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Abstract 

The ratio of equiaxed grains on a cross section and average grain size 

in Fe-20mass% Cr alloy deoxidised with Ti/M (M = Zr or Ce) were studied 

as function of nitrogen content and particle characteristics such as size 

distribution, morphology and composition. Fe-20mass%Cr alloys were 

melted at 1600ºC, deoxidised, cooled to 1400ºC followed by water 

quenching. The particles were investigated on a surface of film filter after 

electrolytic extraction of metal samples with 10%AA electrolyte. It was 

found that the number of particles increases with increasing the N content. 

The as-cast solidification structure and grain size were clearly affected by 

the number of oxide and oxide-nitride particles in Ti/Zr experiments. The 

effect in the Ti-Ce case was almost undetectable. 

 
Keywords: Fe-Cr alloy; Ti, Zr and Ce deoxidation; grain size distribution; 

electrolytic extraction; particle size distribution; N content.  
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1. Introduction 

 

It is well known that the solidification structure significantly affects 

the different properties of steels. Therefore many investigations have been 

made in view for control of solidification structure of metal by using 

inclusion particles and soluble elements (solute drag).1-4)  

The effect of inclusion particles on the final solidification structure 

depends not only on the number and composition of particles, but also on the 

precipitation moment of these particles in metal. The “primary” particles, 

which generally are oxides, precipitate after deoxidation of the melt and are 

present in the melt before solidification. These particles can be used as 

nucleants for heterogeneous precipitation of the ferrite phase during 

solidification of the melt. These particles considerable affect the initial size 

of grains after solidification and on the area fraction of equiaxed grains in 

solid metal. It is shown in some investigations 1-3, 5) that the effectiveness of 

precipitation of the ferrite phase on the “primary” particles depends on the 

composition of these particles. 

The “secondary” particles, which are in most cases nitrides and/or 

carbides, precipitate in interdendritic regions during solidification or on both 

intra-grain and grain boundaries during cooling of solid metal. These 
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particles restrict to the growth of grains at high temperature during holding, 

heating or welding of solid metal. These particles affect significantly the 

final size of grains, but they have practically no influence on the area 

fraction of equiaxed grains in solid metal. Usually it is difficult to separate 

inclusion particles as “primary” or “secondary” and to estimate their 

individual effects on the final solidification structure of solid metal and steel. 

 In the present study, the effects of nitride-oxide particles on solidified 

structures are investigated in Fe-20mass%Cr alloys deoxidised with Ti/Zr 

and Ti/Ce. The characteristics of inclusion particles are analyzed on a film 

filter after electrolytic extraction. Based on the study of the particle size 

distribution, composition and morphology, the particles are roughly 

separated as “primary” or “secondary” and their effects on the solidification 

structure are estimated.  

 

2. Experimental 

 
2.1. Procedure 

Electrolytic Fe and pure Cr metal were used for primary melting of an 

Fe-20mass%Cr base alloy in an arc furnace under Ar atmosphere. Then, 150 

g of the alloy was melted at 1600°C in an MgO crucible under Ar gas 

atmosphere (500 ml/min) in a high frequency induction furnace (100 kHz, 
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20kW). In order to exclude the strong induction stirring of the melt, a 

graphite susceptor was inserted between the furnace induction coil and the 

crucible. After 20 min of holding at 1600°C for uniformity of chemical 

composition of melt, the initial oxygen content in the melt was in the range 

of 200 to 250 ppm. A “blank experiment” sample referred as the Exp. 1 

without deoxidation was cooled to 1400ºC followed by water quench.  

In the Ti/M deoxidation experiments, Fe-50mass%Ti, Fe–76mass%Zr 

and Fe–50mass%Ce alloys were used for deoxidation of the mother alloy. A 

schematic illustration of the experimental procedure is shown in Fig. 1. 

After a first addition of 0.1mass%Ti and stirring for 10 s by using an MgO-

rod, the melt was kept for 1 min and deoxidised for a second time with 

0.1mass%Zr or Ce. For achieving dissolution of added elements and uniform 

dispersion of deoxidation products, the melt was stirred again for 10 s and 

held at 1600°C for 30 s followed by cooling to 1400ºC with a cooling rate of 

0.8°C/s and then finally water quenching. 

 

2.2. Observation of Solidified Structure 

The ingot samples were cut vertically for locating the equiaxed zone 

and horizontally for measuring grain size at the same. The horizontal slices 

were cut at a distance of 4-6 mm from the bottom of the samples because the 
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centre of the equiaxed zone was observed at this distance on the vertical 

slices. The vertical and horizontal slices were ground, polished and finally 

etched by using a solution of 75volume% HCl – 25volume% 

HNO3 concentrated acids at room temperature. The ratio of equiaxed grains 

on a cross section of sample, REC, was determined on a horizontal slice as 

the ratio of average diameter of the equiaxed zone to the total diameter of 

the metal sample. 

