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Abstract 
Compared to more common used austenitic stainless steels, ferritic stainless steels contain very 
low amounts of the expensive alloying element Ni. In addition, they have good corrosion 
properties, but are sometimes suffering from poor weldability and bad mechanical properties. 
This is mainly due to the presence of large grains after casting and large grain growth during 
heat treatment or welding. Processes for reducing the grain size (grain refining) of metal alloys 
are widely known and proven before to be suitable for many alloys. A successful grain refining 
process can increase the strength of an alloy without decreasing the ductility. This can be 
achieved by different methods, such as rolling or cooling. In this work, the focus has been on 
studying the aspect from a metallurgist point of view, to analyse the possibilities to create small 
particles in the liquid stage to enhance the solidification. The focus has been on oxide and 
nitride formation for nucleation of smaller grains during solidification. 
This study was made by forming particles, develop the analysis methods and thereafter to study 
the effect of particles on the structure of a ferritic stainless steel. The particles were formed by 
additions of Ti, Ce and Zr in to a liquid Fe-20mass% Cr alloy containing different amounts of 
oxygen and nitrogen. The electrolytic extraction technique was used to achieve a good 
understanding of the reaction processes and the particles size, number, composition and 
morphology. The grain sizes and the particles were then studied in as-cast samples as well as in 
specimens heat treated for 60 minutes at 1200, 1300 and 1400°C in a Confocal Scanning Laser 
Microscope (CSLM). Also, based on Scanning Electron Microscope (SEM) determinations and 
Thermo-Calc calculations, the precipitated particles were divided as primary and secondary 
particles. Thereafter, the grain refining potential was studied for each of these types. 
In this work, particles engineering by using small particles have been proven suitable for the Fe-
20mass% Cr ferritic stainless steel alloys. Although the work has been based on small-scale 
samples and experiments, the results show good tendencies with respect to grain refining as 
well as a clear relationship between the particles in the steels and the microstructures. It was 
found that Ti-Ce additions in Fe-20mass% Cr alloys resulted in complex oxides including Ti, Ce 
and Cr. These oxides were observed to have high agglomeration tendencies and therefore to 
form larger particles or clusters. The grain refining potential on the solidification structure was 
insignificant, despite a relatively large amount of particles. However, Ti-Zr additions in Fe-
20mass% Cr alloys on the other hand resulted in primary precipitated particles such as ZrO2 and 
ZrO2+ZrN. Furthermore, ZrN nucleated ferrite during solidification, which lead to a clearly 
observed grain refining effect. This effect was also increased with an increased number of 
particles. The amount of particles (primary and secondary) was also found to increase with an 
increased amount of nitrogen. Secondary particles (mostly TiN) were precipitated near grain 
boundaries, which lead to a location based pinning effect of the grain growth during heat 
treatment at 1200 °C. This pinning effect was increased by an increased nitrogen content and 
thereby an increased number of particles. Finally, the pinning effect was clearly reduced during 
heat treatment at 1400 °C. 
Key words: Inclusions, Particles, Grain size, High Cr, Ferritic, Grain refining, Solidification, 
Pinning effect, Stainless steel, Oxides, Nitrides  
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Chapter 1  

INTRODUCTION 
 
Today there are high demands on the steel industry to produce steel suitable for many various 
purposes. Deep understanding of steel microstructures has enabled the steelmakers to 
systematically exploit the property potential of the iron metal. A major objective has been to 
increase strength while still maintaining sufficient toughness, with good weldability, all this at 
minimum costs. In practice, these contradictory requirements can only be met by designing 
steels with a properly balanced microstructure. One natural way of facing this delicate mission 
is to modify the steel composition in the liquid stage to be suitable for a designed solidification. 
The process steps involving casting and cooling can be seen as a costumer for the metallurgy 
with high case specific demands on the composition. This means that from a metallurgy point 
of view, there is less potential to influence after these steps. There are although some ways to 
improve the starting conditions for solidification. Addition or formation of small particles which 
can enhance the nucleation of the solidification is one of them. The benefits from successful 
introduction of nucleation agents in the liquid phase might be the connection between 
metallurgy and the microstructure needed for future development. This research topic is widely 
known as grain refining both from metallurgy as from metallographic/material science point of 
view. 
 
