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Abstract 

In the paper the results of the theoretical and experimental study of behaviour of mischmetal and non-ferrous 

metals in steels will be presented. The samples of two special steels were prepared with micro-alloying of 

mischmetal by application of plasma metallurgy. Microstructure (light optical microscope, SEM), X-ray EDX 

chemical microanalysis, and Instrumental Neutron Activation Analysis (Research Centre 
ež) were obtained. 

Cerium addition resulted in the formation of micrometer size inclusions which can be utilized for controlling the 

grain size structure of steel castings. The majority of the particles have settled at the bottom part of the sample, 

indicating that the convection flow during solidification was very weak. The rare-earth metals (REM) addition 

slightly diminished hardness of the steel. A segregation phenomena in the distribution of cerium in the volume 

of special steels after relatively quick crystallization process was found.  

Keywords: Steel, rare-earth metals, microstructure, interaction of elements, segregation. 

1. INTRODUCTION 

One of the key metallurgical problems is the uneven distribution of non-ferrous metals in steels during their 

crystallization and heat treatment. During solidification an anisotropy of steel structure may occur. The cause 

of this anisotropy is segregation of arsenic, tin, antimony, sulfur, phosphorus and other metals and their 

segregation at the grain boundaries. This effect is mitigated by presence of carbon which is segregated in the 

form of carbides. At austenitization and heating the steel to the temperature of forming a preferential oxidation 

of iron as the less noble metal takes place in the surface layer, as well as melting of non-ferrous metals and 

their phases at the grain boundaries, where they segregated in the form of low-melting eutectics. These 

processes result in formation of a liquid phase penetrating the grain boundaries, in formation of surface cracks 

at forming and in change of the chemical composition of the product surface. For example copper causes a 

deep penetration of the liquid phase below the steel surface, and since the solubility of copper in solid iron is 

limited, conditions for formation of pure copper phase along the grain boundaries may occur. 

With use of an appropriate content of certain elements it is possible to achieve a fine-grained steel structure. 

Normally, aluminum, vanadium and titanium are used for the structure refinement. It is, however, also possible 

to use cerium to the microstructure refinement. Cerium has a very high affinity to oxygen and sulfur, which 

form oxides and sulfides of cerium. Cerium as a deoxidizing element therefore supports desulfurization, in 

high-alloy steels it improves hot formability, in heat resistant steels it increases their resistance to descaling. 

In recent years, the influence of the addition of cerium at casting of steel on the structural and mechanical 

properties was addressed by several European companies, such as KTH Sweden, TKK Finland, CRM 

Belgium, ArcelorMittal France, CdC Norway and SINTEF Sweden [1-3]. At the conference COMAT 2012 the 

Kronholz et al. presented their paper concerning the effect of rare-earth elements in steel [4]. 
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Series of laboratory experiments were made in which cerium was added into steel in the form of cored wire 

filled with mischmetal in varying amounts. The paper will assess the effect of cerium on the microstructure and 

its micro-segregation in the samples of steels (grades - 42CrMo4 and F22). 

2.  BINARY PHASE DIAGRAM IRON - CERIUM 

The Fe-Ce binary system is shown in Fig. 1. Solubility of cerium in the "-Fe and �-Fe is below 0.1 at. % (0.25 

wt. % Ce), in the #-Fe phase it is approx. 0.14 at. % (0.35 wt.% Ce). At room temperature the solubility of 

cerium in Fe is less than 0.01 at. %. In the binary Fe-Ce two intermetallic phases are present, namely CeFe2

and Ce2Fe17 formed by peritectic reaction.  

Fig. 1 Cerium - iron binary system [5] 

The equilibrium distribution coefficient of Ce in iron is ko lim = 0.018 [6] (liquidus -"-Fe transformation). This 

implies a high degree of micro-segregation of cerium at crystallization of iron. 

