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Abstract
The effect of copper and manganese on the amorphization process in the surface layer
of a technical Fe-3% Si alloy during annealing in the α→ γ transition temperature range
was determined by x-ray phase analysis. The presence of 0.5 wt. % Cu and 0.3 wt. % Mn
in the initial Fe-3%Si solid solution significantly enhances the amorphization process that
occurs when heated in the temperature range 920… 960∘C as an alternative to the α→
γ phase transformation. The effect of amplification of amorphization is both in obtaining
a larger amount of material in the amorphous state, and in the appearance of two
amorphous phases, differing in average interatomic distance. The composition of the
amorphous phase is approximately described as Fe89Si6Mg4Mn0.5Cu0.5 in the presence
of Cu and Mn atoms and Fe90Si6Mg4 in the case of their absence in the amorphous layer.

Keywords: amorphization, non-ambient x-ray diffraction, Fe-3%Si, phase transition,
thermal stability.

1. Introduction

Since the discovery in 1960 of metallic glass [1], amorphous materials have become
a completely new class of metallic alloys, the annual production and use of which is
measured in thousands of tons. The progress noted is primarily due to the high level
and / or unique combinations of a number of structurally dependent physical properties
(primarily magnetic and mechanical) of alloys in an extremely disordered structural state
[2]. The theory explaining the formation of the atomic structure and its connection with
the properties of metallic glasses has been the subject of scientific research to date.
Despite the quite a large number of currently known chemical compositions of amor-
phous metal glasses, interest in developing new ones or optimizing the composition of
known ones continues to grow [2–6]. It is important to emphasize that all technologies
for producing amorphous materials imply ultrahigh cooling rates, for “freezing” atoms
in a metastable structure that does not have a long-range order. The implementation
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of such speeds, especially for massive samples, creates great difficulties in industrial
production. In addition, the apparent instability of amorphous metallic materials during
heating significantly limits the scope of their application.

In the study of processes occurring on the surface of the alloy Fe-3% Si-0.5% Cu with
a heat-resistant MgO coating [7, 8] during continuous high-temperature annealing (HTA)
in the temperature range 600... 1060∘C, the formation of an amorphous phase in the
form of solid solution based on Fe was established by non-ambient XRD [9]. The effect
was observed in the layer consisting of α-Fe and (MgFe)2SiO4, (MgFe)O, SiO2 oxides
when heated in the temperature range corresponding to the α→ γ transformation: 920...
960∘C. The amorphous state of the thin layer was preserved during further annealing,
both with an increase in temperature and with cooling down to 20∘C. The fact of the
formation of the amorphous state of a solid solution of Mg in Fe – Si – Cu using the
pretransition state of the α→ γ transformation was established. This effect is explained
by a significant increase in the solubility of Mg (practically insoluble in Fe crystal lattices)
in a solid solution which are in the pretransition state near the phase transition point. It
is important to note that the use of such a method for producing amorphous structures
in metallic materials (without using ultra-high cooling rates of the liquid phase) opens up
new possibilities for obtaining massive samples and products with unique properties,
including magnetic ones.

The aim of this work was to study the effect of Cu and Mn contained in the initial solid
solution based on Fe-3% Si on the effect of amorphization in the surface oxidized alloy
layer.

2. Research Methods

To study the effect of the initial composition on the amorphization process, Fe-3% Si and
Fe-3% Si-0.5% Cu-0.3% Mn alloys were used. Industrial samples were taken after the
HTA of electrical anisotropic steel coated with heat-resistant coating. They consisted of
a ferromagnetic base of Fe-3% Si and a ground layer (Glass Film), formed due to the
interaction of MgO with the surface of the material during the HTA [8].

X-ray phase analysis of the sample surface was performed on a Bruker D8 Advance
diffractometer in Kα Co radiation using the AntonPaar HTK1200N high-temperature
chamber. The diffraction patterns were taken in isothermal conditions with a step of
50∘C in the temperature range of 20-1050∘C.