The grain size distribution of the equiaxed zone was analysed on 

horizontal slices of samples. The size of grains was measured on 

photographs obtained by a light optical microscope (LOM) at magnification 

of 25x, 50x and 100x. The grain size, DA, was estimated as the equivalent 

diameter of a circle, which has the same area of measured grain, by using the 

Winroof© program, a commercial software. The observed area was the 

whole area of equiaxed zone i.e. at least 100 grains were measured for 

samples of Ti/Zr deoxidation. The number of measured grains in the blank 

(Exp. 1) and Ti/Ce experiments was 15 to 30 due to the big size and small 

number of equiaxed grains in these experiments. 

 

2.3. Investigation of Particles 
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For the analysis of particle characteristics in the sample alloys such as 

number, size, composition and morphology, the particles were extracted 

from the metal samples as residues on a film filter after electrolysis. This 

method has the advantage that the fine particles can be examined exactly. In 

this case, the metal samples for electrolytic extraction (5x10x3 mm) were 

cut from the zone of equiaxed grains in the horizontal slices. Each sample 

was dissolved by potentiostatic electrolytic extraction using the following 

parameters: voltage – 150 mV, electric current - 50 mA, electric charge - 

300 coulombs. It was found in previous work6) that the 10%AA (10% 

acetylacetone – 1% tetramethylammonium chloride – methanol) is the most 

suitable electrolyte for extraction of particles from Fe-20mass%Cr alloys 

deoxidised with Ti/Ce. Therefore, the 10%AA was used as electrolyte for 

the Ti/Zr and Ti/Ce deoxidation experiments. The amount of dissolved metal 

was about 0.07 to 0.08 g. The solution with extracted particles was filtered 

using a polycarbonate membrane (PC) film filter with an open pore size of 

0.05 µm. The particles on the film filter were observed by using scanning 

electron microscopy (SEM) equipped with an electron probe micro analyser 

(EPMA) at magnifications of 1000X, 2500X and 5000X. The observed area 

was in the range of 0.06 to 0.11 mm2, which corresponds to 0.01 % of the 

total area of the film filter. The size and number of particles were analysed 
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on the SEM photomicrographs by using an image analyser. The size of each 

particle was estimated as the equivalent diameter, d, for a sphere having the 

same area as the projected image of the measured particle on the SEM 

photomicrograph. More than 200 particles were measured for each sample to 

obtain a clear particle size distribution. The composition of typical particles 

was analysed by using EPMA. 

The number of particles per unit volume, NV, can be estimated as 

follows:  

 

WS

Sn
N

i
i ∆⋅

⋅⋅
=

obs

mef)(
)V(

ρ
   ………………………………… (1) 

 

Where )V(iN  and )(in  are the number of particles per unit volume and the 

number of analyzed particles for one selected step of particle size, 

respectively. Sf and Sobs are the total area of a film filter with particles (917.7 

mm2) and the area of a film filter observed by SEM. ρme is the metal density 

(0.00768 g/mm3 for Fe-20mass%Cr). The parameter ∆W is the weight of 

dissolved metal during electrolytic extraction.  

 

2.4. Chemical Analysis 



 8

The metal samples were dissolved with a 10%AA electrolyte by using 

potentiostatic electrolytic extraction at the following parameters: voltage -

150 mV, electric current – 40 to 50 mA, electric charge - 1400 coulombs. 

The obtained solutions with particles were filtrated by using a membrane 

polytetrafluoroethylene (PTFE) filter with an open pore size of 0.1 µm. The 

chemical analysis of soluble elements, Msol, corresponding to dissolved 

elements in the filtrate, and insoluble elements, Minsol, corresponding to the 

residue on the membrane PTFE filter, was obtained by using inductively 

coupled plasma (ICP) emission spectrometry. The dissolved amount of 

metal was between 0.30 and 0.35 g.  

The total contents of oxygen, [T.O], and nitrogen, [T.N], in the metal 

samples were determined by using inert gas fusion-infrared absorptiometry.7)   

 

3. Results and Discussion 

  

The total content of oxygen, [T.O], and nitrogen, [T.N], and chemical 

composition of metal are given in Table 1.  