1.1 Properties and characteristics of common stainless steels 
 
Both low-alloyed steel grades and stainless steel grades have been widely studied and 
developed throughout the years.  Clearly in terms of alloying elements and further processing 
to achieve different types of steels suitable for many purposes. The development has lead to a 
great knowledge and widely usage of steel in various applications. This has been spread around 
the world and increased the important standard of living for many countries. Although steel has 
been highly studied and developed, it is essential to continue research and product 
development in order to increase the performance of this important material. 
There are four main types of stainless steels: austenitic, ferritic, duplex and martensitic. The 
austenitic stainless steels are clearly dominating the market in general. This is followed by 
duplex, which is a mixture of austenitic and ferritic. Austenitic stainless steels have a typical 
alloy composition of 18%Cr and 10%Ni. The ferritic stainless steels, however, have an 
economical advantage in comparison to the more common austenitic and duplex stainless steel 
grades. This is mainly due to a much lower, or zero, content of the expensive alloying element 
Ni. The material costs as well as the application of the final product are determining the choice 
of the stainless steel grade. The corrosion resistance is excellent for all of the stainless steel 
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types. However, the ferritic stainless steels have problems with the mechanical properties, 
especially the toughness in comparison to austenitic and duplex stainless steels. They become 
brittle due to very large grains in the as-cast material and due to rapid growth of grains during 
heat treatment and welding. 
One important factor, which contributes to the choice of austenitic stainless steels over ferritic 
steels, is probably the presence of large grains in ferritic stainless steels. Except for the poor 
mechanical properties, the large grain sizes may also contribute to difficulties in processing. The 
problems which may occur with large grains will be more discussed below.  
 
1.2 Effect of grain structure and segregation on final properties of stainless 
steels 
 
The beneficial effects of successful grain refining are hard to estimate. However, several effects 
are of great importance and deserve their own explanation. First of all, there is segregation of 
elements during solidification of alloys. This means that the solidifying material will have a 
different composition than the melt with local composition variations as a consequence. Thus, 
the alloying elements that have the lowest melting point will be enriched in the last solidified 
material. In addition, the grain boundaries in the steel will solidify last and will thereby contain 
more alloying elements. The segregation of elements to the grain boundaries has generally 
detrimental effects on the mechanical properties. Furthermore, the negative effects increase if 
the grain boundaries are few. Larger grains, especially columnar grains in ferritic stainless 
steels, are very sensitive to composition changes in the grain boundary areas. Usually, the 
segregation and composition changes in the material are caused by super-saturation of alloying 
elements. Effective grain refining will increase the grain boundary area and thereby spread the 
composition changes in the volume resulting in an increased ductility. 
Pure ferritic stainless steels have a ferritic structure for all temperatures from the initial 
solidification moment down to room temperature, i.e. no α → γ transformation takes place. 
This means that heat treatments and further processing of the as-cast material will much less 
influence on the final product compared to austenitic stainless steels. More specifically, the 
austenitic stainless steels often solidify with some amount of ferrite, which transforms to 
austenite during cooling. Thereby, it is much easier to form new grains by reheating and cooling 
austenitic stainless steels and in that way refine the structure. That possibility is not available in 
the ferritic steel process. Therefore, ferritic stainless steels are much more dependent on the 
solidified structure, i.e. the grain size achieved after casting. The existing alternatives are to 
produce the more expensive austenitic stainless steel, and to use the cheaper ferritic stainless 
steel in applications with less demands on the mechanical properties. 
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The yield strength is an important material property. It is very dependent on the grain size in 
the material. More specifically, smaller grains lead to higher yield strength. The hardness and 
the yield strength increases by the well known Hall-Petch relationship [1-2], in which the yield 
strength is proportional to the grain diameter as d-1/2: 