The composition of surface layer was studied using a GDA-750 (glow discharge ana-
lyzer) instrument [8, 10]. This instrument allows precise determination of the chemical
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composition for all alloying elements except hydrogen, nitrogen and carbon with the
accuracy of ± 10%. The results of the survey are reproduced in the form of the distri-
bution of alloying elements depending on the depth of penetration into the sample,
which ranges from several nanometers to 200 microns (in increments of ∼ 0.5 nm).
Instrument allows investigating the chemical composition and thickness of virtually any
steel coating and determining the integral characteristics of the chemical composition
at a given depth.

3. Results and Discussion

X-ray phase analysis of both types of samples showed (Fig. 1) that a comparatively small
amount of the amorphous phase is observed in the low-temperature region; it increases
with the future heating. The maximum amount of the amorphous phase is fixed at tem-
peratures above the austenitization of pure Fe (950-1050∘C). With further cooling, the
amount of the amorphous phase decreases to a minimum level, approximately corre-
sponding to the initial state.

At a temperature of 920∘C, slightly exceeding the temperature of a possible α → γ
transition in Fe, a sample without Cu (Fig. 1, a, b) experienced a large jump in the amount
of the amorphous phase, unlike the sample with Cu (Fig. 1, d, f), where the change in the
amount of the amorphous phase occurred more smoothly. In addition, in the presence of
Cu in the initial solid solution, the halo corresponding to the amorphous phase acquired
a bimodal character starting from a temperature above 700∘C, divided into a two halos
(Fig. 1, d, f) with maxima at 49.5 and 53.5∘ on a 2θ scale. In fact, we can assume the
appearance of two amorphous phases, differing in the average interatomic distance.
During cooling, processes that reverse heating occurred (Fig. 1, a, d, c, f) – the halo
bimodality almost disappeared at temperatures below 800∘C; moreover, the lower the
temperature, the smaller the amount of the amorphous phase was observed.

There is a smooth change of the types of oxide phases from (MgFe)O and (MgFe)2SiO4

to (MgFe)2SiO4 and SiO2 in the surface layer formed as a result of HTA. According to
GDOS analysis data, this allows to isolate a narrow layer where forsterite (MgFe)2SiO4

is in equilibrium with the solid solution (amorphous phase) (Fig. 2). The size of this layer
according to the GDOS analysis is 0.75... 0.95microns. Assuming that the Fe-based solid
solution contains almost no oxygen atoms, the chemical composition of the amorphous
phases was defined as the concentration of all atoms in the layer minus the atoms
that make up the forsterite. The composition of the amorphous phase is approximately
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described as Fe89Si6Mg4Mn0.5Cu0.5 in the presence of Cu and Mn atoms and Fe90Si6Mg4
in the case of their absence.

 

a       d 

 

 

b       e 

 

c       f 

Figure 1: Diffraction patterns of Fe-3%Si (a, b, c) and Fe-3%Si-0.5%Cu-0.3%Mn (d, e, f) alloys while heating
(b, e) and cooling (c, f); 1 - 50∘C, 2 - 300∘C, 3 - 550∘C, 4 - 800∘C, 5 - 1050∘C.

 

 

a                                                            b 

Figure 2: Surface layers composition after heating to 1050∘С with subsequent cooling (GDOS): a - Fe-3%Si;
b - Fe-3%Si-0.5%Cu-0.3%Mn; • - Fe, ∘ - ○,◆ - Mn⋅0,01, ♢ - Mg⋅0,1, ▴- Si⋅0,1,△ - Cu⋅0,1.
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4. Summary

1. It is shown that the presence of 0.5 wt. % Cu and 0.3 wt. % Mn in the initial Fe-3%
Si solid solution significantly enhances the amorphization process, which occurs
when heated in the temperature range of 920… 960 ∘ C as an alternative to α →
γ transformation. The effect of amplification of amorphization is both in obtaining
a larger amount of material in the amorphous state, and in the appearance of two
amorphous phases, differing in average interatomic distance.

2. The approximate compositions of the amorphous phases were established:
Fe89Si6Mg4Mn0.5Cu0.5 in the case of the presence of Cu and Mn atoms, and
Fe90Si6Mg4 in the case of their absence.
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