 It was found in a previous study6) that the 10%AA electrolyte cannot 

be used for estimation of insoluble Ce and Mg contents due to the 

dissolution of Ce and Mg oxides during long time extraction for chemical 
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analysis and increasing the soluble content of these elements. Therefore, the 

contents of Ce and Mg in Table 1 are given as the total amount. It can be 

seen that the final content of oxygen in metal samples of Ti/Zr and Ti/Ce 

experiments are almost constant in the ranges 139 to 148 and 193 to 205 

ppm, respectively. In contrast, the [T.N] values vary over a wide range from 

65 to 490 ppm.  

 

3.1. Effect of Nitrogen Content and Particle Number on Solidified  

 Structure 

 The photographs of grain structure obtained after etching for 

horizontal and vertical slices are given in Table 2 for Fe-20mass%Cr alloy 

without deoxidation (Exp. 1) and with deoxidation by 0.1 mass% 

Ti/0.1mass% Zr (Exps. 2 to 4) and 0.1 mass% Ti/ 0.1mass% Ce (Exps. 5 and 

6). Some characteristics of samples such as the deoxidation method, [T.O] 

and [T.N] contents, ratio of equiaxed grains on a cross section, REC, 

average size of grains in equiaxed zone, AD , total number of particles per 

unit volume in metal, T. NV, and average size of particles, d , are also given 

in Table 2. The T. NV and d  values were obtained from investigation of 

particles on film filter after electrolytic extraction of metal samples from the 

zone of equiaxed grains in the horizontal slices. It is apparent from the 
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photographs in Table 2 that the zone of equiaxed grains in the Fe-

20mass%Cr alloys with Ti/Zr deoxidation (Exps. 2 to 4) is significantly 

larger than in the alloys with Ti/Ce deoxidation (Exps. 5 and 6). Moreover, 

the size of grains in the equiaxed zone decreases with increasing the nitrogen 

content and number of particles in metal samples for the Ti/Zr experiments. 

However, the REC and AD  values in the Ti/Ce deoxidation experiments 

change only slightly although there is a significant increase in N content. 

The reasons for this will be discussed below in Section 3.2. 

 The size distributions of equiaxed grains, which were measured on the 

horizontal slices of the samples, by using the Winroof© program,                                           

are shown in Fig. 2 as a function of nitrogen content. A range value of grain 

size for i-th step of size distribution, DA(i), is calculated as follows: 

 

DA(i) = 10∆(i)   …………………………………………(2) 

  

where ∆(i) is the width of i-th step for log-normal distributions (∆(i) = ∆(i-1) + 

0.1) and ranges from -1.3 to 0.9. In this case, the arithmetic mean value of 

grain size for i-th step of size distribution, )A(iD , is variable from 0.06 to 

8.97 mm. 
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 It can be seen in the upper diagram that the grain size in the blank 

(Exp. 1) and the Ti/Zr deoxidation (Exps. 2 to 4) experiments show the log-

normal distributions. Most of the equiaxed grains in the Ti/Zr deoxidation 

experiments have a size smaller than 1 mm. The AD  value decreases 

significantly with increasing the N content in the samples. This can be 

explained by increasing the number of particles in metal due to the 

precipitation of small-sized nitrides, as will be shown in Section 3.2. The 

shape of grain size distributions does not change practically with increasing 

the N content in the metal. The size of most equiaxed grains in the Fe-

20mass%Cr alloy without deoxidation (Exp. 1) varies between 1 and 3 mm. 

As shown in the lower diagram of Fig. 2, most of the equiaxed grains in 

Ti/Ce deoxidation (Exp. 5 and 6) also have sizes large than 1 mm although 

the content of nitrogen and soluble Ti in the Ti/Ce samples are sufficiently 

high. However, the size distributions of grains in these experiments show a 

big scatter due to the small number of measured grains.  

 The relations between average grain size, AD , ratio of equiaxed 

grains on the horizontal slices of samples, REC, and total number of 

particles per unit volume, T. NV, in the Fe-20mass% Cr alloys are shown in 

the upper and lower diagrams of Fig. 3. Error bars in the upper diagram 

represent the arithmetic standard deviation for the AD  values. The values of 
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AD  and REC for blank experiment without deoxidation (Exp.1) are 

represented by the dashed lines. The number of particles was analysed in the 

zone of equiaxed grains on the horizontal slices.  

 It can be seen in the upper diagram that the average grain size in the 

Ti/Zr experiments (Exps. 2 to 4) is significantly smaller than that in 

reference (Exp. 1) and in the Ti/Ce deoxidation (Exps. 5 and 6) experiments. 

At first, the AD  value in Ti/Zr deoxidation decreases rapidly with increasing 

the total number of particles from 0.72x106 to 1.54x106 mm-3, the however, 

the average grain size decreases only slightly although the T. NV value 

increases significantly to 5.25 x106 mm-3. For the Ti/Ce experiments, this 

tendency is not clear due to the large error bars representing the arithmetic 

standard deviation forAD . 