3. EXPERIMENTS 

For preparation of experimental samples we used the steel 42CrMo4 supplied by the company Vítkovice Heavy 

Machinery a.s., with the following nominal chemical composition (in wt. %):   

Steel            C          Mn            Si            Ni             Cr             Mo           Cu            Al              S              P 

42CrMo4   0.41       0.72         0.26         0.17          1.0            0.17         0.16         0.024       0.001       0.006 

Composition of the cored wire filled with mischmetal (MM) (in wt. %): 0.10 C, 12.23 Ce, 33.18 Cr, 21.5 Si; 

balance Fe. 

These were the samples of steel rods forged at rapid forging press. The upper forging temperature was 
1150 °C, the temperature of final forging was 850 °C. The rods were after final forging freely cooled in the open 

air in a bundle. Heat treatment was performed by quenching and tempering. The rods were inserted into the 

furnace at 350 °C, the austenitization temperature was 840 ± 10 °C. They were then rapidly cooled in water 

below 150 °C. The cooling below the mentioned temperature was followed by tempering. Tempering 

temperature was 650 ± 5 °C, dwell at this temperature was followed by cooling in air. 

Re-melting of the supplied samples of steel was performed using argon of the 4N6 purity in the plasma furnace 

with horizontal crystallizer mould (in the laboratories of the Department of non-ferrous metals, refining and 

recycling at the VSB - Technical University of Ostrava). The samples were re-melted twice. In this first stage 

these were the so called tablet tests. Mass of the samples was approx. 20 g. An indicative addition of 

mischmetal was performed in the amounts of 0.05, 0.5 and 1 wt. %. 
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The microstructure was studied before and after re-melting by means of optical microscope (OM, OLYMPUS 

DP GX51) and scanning electron microscope (SEM) FEI QUANTA 450 FEG equipped with EDAX APOLLO X 

probe. Bigger microstructural inhomogeneity was caused by high thermal gradients, when during the melting 

process the lower part of the material was subjected to intensive cooling (contact with water-cooled copper 

mould), while the upper part of the charge was intensively heated by plasma. At larger amount of the charge 

this microstructural inhomogeneity is less pronounced. 

Semi-quantitative X-ray microanalysis was performed exactly only in the case of particles larger than 1 �m, 

when the results were not significantly distorted by the X-ray signal from the surrounding matrix. The results 

of analyses did not include carbon, since as a result of electron beam interaction with the sample surface 

a chaining of hydrocarbons takes place and quantitative analysis of carbon is therefore considerably 

overestimated. 

4. RESULTS 

Fig. 2 documents microstructure of the steel 42CrMo4 - forged rods after heat treatment - see above.  

   a)       b) 

Fig. 2 Microstructure of the steel 42CrMo4 (initial state) - a) OM, b) SEM/EDX 

Table 1 Chemical micro-analysis of the steel 42CrMo4 - initial state - X-ray EDX analysis - see Fig. 2b)  

   on the right (wt.%) 

Element Si Cr Mn Fe Ni Cu Mo

Area 0.38 1.19 0.73 96.8 0.53 0.078 0.30 

Spectrum 1 0.37 1.09 0.66 97.01 0.48 0.097 0.31 

Spectrum 2 0.34 1.17 0.81 96.78 0.52 0.100 0.28 

Spektrum 3 0.38 1.21 0.74 96.87 0.40 0.137 0.27 

Table 2 Chemical analysis of the steel 42CrMo4 by optical emission spectrometry (device SpectroMaxX)  

   after plasma re-melting (wt.%) 

C Mn Si Ni Cr Mo Cu Al S P Ce Co Ti Nb

0.39 0.64 0.46 0.52 1.54 0.24 0.097 0.022 0.0069 0.013 0.13 0.011 0.001 0.011 

V W Pb Mg B Sn Zn As Bi Ca Zr La Fe

0.0099 0.01 0.003 0.0062 0.002 0.0075 0.002 0.015 0.0125 0.00075 0.01 0.0019 95.9  

High chemical micro-homogeneity of steel is evident form the Table 1. EDX and OES analyses show in 

comparison with the nominal composition of steel (see above) much higher contents of Ni, Si, Mo and Cu (see 
also Table 2). 
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Sample B0 - 0 wt. % MM    Sample B1 - 0.05 wt. % MM Sample B1 - 0. 5 wt. % MM     Sample B1 - 1.0 wt. % MM

