is irreversible, although relaxation at lower 
temperatures may be reversible. Transformation of 
amorphous into crystalline structure at still higher 
temperatures is an irreversible process accompanied by 
volume changes. Of special interest in rapidly quenched 
ferromagnetic alloys are the processes taking place close 
to the Curie temperature TC. The coefficient of thermal 
dilatation α changes sign from negative to positive values, 
reflecting the so-called invar effect related to the band-
structure model of solids, in which the magnetic moment 
is given by the effective number of electrons per atom, 
Neff. It is thus not surprising that a strong dependence of 
volume magnetostriction on Neff is observed [1, 2]. In all 
these series of alloys the maximal value of spontaneous 
volume magnetostriction was observed for compositions 
exhibiting maximal magnetic moment combined with 
minimal coefficient of thermal dilatation. Alloys with 
invar effect were investigated in [1] and the case of 

metallic glasses with invar effect was treated in [2]. In 
general, invar effect is observed for 3d-alloys with bcc 
lattice (Cr-Fe, Cr-Mn), fcc lattice (Co-Fe, Co-Mn, Co-Ni, 
Fe-Mn, Fe-Ni, Fe-Pd, Fe-Pt, Ni-Mn) as well as for 
a number of ternary alloys and for hexagonal Co-Cr 
alloys. Further systems are represented by iron-rich 
metallic glasses based on B, P, Si and intermetallic 
amorphous alloys near the compositions Fe90M10, where 
M = Hf, La, Sc, Y, Zr and Fe80M20 with M = Y, Pr, Nd, 
Sm, Gd, Tb, Dy, Er. Another kind of such systems are 
iron-rich intermetallic compounds RE2Fe14B and RE2Fe17 
with RE being the rare-earth elements and MFe2 with 
M = Hf, La, Nb, Sc, Y, Zr. 

Amorphous alloys – metallic glasses – are prepared by 
rapid quenching with the rates ~103-6K/s from the melt in 
the form of thin ribbons, wires or plates. High quenching 
rates are achieved by the contact of the alloy melt with 
a cold, usually metallic, substrate. A rotating wheel with 
high thermal conductivity is used in the case of ribbon-
shaped samples. 
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Fig. 1.  Hypothetical temperature dependence of dilatation of material 
with spontaneous volume magnetostriction (invar effect), dashed 
lines indicating the method of calculation of ωspon. 

 

Volume changes of materials induced by external 
magnetic field are denoted as magnetostriction. This 
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quantity is determined by different direct or indirect me-
thods [3]. One of the former is a direct measurement of 
linear isotropic magnetostriction based on phenomenolo-
gical relation presented in [4]. The values of linear iso-
tropic magnetostrictions can attain positive or negative 
values with magnitude in most cases of the order of 10-6.  

Technical applications require the knowledge of 
volume changes due not only to the thermal vibrations of 
the atomic lattice but also to the interactions of magnetic 
dipoles below the Curie temperature TC. These changes 
are denoted as spontaneous volume magnetostriction – 
the invar effect and increase in magnitude, which is of 
the order of 10-3, with decreasing temperature below TC, 
if we consider the state at TC as the initial one. If the 
initial state is set at 0 K (see Fig. 1), then the value of 
spontaneous volume magnetostriction, ωspon, is negative, 
increasing in magnitude with increasing temperature. 

 
 
 

2 EXPERIMENTAL 
 
 

A dilatometer for measurements of dilatation and 
transformation processes of metallic glasses in form of 
thin ribbons has been described in [5]. In order to 
increase stability and to enable different time-
temperature regimes, especially for determination of 
spontaneous volume magnetostriction, a new device has 
been cons-tructed; block diagram of the device is shown 
in Fig. 2. 
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Fig. 2.  Block diagram of dilatometer 
 
 

The furnace of the dilatometer (Fig. 3) is formed by 
a quartz tube with resistive heating ribbon (Kanthal) 
wound in a bifilar manner around the tube; bifilar winding 
reduces distortion effects due to induced magnetic field on 
the measured samples, which is significant especially 
when measuring magnetic materials. The furnace is closed 
on both sides to allow measurements in different 
atmospheres and is enclosed in a protective watercooled 
metallic shielding attached in a vertical position on 
a stable and vibration-free support (wall mounting). 
Furnace temperature is measured and controlled by 
a platinum resistor. 

Temperature controller consists of Eurotherm 2116 
regulator and 425A power unit and  allows programming 
of different heating rates and cycling of heating/cooling 
regimes as well as very stable isotherms and emergency 

shutdown during eventual distortions of the thermal 
regimes and breakdowns. The sample temperature is 
measured by a chromel-alumel thermocouple attached to 
the sample holder and read out by a milivoltmeter 
interfaced to the controlling PC.  