As shown in the lower diagram of Fig. 3, the REC value increases 

with increasing total number of particles in the Ti/Zr and Ti/Ce deoxidation 

experiments. However, the ratio of equiaxed grains in the Ti/Zr experiments 

is considerable higher than in the Ti/Ce experiments at similar values of T. 

NV .  

From the results shown in the upper and lower diagrams of Fig. 3 it is 

apparent that a sufficiently high number of particles in Ti/Ce deoxidation 

experiments (Exps. 5 and 6) can not to guarantee a small size of equiaxed 
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grains and a high ratio of equiaxed grains in comparison with the Ti/Zr 

experiments. The reason of this will be considered and explained below. 

Incidentally, the above effects on types and number densities NV of nucleant 

particles on the columnar to equiaxed transition (CET) are just the same 

tendency from previous theoretical prediction by Hunt et al.8) and Zhang et 

al.9)  

 

3.2. Effect of Nitrogen Content and Deoxidants on Particle 

Characteristics  

3.2.1 Size distribution 

 In this study, the particles in metal samples were divided into primary 

and secondary inclusions depending on the time of precipitation. The 

primary particles are precipitated after deoxidation of the melt and before 

solidification (that is during holding and cooling of the melt until the 

solidification temperature). The secondary particles are precipitated during 

solidification of the melt. The precipitation possibility of nitrides in Fe-

20mass% Cr alloy before and during solidification was estimated for metal 

sample compositions given in Table 1 based on the thermodynamic 

equilibrium calculations by using the Thermo-Calc© program.10) The 

amounts of precipitated ZrO2, ZrN and TiN phases in an Fe-20mass% Cr 
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alloy are plotted against the temperature in Figure 4 as a function of 

nitrogen content in metal samples of Exp. 2 to 4. It was found that the ZrO2 

particles are precipitated before solidification independent on the N content 

in the melt. Most part of the ZrN particles are precipitated in given metal 

samples with high content of N (248 and 490 ppm N in Exp. 3 and 4) before 

solidification while the TiN particles can precipitate only during and after 

solidification of the melt in all described experiments. Here, for the input 

data to the Thermo-Calc program, it was assumed that after the first addition 

of 0.1mass%Ti, 10s stirring and holding for 1min, the free oxygen content in 

the melt reached approximately 30 ppm (See Section 2.1). 

 

The total size distribution of particles in Fe-20mass% Cr alloys 

deoxidised by Ti/Zr and Ti/Ce are shown as a function of nitrogen content in 

the upper and lower diagrams of Fig. 5, respectively. The particle size 

distributions are plotted with logarithmic step. The range value of particle 

size, d(j), for j-th step, ∆(j), of log-normal distribution can be determined as 

follows: 

 

d(j) = 10∆(j)   …………………………………………(3) 
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The ∆(j) value changes from -1.1 to 0.9 with step 0.1. In this case, the 

arithmetic mean value of )( jd  for j-th step of size distribution is varied from 

0.09 to 8.91 µm.  

The particle size distribution in the Ti/Zr deoxidation experiment with 

a low N content (65 ppm, Exp. 2) has a bimodal curve, as shown in the 

upper diagram. It may safely be suggested that the right-hand side peak 

corresponds to primary particles, which precipitated after deoxidation of the 

melt and before onset of solidification. These particles generally have a size 

larger than 0.9 µm. The left-hand side peak of obtained size distribution 

corresponds mostly to secondary particles, which precipitated during 

solidification of melt. These particles generally have a size in the range from 

0.1 to 0.8 µm.  

 The number of small-size particles increases rapidly with increasing 

the nitrogen content in the metal due to the precipitation of Zr and Ti 

nitrides. The number of large size particles also increases with increasing the 

N content due to the homogeneous and heterogeneous precipitation of ZrN 

in the melt at 1600°C, particularly in Exp. 4 with 490 ppm of N. As a result 

of significant increasing the number of small size particles, the shape of 

particle size distribution transform to a unimodal curve. In this case, the 

mean size of particles, d , in size distribution decreases from 1.06 to 0.54 



 16

µm with increasing the nitrogen content in the Ti/Zr deoxidation 

experiments due to the  rapid increasing of number of small size particles, as 

given in Table 2 and shown in the upper diagram of Fig. 5. 