Fig. 3 Macrostructure of steel 42CrMo4 after plasma re-melting (T - top, C - centre, B - bottom) 

Sample B0 - 0 wt. % MM        Sample B1 - 0.05 wt. % MM 

Fig. 4 Microstructure of steel 42CrMo4 after plasma re-melting (T - top, C - centre, B - bottom)   
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Sample B2 - 0.5 wt. % MM        Sample B3 - 1 wt. % MM 

Fig. 5 Microstructure of steel 42CrMo4 after plasma re-melting (T - top, C - centre, B - bottom) 

Fig. 6 Microstructure of steel 42CrMo4 after plasma re-melting (Sample B3 - 1 wt. % MM) - SEM analysis 
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Table 3 EDX analysis of the sample B3 - steel 42CrMo4 + 1 wt. % MM (wt. %) 

Element O Al Si P Cr Mn Fe Ni Cu As Mo Sn Ce 

Area - top  0.09 0.66  1.48 0.75 96.23 0.48 0.08  0.21  0.02 

Area - centre  0.12 0.54  1.62 0.70 96.05 0.69 0.01  0.21  0.07 

Area - bottom  0.06 0.60  1.54 0.69 96.13 0.61 0.20  0.18  0.00 

Average 0.09 0.60 1.55 0.71 96.14 0.59 0.10 0.20 0.03 

Spectrum 1 6.48 0.20 0.75  0.62 0.24 26.88 1.44 1.38  0.59 5.58 55.85 

Spectrum 2 5.47 0.30 1.24  0.89 0.32 31.60 1.45 0.27  0.75 2.02 55.71 

Spectrum 2 8.25 0.31 0.27 0.83 1.08 0.27 44.21 0.54 0.18  0.14  43.93 

Spectrum 3 13.76 0.21 0.34 0.59 1.21 0.47 59.89 0.61 0.11  0.45  22.36 

Spektrum 4 11.44 1.89 0.56 1.49 1.35 0.60 76.59 0.46 0.48 3.48 0.14 1.23  

Spectrum 5   0.66  1.54 0.59 96.20 0.63 0.15  0.24   

Spectrum 6  0.07 0.60  1.64 0.58 96.32 0.47 0.17  0.16   

Spectrum 7 4.70  0.37 3.79 0.77 0.26 30.11   1.46 0.78  56.48 

Spectrum 8  0.08 0.79  1.93 0.75 77.46 0.57 0.16  0.67  17.61 

Spectrum 9 5.01 0.48 0.57  2.13 0.90 82.31 0.64 0.15  0.73 1.11 5.99 

Spectrum A  0.02 0.59  1.51 0.70 96.43 0.57 0.06  0.11   

Spectrum B  0.04 0.64  1.52 0.55 96.18 0.56 0.19  0.32   

Evaluation of results of SEM and EDX analyses of the steel alloyed by cored wire with addition of 

mischmetal after plasma melting- see Figs. 3 to 6 and Table 3.  

Area analysis was determined from the area with dimensions approx. 250 x 250 �m. Comparison of the EDX 

area analysis of the sample B3 with the initial composition of the alloys 42CrMo4 shows in this case as well 

higher concentrations of Al, Si, Cr, Ni, Mo - as compared with the analysis supplied from the company Vítkovice 

Heavy Machinery. Only Mn contents was slightly lower. Carbon was not included into the analysis. 

Spot analysis: Matrix (spectra 5, 6, A, B) - does not contain cerium, the composition corresponds to the area 

analysis. White phases (spectra 1, 2, 3, 7, 8) - occurrence at the grain boundaries, or on grains, where cerium 

concentrates in high contents (around 50 wt. % Ce) and it bind particularly with oxygen, individually also with 

phosphorus. Variable content of Ce is connected with the size of the analysed area, where some inclusions 

are of the size of approx. 1 �m, while trace of an electron beam can hit the area with slightly bigger area to the 

depth of approx. 1 �m, which may distort the results. White phases always contained cerium and oxygen. 