 

The most important component of the dilatometer is 
the sample holder and measuring capacitor assembly 
shown in Figs. 4 and 5. Changes of sample dimensions are 
transferred to the change of the capacity of the measuring 

capacitor by means of a combination of quartz rods and 
tubes. The assembly was designed to eliminate the effect 
of thermal dilatation (and different degree of thermal 
dilatation) of the construction elements of the sample 
holder and the capacitor on the measured capacity 
changes. 

 
 
 

Fig. 3.  Dilatometer for measuring temperature and time 
dependencies of length changes of ribbon samples [6] 

 

 
 

 

 
 
 

Fig. 4.  Details of the dilatometer showing sample holder 
attached to high-resolution capacitor 

 

The schematic drawing of the measuring assembly 
shows also the position and fixation of the sample and its 
attachment to the measuring capacitor. Hot end of the 
thermocouple is affixed to the sample holder while its 
cold end is kept at reference temperature (mixture of ice 
and water). The change of capacity is measured by a high 
precision AC impedance bridge (Tesla BM 595 RLCG 
Meter) interfaced to the controlling PC. The values of 
thermopower and capacity changes are recalculated into 
temperature and relative length change readings and are 
shown on the PC monitor together with the rate of 
temperature and length changes. Although the sample 
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holder has been designed for thin metallic ribbons, stripes 
of bulk materials can be measured as well. Sample width 
and lenght may range up to 10 mm and between 10-50 
mm, respectively. Dimensions of bulk samples may range 
up 10 mm diameter and 20 mm length. The accuracy of 
dilatation measurements, given mainly by the accuracy of 
capacity measurements, is better than 1%. 

 
  

 
/ 
 

Fig. 5.  The assembly of sample holder and measuring 
capacitor for measurements of temperature dependencies of 
dilatation; 1 – sample, 2 – sample fixation clamps, 3 – outer 
quartz rods, 4 – inner quartz rods, 5 – thermocouple, 6 – 
capacitor leads, 7 – capacitor support, 8 – capacitor, 9 – bottom 
capacitor electrode and shield. 

 
 
 

3 RESULTS 
 
 

A set of amorphous ribbons was selected to 
demonstrate the possibility of measurement of volume 
changes – spontaneous volume magnetostriction – and of 
the anomalies in the thermal dilatation coefficient α below 
and in the vicinity of TC, ie the invar effect. One of these 
alloys is represented by amorphous Fe86B14 which exhibits 
high value of the invar effect and at the same time its TC 
lies sufficiently below the crystallization temperature 
Tcryst. The magnitude and dependence of the spontaneous 
volume magneto-striction is determined from dilatation 
measurements (Fig. 6) as a difference between the 
temperature dependencies of dilatation in ferromagnetic 
state and that in paramagnetic state, obtained by 
extrapolation of the temperature dependence of dilatation 
in paramagnetic state (in the interval between TC and 
Tcryst) down below TC. The difference of the two curves 
between 300K and TC represents the temperature 
dependence of spontaneous volume magnetostriction 

ωspon; its value at 300K is ωspon = 8.11×10-3. The 
coefficient of thermal dilatation α changes from positive 
to negative values. 
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Fig. 6.  Temperature dependence of dilatation of Fe86B14. 
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Fig. 7.  Temperature dependence of dilatation of Fe75B25 
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Fig. 8.  Temperature dependence of dilatation of 
(Fe1Co0)81Nb7B12. 

 
 

Amorphous Fe75B25 exhibits TC lying at or above Tcryst. 
In such a case the dependence of ωspon is determined as 
a difference of dilatation around TC against that in 
crystalline state extrapolated down to the same 
temperature interval. The dependence of ωspon and α are 
shown in Fig. 7; at 300K the value of ωspon is 3.49 . 10-3. 
In both cases the samples were relaxed by annealing at 
temperatures below TC.  

Additional measurements were performed on samples 
of the (Fe1-xCox)81Nb7B12 (x=0, 0.25, 0.33, 0.5) system; 
the dependencies of ωspon and α are shown in Fig. 8. This 
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system is interesting due to the fact that the presence of 
ferromagnetic amorphous clusters of different types is 
reflected by two distinct values of TC. Due to the 
position of glass transition temperature – slightly above 
TC – the sample exhibits viscous flow, thus the slope 
for paramagnetic line is again taken from the 
“crystallized” region. 

 
 
 

4  CONCLUSIONS 
 
 

The presented device and measured temperature 
dependencies of dilatation demonstrate the possibility 
of determination of magnetic quantitites which were till 
recently rather rarely investigated and which, however, 
are of importance for both physical understanding and 
technical applications of magnetic materials. 
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