 The particle size distribution in the Ti/Ce deoxidation experiments 

with low (67 ppm) and middle (246 ppm) contents of nitrogen in the lower 

diagram of Fig. 5 have a bimodal curve. As mentioned above, the right-hand 

and left-hand side peaks correspond to primary and secondary particles, 

respectively. However, the number of secondary particles, which correspond 

to precipitated nitrides and/or oxide-nitrides, increases only slightly with an 

increased N content up to 246 ppm. This can be explained by an insufficient 

content of soluble Ti for homogeneous precipitation of TiN or oxide-nitrides 

during solidification of the melt. As a result, the average size of particles, d , 

in these experiments does not change practically with increasing the 

nitrogen, as given in Table 2 and shown in the upper diagram of Fig. 5. 

 

3.2.2 Relationship between composition and size distribution 

 The relationship between the number of particles with different 

composition per unit volume and average size of particles, d , in particle 

size distribution is shown in Fig. 6 for Ti/Zr and Ti/Ce deoxidation 

experiments at different N content. The particles were classified into the 
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following four composition groups according to the content of elements in 

particles: M (M = Zr or Ce), Ti- M, Ti- M -Cr and Ti particles.  

It was found that the number of Ti-Zr and Ti-Zr-Cr complex particles 

increases significantly with increased nitrogen content in the metal samples 

with Ti/Zr deoxidation. This is due to the heterogeneous and/or 

homogeneous precipitation of ZrN during holding and cooling before 

solidification and precipitation of Ti and Cr nitrides during solidification of 

the melts with medium (248 ppm N, Exp. 3) and high (490 ppm N, Exp.4) 

content of nitrogen. The number of Zr particles also tends to increase with 

an increased N content. However, the number of pure Ti particles in these 

experiments is very low and is almost constant.  

 In the Ti/Ce deoxidation experiments, the number of pure Ce 

particles is very low, and furthermore, tends to decrease with an increased N 

content due to heterogeneous precipitation of TiN on Ce oxides. In addition, 

most of the particles correspond to the Ti-Ce and Ti particle type. In effect, 

the number of pure Ti particles increases significantly with an increased 

nitrogen content due to the precipitation of TiN during cooling and 

solidification of melt. 
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 The size distributions of particles with different composition are 

shown in Figs. 7 and 8 for the Ti/Zr and Ti/Ce deoxidation experiments, 

respectively.  

As shown in Fig. 7, most of the particles (54 to 67%) in the Ti/Zr 

experiments are Ti-Zr particles corresponding to ZrO2-TiN and ZrO2-ZrN-

TiN. The number of Ti-Zr particles increases considerably with an increased 

N content in the metal. It is seen in the upper and middle diagrams for low 

(65 ppm) and medium (248 ppm) content of nitrogen that the size 

distributions of Ti-Zr particles have two peaks. The right-hand side peak 

corresponds to large size particles (d > 0.7 µm) correlating to primary 

particles. The left-hand side peak corresponds to small size particles in the 

range of d from 0.1 to 0.7 µm. These particles precipitate during cooling 

and/or solidification of the melt and correlate to secondary particles. The 

left-hand peak is shifted to smaller particle sizes with an increased N content 

due to the decreasing of the size of homogeneous precipitated secondary 

particles. The number of secondary particles increases more significantly 

with increasing the N content than the number of primary particles. As a 

result, the size distribution of Ti-Zr particles at 490 ppm of N content has 

only one peak. 
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The number of pure Ti particles correlating to TiN particles is very 

low (< 9%) for all Ti/Zr deoxidation experiments. Most of these TiN 

particles are secondary particles and precipitated during solidification of the 

melt. The number of only Zr particles, which correspond with ZrO2, ZrO2-

ZrN and ZrN particles increases with an increased N content. This is 

particularly true for the range of small size particles due to the secondary 

precipitation of ZrN. It should be pointed out that the number of Ti-Zr-Cr 

particles, correlating to ZrO2-(Zr,Ti,Cr)N, also increases from 0% for a low 

(65 ppm) N content to 32% for a high (490 ppm) N content in the metal due 

to some precipitation of CrN at lower temperatures on Ti-Zr particles and 

some solubility of Cr in the TiN phase(See Fig. 6). As shown in the middle 

and lower diagrams of Fig. 7, the size distributions of Ti-Zr-Cr particles also 

have two peaks corresponding to primary and secondary particles.  

In the Ti/Ce deoxidation experiments, most of the particles are only Ti 

and Ti-Ce particles, as shown in Fig. 8. The size distributions of these 

particles have two peaks also corresponding with primary and secondary 

particles. Most of the Ti particles (TiOx-TiN and TiN) are secondary 

particles which precipitated during solidification of the melt, having small 

size (< 0.8 µm). Most of the Ti-Ce particles (CeOy-TiN and CeOy-TiOx-TiN) 

have sizes in the range of d > 0.9 µm. In this case, the TiN precipitated 
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heterogeneously on primary oxide particles during solidification of the melt. 