Sulfur was not identified here. Black phases - micro-pores of the magnitude below 1 �m or inclusions (spectra 

4, 9) with high contents of oxygen (presence of Al2O3). Presence of tin, arsenic and antimony was also 

determined locally, their origin is, however, unknown. 

Instrumental Neutron Activation Analysis of the samples of steel  

Four samples of the steel (type F22) with the following nominal composition were used for INAA: 

Steel            C          Mn            Si            Ni             Cr             Mo           Cu            Al              S              P 

F22         0.12       0.55         0.18         0.18          2.3           0.97         0.12         0.021       0.002       0.008 

Two samples were taken from the initial material F22 (marked as A0) without addition of mischmetal, and two 

samples were taken from the material A3 (F22 with addition of 1 wt. % of MM). The main objective was to 

determine the concentrations of cerium. 

All the samples were packed into an aluminium foil and irradiated at the same time in hermetic capsule in 

vertical channel of the research nuclear reactor in 
ež. Activation foils from cobalt (concentration of 1 % in Al), 

from nickel (100 %) and from iron (100 %) were attached to the samples fluence monitors. Irradiation lasted 
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for 24.5 hours at stable output of reactor of 9.3 MWt. The evaluated activation monitors were then used for 

determination of the energy spectrum of neutrons and input power of fluence in individual power groups. 

Gamma spectroscopy: Measurement of spectrum of the emitted gamma radiation took place due to high 

activity of the samples only two weeks after their irradiation. Measurement was performed by Coaxial HP Ge 

detector situated in the lead shielded box.  

Evaluation of results: Concentrations of individual elements in the samples is possible to calculate from the 

measured values of saturated activities. In principle two ways exist for achievement of this. The first and more 

precise way consists in the use of employed activation detectors. This method makes it possible to determine 

very precisely the content of the same elements. The second way consist in calculation of theoretical reaction 

rates based on knowledge of the neutron spectrum and effective cross-sections of the relevant reaction 

channels. The result is less precise, but it is possible to calculate in this manner theoretical concentration (or 

minimal detectable concentration) of all elements. We used for the analysis of steel samples both methods 
and the obtained results were compared in Table 4. 

Table 4 Concentration of elements in the samples of the steel F22 determined by INAA (wt. %) 

Element\Sample
1st set of measurements 2nd set of measurements 

A0_6 A_07 A3_T A3_C A0_6 A_07 A3_T A3_C

Cr 2.76 2.43 2.56 2.69 2.38 2.38 2.44 2.49 

Ni 0.17 0.18 0.18 0.17 0.17 0.16 0.17 0.17 

Fe 97.30 98.35 95.98 92.98 97.30 95.66 91.62 92.24 

Co 0.0091 0.0093 0.0093 0.0089 0.0091 0.0090 0.009 0.0089

As 0.0051 0.0046 0.0046 0.0044     

Nb 0.10 0.76 0.85 0.95     

Mo 1.03 0.85 0.84 0.89     

Sb from 121Sb 0.0015 0.0012 0.0012 0.0011 0.0013 0.0012 0.0012 0.0012

Sb from 123Sb 0.0015 0.0014 0.0013 0.0014     

La - - 0.0003 0.0013     

Ce from 140Ce - - 0.081 0.37     

Ce from 142Ce - - 0.10 0.36 - - 0.077 0.34 

5. DISCUSSION 

a) Initial state 

Microstructure evolution during the employed processing route (for steel 42CrMo4) 

• After forging and air cooling: allotriomorphic ferrite grains, pearlite, retained austenite, martensite and 

also possible bainitic structure. 

• After austenizing at 840 °C:  Austenite grains from allotriomorphic ferrite, undissolved cementite, austenite. 

• After fast cooling from austenizing temperature: martensite of mixture of lower bainite and martensite, 

undissolved cementite. 

• After tempering at 650°C and air cooling: ferrite laths or grains, cementite particles, carbides of Mo, Cr, 

and Cu-precipitates. The exact details of the final microstructure can be obtained only after microstructure 

examination by TEM. 