The fraction of pure Ti particles increases from 44 to 69% and the fraction 

of Ti-Ce particles decreases from 46 to 29% with an increased N content due 

to the increasing number of secondary TiN particles. The number of only Ce 

particles (CeOy) is very low and decreases from 10 to 2% with an increased 

N content.  

The conventional boundary between the primary and secondary 

particles was estimated as the particle size, d´, corresponding with size 

distribution curve between right- and left-hand side peaks. It can be seen in 

Figs. 7 and 8 that the d´ value is varying from 0.5 to 0.9 µm depending on 

the composition of particles and N content in the metal. Based on the 

analysis of size distribution and composition of particles, all inclusions were 

separated roughly in primary particles, which in general have sizes larger 

than 0.8 µm, and secondary particles which in general have a size range 

from 0.1 to 0.7 µm.  

By using this classification, the effect of primary particles on the 

average grain size, AD , and proportion of equiaxed grains, REC, in solid 

metal was investigated in Fe-20mass%Cr alloys as a function of N content. 

The effect of small size secondary particles on the grain growth during 
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heating and holding at high temperature will be considered in a separate 

article. 

It was found that the number of primary particles (>0.8 µm) in the 

Ti/Zr experiments increases from 0.34x106 to 0.78x106 mm-3 with an 

increased N content from 65 to 490 ppm due to the homogeneous 

precipitation of ZrN in the melt before solidification (that is during holding 

and cooling of melt) which is supported by the thermodynamic calculations 

in this paper. The AD  value decreases and the value of REC increases with 

an increased number of primary particles for Ti/Zr deoxidation. The number 

of primary particles in the Ti/Ce experiments does not change practically 

(0.70x106 mm-3 for Exp.5 and 0.73x106 mm-3 for Exp.6) with an increased N 

content from 67 to 246 ppm. This is due to the fact that the TiN particles do 

not precipitate in the melt before solidification (that is during holding and 

cooling of melt) in accordance with results of the thermodynamic 

calculations in this paper. Although the number of primary particles in the 

Ti/Ce deoxidation experiments is sufficiently high, the AD  value is 

considerable larger and the REC value is smaller in comparison to the Ti/Zr 

experiments. This can be explained by the effect of particle composition 

and/or morphology on heterogeneous nucleation of solid ferrite phase on 

primary particles during solidification of melt. 



 22

 

3.2.3 Relationship between morphology, size and composition 

The morphology of particles on film filters after electrolytic extraction 

was classified into “spherical or polyhedral”, “spherical or polyhedral + 

cubic” type and “cubic” type. In this study, the “spherical” particle appears 

roughly as a sphere by the SEM observation at a magnification of 1000 to 

5000X. The photographs of typical particles with different morphology are 

given in Table 3 for two Fe-20mass% Cr alloys deoxidised with Ti/Zr and 

Ti/Ce, respectively.  

The composition of typical particles in the size range from 0.7 to 5.0 

µm with different shape of morphology was analysed quantitatively by using 

EPMA. The analysis of particles smaller than 0.7 µm was not possible in the 

present study because during quantitative measurement of element contents 

in small particles, the material of film filter was also analysed (diameter of 

analysed zone was about 1 µm) resulting in a higher O content. The ranges 

of element contents in particles of different morphology are also given in 

Table 3. 

The “spherical or polyhedral” particles are almost pure Zr or Ce 

oxides with small content of Ti (<14%) and Cr (<1%). These precipitated as 

solid particles after deoxidation of the melt. The N content in these particles 
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are smaller than 7%. The “spherical or polyhedral + cubic” particles 

represent oxide particles having a partial precipitation of cubic Zr and/or Ti 

nitrides on the surface of precipitated oxides. The total contents of Ti and N 

in these particles fall in the ranges 4-44% and 3-26%, respectively. The Cr 

content in these particles is also small (<2%). The “cubic” particles 

correspond to the oxide-nitrides and/or pure nitrides and have almost a cubic 

shape. The composition of “cubic” particles varies in a large range according 

to the added deoxidants, content of nitrogen in metal and size of particles. 

The correlations between average composition, size and morphology 

of particles in the Ti/Zr and Ti/Ce deoxidation experiments are shown as a 

function of N content in Figs. 9 and 10, respectively. 