• The white grains in the microstructure shown in Fig. 2a) are essentially allotriomorphic ferrite grains, which 

were formed already during continuous  cooling after forging. 
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Comments: 

- The processing parameter should be improved in order to avoid allotriomorphic ferrite and pearlite 

formation (quenching after forging instead of continuous air cooling).  

- Great importance of solid state phase transformation processes on final microstructure. 

- Additional precipitation-strengthening would lead to higher strength of the materials. 

- Great needs for uniformity in both microstructure and chemical composition throughout entire 

castings.   

b) Plasma re-melting of the steel 42CrMo4 with Mischmetal addition 

• Ce addition resulted in the formation of micrometer size inclusions which can be utilized for controlling 
grain size structure of steel castings. 

• Majority of the particles settled at the bottom part of the sample, indicating that the convection flow 

during solidification was very weak. Hence, the grain size refinement effect of the inclusion was not 

observed at the center and top part of the samples. However, the presence of the inclusions at the 

bottom of the REM-added steel refined the grain size in the chill zone. 

• The particles’ sizes are very large and the number of the particles with size of around 1 µm is very small, 
which indicated that it is necessary to minimize the contact time between the added REM and molten 

steel. 

• The REM addition slightly diminished hardness of the steel. There are several possible reasons related 

to this effect: 

• Too high REM addition brought about an increase in REM content dissolved in the steel matrix. REM 

atoms segregated at grain boundaries and increased their energy. This could promote and accelerate 
nucleation and growth of softer allotriomorphic ferrite, which caused the decrease in hardness of the 

steel. 

• The REM segregation at the grain boundaries has detrimental effects on nucleation of harder bainite, 

reducing the overall amount of bainite. As a result, the hardness was also decreased. 

• The formation of REM oxy-carbide inclusions reduced overall carbon content. As a result, the fraction 

of harder bainite or martensite was also reduced, causing the observed decrease in hardness. 

Comments: 

• The REM addition method should be adjusted. The added REM should be plunged into the mould 
bottom before pouring. 

• The pouring temperature should be kept as low as possible. 

• It is suitable to use the auto-stirring effect of molten steel flow for achieving uniform distribution of the 
inclusions throughout the casting.  

• Optimization of added REM content should be also performed. 

• The melting, pouring, REM adding and solidification operation should be performed under open-air 

conditions, which are similar to those applied during industrial process. 

c) Instrumental Neutron Activation Analysis of the steel F22 with  Mischmetal addition 

The main objective of the INAA analysis was determination of cerium representation in steels with portion of 

mischmetal. This task was fulfilled, however, the measurement showed a inhomogeneity of cerium 

concentration in the samples A3 alloyed by cerium. The sample A3_C contained substantially more cerium 

than the sample A3_T. The added mischmetal (altogether 1 wt. % in the steel) had the declared composition 

of 0.1 % C, 12.23 % Ce, 33.18 % Cr and 21 % Si, the rest was iron. After re-calculation to the total composition 

it is possible to determine that content of cerium should at the average make approx. 0.12 wt. % of the mass 

of the A3 type samples. This concentration was, nevertheless, not determined in any single case (0.077 wt. % 

Ce in the top area, and 0.34 wt. % in the central area of the plasma re-melted sample). This results documents 
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heterogeneity of cerium distribution in the volume of the sample under the given conditions of crystallisation, 

which was confirmed also by metallographic (OM) and SEM/EDX analyses.

CONCLUSIONS 

The paper presented the first results of laboratory experiments with use of rare-earth metals, specifically of 

cerium, in order to achieve more fine grained structure of the steel ingot. On the basis of performed analyses 

it may be stated that addition of REM had the expected positive effect. The laboratory experiments manifested 

refining of microstructure after addition of cerium. This refinement was achieved by the fact that the formed 

cerium oxides acted in the steel as efficient crystallisation nuclei.  

On the basis of successful results we proposed an industrial scale experiment with alloying of steel by cerium. 

Considering the achieved use of cerium it will be necessary to continue the development of technology of 

addition of this element into the steel. Within solution of the ongoing project we will complete the proposed 

experimental heats with addition of mischmetal and of pure cerium and we will verify the achieved results also 

on other steel grades. 
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