It can be seen in Fig. 9 for Ti/Zr deoxidation that 85-97% of primary 

particles (>0.8 µm) are “spherical + cubic” type and “spherical” type. These 

particles consist of both oxides (ZrO2 and oxide-nitrides (ZrO2-TiN and 

ZrO2-ZrN-TiN or ZrO2-ZrN-(Ti,Cr)N). It is safe to assume that the TiN 

precipitated heterogeneously on surface of primary ZrO2 and ZrO2-ZrN 

particles during solidification which proves by the results of thermodynamic 

calculations shown in Fig. 4. The number of “spherical” particles decreases 

and that of “spherical + cubic” particles increases with an increased N 

content in the metal due to the precipitation of large amount of ZrN and TiN.  
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As shown in Fig. 10, 82-92% of the primary particles in the Ti/Ce 

deoxidation experiments are “polyhedral + cubic” type and “polyhedral” 

type. These particles also consist of both oxides (CeOy and CeOy–TiOx) and 

oxide-nitrides (CeOy-TiN and CeOy-TiOx-TiN or CeOy-TiOx-(Ti,Cr)N). The 

impression is that Ti and Cr nitrides precipitated on surface of primary oxide 

particles CeOy and CeOy–TiOx during solidification of the melt. The content 

of nitrides in “polyhedral” and “polyhedral + cubic” particles increases with 

increasing the N content in the metal. Most of the “cubic” particles are 

oxide-nitrides such as CeOy–TiN, CeOy–TiOx-TiN and TiOx-TiN which 

generally have sizes smaller than 1 µm. The content of TiN in oxide-nitride 

particles increases from 65 to 90% with increasing the N content. It is 

apparent that the TiN precipitated heterogeneously on oxides during 

solidification of the melt. 

 Based on the obtained results it can be concluded that the primary 

particles in the Ti/Zr deoxidation experiments, such as ZrO2 and ZrO2-ZrN, 

are favourable for precipitation of the ferrite phase during solidification of 

the melt. The ratio of equiaxed grains on a cross section, REC, increases and 

the average size of grains in the equiaxed zone, AD , decreases directly with 

increasing the number of these particles in the melt. However, in the Ti/Ce 

deoxidation experiments the ferrite phase does not precipitate on CeOy and 
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CeOy–TiOx primary particles. As a result, the size of equiaxed grains in 

these experiments is considerable large, and the REC value is smaller than in 

the Ti/Zr deoxidation experiments.  

 

4. Conclusions 

  

The characteristics of inclusion particles and solidification structure in 

Fe-20mass%Cr alloys deoxidised with Ti/Zr and Ti/Ce were investigated as 

a function of nitrogen content from 65 to 490 ppm. The particles were 

observed on a film filter after electrolytic extraction by using 10% AA. 

Based on the analysis of size distribution, morphology and composition of 

particles, all inclusions were separated roughly on primary and secondary 

particles. The effects of primary oxide and oxide-nitride particles on 

solidification structure and grain size were investigated in the present study. 

The results are summarized as follows:  

1. The total number of particles using Ti/Zr deoxidation increases 

significantly with increasing the nitrogen content in the metal due to the 

precipitation of nitrides during cooling and solidification of the melt. The 

primary particles, such as ZrO2 and ZrO2-ZrN, are favourable for 

precipitation of the ferrite phase during solidification of Fe-20mass%Cr 
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alloys and formation of equiaxed grains. As a result, the proportion of 

equiaxed grains on a cross section, REC, increases and the average size of 

grains in the equiaxed zone, AD , decreases directly with increasing the 

number of these particles in the melt. 

2. Using Ti/Ce deoxidation, the total number of particles is unaffected 

by increasing the nitrogen content in metal. The ferrite phase in Fe-

20mass%Cr alloys does not precipitate on CeOy and CeOy–TiOx primary 

particles. Although the number of these particles in the metal is sufficiently 

high, the size of equiaxed grains using Ti/Ce deoxidation is considerable 

larger and the REC value is smaller than using Ti/Zr deoxidation. 
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Table 1. Contents of oxygen, nitrogen and elements from chemical analysis  

after electrolytic extraction of Fe-20mass% Cr alloys by using a 10% 

AA electrolyte. 

 

 
 

Exp.  
No 

Deoxidation [T.O] [T.N] Ti 
sol/insol 

Zr 
sol/insol 

Ce 
total 

Mg 
total 

Cr 
insol 

 mass ppm 
         

1 - 250 168 - - - - - 

         

2 
 

0.1% Ti + 0.1% Zr 
 

145 
 

65 
 

622/30 0/89 - 60 41 

3 
 

0.1% Ti + 0.1% Zr 
 

148 
 

248 
 

521/67 
 

0/214 - 59 169 

4 
 

0.1% Ti + 0.1% Zr 
 

139 
 

490 
 

28/221 0/345 - 59 266 

         

5 
 

0.1% Ti + 0.1% Ce 
 

205 
 

67 612/40 - 181 65 42 

6 
 

0.1% Ti + 0.1% Ce 
 

193 
 

246 637/68 
 

- 269 60 183 
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Table 2.  Grain structure of Fe-20mass%Cr alloy deoxidised with Ti/Zr  

and Ti/Ce.  

 
Exp 
No. 

Deoxidation Parameters Vertical slice Horizontal slices 

1 - [T.O] = 250 ppm 
[T.N] = 168 ppm 
REC = 0.57 

AD  = 1.83 mm 

 

 

2 0.1% Ti + 
0.1% Zr 

 

[T.O] = 145 ppm 
[T.N] = 65 ppm 
REC = 0.55 

AD  = 0.66 mm 
T. NV = 0.72x106 mm-3 

d = 1.06 µm 
  

3 0.1% Ti + 
0.1% Zr 

 

[T.O] = 148 ppm 
[T.N] = 248 ppm 
REC = 0.57 

AD  = 0.30 mm 
T. NV = 1.54 x106 mm-3 

d = 0.85 µm   
4 0.1% Ti + 

0.1% Zr 
 

[T.O] = 139 ppm 
[T.N] = 490 ppm 
REC = 0.66 

AD  = 0.26 mm 
T. NV = 5.25 x106 mm-3 

d = 0.54 µm 
  

5 0.1% Ti + 
0.1% Ce 

 

[T.O] = 205 ppm 
[T.N] = 67 ppm 
REC = 0.44 

AD  = 2.35 mm 
T. NV = 1.32 x106 mm-3 

d = 1.02 µm  

 

 

6 0.1% Ti + 
0.1% Ce 

 

[T.O] = 193 ppm 
[T.N] = 246 ppm 
REC = 0.49 

AD  = 2.62 mm 
T. NV = 1.44 x106 mm-3 

d = 1.00 µm  
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Table 3.  Typical particles in Ti/Zr and Ti/Ce deoxidation experiments 
 
 

  

Shape of 
particles 

Deoxidation 
Ti/Zr Ti/Ce 

   
   

Spherical or 
polyhedral 

  
  

71-78% Zr, 0-6% Ti, <1% Cr, 
15-20% O, 0-7% N 

67-83% Ce, 0-14% Ti, <1% Cr,  
15-21% O, 0-4% N  

   
   

Spherical or 
polyhedral  
+ Cubic 

  
  

25-45% Zr, 4-44% Ti, <2% Cr,  
4-12% O, 3-26%N 

40-69% Ce, 14-38% Ti, <1% Cr,  
5-15% O, 3-16% N 

   
   

Cubic 

  
  

10-31% Zr, 35-55% Ti, 1-5% Cr, 
12-21% O, 16-20% N 

<1% Ce, 63-66% Ti, 1-6% Cr,  
3-9% O, 23-26% N 
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(Fe-50% Ti)

Fe-20% Cr

1400  C
o

0.8  C/s
o

20 min 30 s

Water 

quench

10 s

60 s

   0.1% Zr 
(Fe-76% Zr) 
         or 
  0.1% Ce 
(Fe-50% Ce)

10 s

J.Janis et al.

Fig. 1.  Schematic illustration of experimental method.
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Fig. 3.  Relation between average grain size, DA,  

  ratio of equiaxed grains, REC, and total  
  number of particles per unit volume in  
  Fe-20mass%Cr alloy deoxidised by Ti/Zr  
  and Ti/Ce.
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Fig. 5.  Total particle size distributions in Fe-20mass%Cr  
  alloy deoxidised by Ti/Zr and Ti/Ce at different  
  N content.
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J.Janis et al.

Fig. 6.  Number of particles with different composition  
  in Ti/Zr and Ti/Ce deoxidation experiments  
  at different N content.
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Ti-Ce-Cr  : CeOy-(Ti,Cr)N, CeOy-TiOx-(Ti,Cr)N 
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Fig. 7.  Size distributions of particles with different  
  composition in Ti/Zr deoxidation experiments  
  at different N content.
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Fig. 8.  Size distributions of particles with different  
  composition in Ti/Ce deoxidation experiments  
  at different N content.
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Fig. 9.  Correlation between average composition, size  
  and morphology of particles in Ti/Zr deoxidation  
  experiments at different N content.
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Fig. 10.  Correlation between average composition, size  
  and morphology of particles in Ti/Ce deoxidation  
  experiments at different N content.
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