           (1) 

where σ is the yield strength, ky is a material constant and d is the grain diameter.  Smaller 
grains also have the beneficial effects of making the material more ductile, as mentioned 
above. One reason is that the tension between the grains increases when the grain size 
increases, if the steel is under the influence of a load. The tensions are formed due to the 
anisotropic properties of the different individual grains. Two grains will thereby show different 
elastic properties. In addition, larger grains mean larger volume for the tensions to grow. 
Cottrell [3] analysed the relationship between the brittle fracture and the grain size and showed 
the relationship to be similar to the Hall-Petch relationship, but with a different constant, kf. 
The differences between the parameters were found to cause the transition-temperature (the 
temperature for brittle fracture) to decrease with a decreased grain size. This means that 
decreased grain sizes makes the steel harder and more ductile at the same time. This states the 
importance of grain refining in developing steels with better mechanical properties. It should be 
noted that other hardening mechanisms such as solution-hardening, particles-hardening and 
deformation-hardening increases the strength, but often decreases the ductility. 
The large columnar grains usually associated with ferritic stainless steels cause problems during 
further processing. A rolled plate can show ribbons with different sizes of grains. They will form 
ugly shapes on the surface called “ridging” and “roping”[4] because of the widely distributed 
hardness properties. This phenomenon can demand an increased heat treatment operation and 
extra rolling operations, which increases the production costs for the steel. Except for the 
problems with shaping these types of steels, large differences in the grain sizes can cause 
different mechanical properties. For construction steels, it is very important to have a 
homogenous distribution of the properties otherwise it can be difficult to rely on the material. 
In addition, a crack usually initiates where there are some weak points in the steel structure, 
which will lead to a material failure. Therefore, it is of great importance to reduce the 
heterogeneities in the mechanical properties. One way of achieving this is to make the steel by 
powder metallurgy. Nyby[5] manufactured an alloy by crushing ferritic stainless steel or by 
solidifying small liquid steel droplets in a gas atmosphere. This powder is then high-pressure 
sintered at around 1200 °C to reach a 100% density. Further, the material is annealed and 
finally processed into desired shapes. This production technique produces small grains and 
results in a good homogeneity with respect to the mechanical properties. However, this 
technique is very expensive and not suitable for production of large steel quantities. 
In concise matter; by using particles for grain refining it is possible to reduce the as-cast grain 
size, decrease the grain growth, eliminate “ridging” and “roping” and homogenize and increase 
the mechanical properties in an economical way. 

2/1−
= dk yσ
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It should also be mentioned that much research has been done throughout the years on how to 
remove inclusions in many ways (Clean steel etc.) to minimize the possible negative effect that 
large inclusions can have on the mechanical properties of steels. However, there are many 
possible positive effects resulting from the right type and size of inclusions. Because of the 
negative aspects associated with the word inclusions, they are hereafter referred to as 
particles. 
 
1.3 Objectives of present work (effect of particles on grain structure) 
 
Grain refining by formation of particles is a widely known phenomena [6-17]. When new grains 
are formed in the presence of existing surfaces, it is more likely that the embryo of the grains 
starts to grow on the particles. It has previously been shown that the quality of the existing 
particles is very dependent on the surface energy between the particles and the liquid steel. 
More specifically, different particles have different surface energies and thereby different 
abilities to work as nucleators. Other important factors such as type, size, size distribution and 
morphology of particles have also been shown to have a great influence on grain refining.  
The work in this thesis was focused on the precipitation phenomena of small size particles 
(0.05-4µm) in liquid steel prior to and during solidification. The particles were working as 
nucleators for small equiaxed grains during solidification. Without these particles, the steel 
would solidify with large columnar grains, which cause major difficulties in further processing as 
well as detrimental weaknesses with respect to the mechanical properties.  
The interest in these suitable particles, and the possible positive effects that they could provide, 
lead to this thesis. Therefore, this thesis is focused on process development of steel using fine 
particles. Particles that form during processing of the steel grades in a controlled way, so the 
effect can be of positive nature. In addition, this work could be included in the discussion about 
solving the economical and environmental issues when dealing with a high Ni usage. Thus, the 
problem is widely discussed in the world in forms of an increased and unstable Ni alloy price. 
The work has been focused on particle engineering including the reaction rate of formed 
particles, modification of existing particles, minimizing size, maximizing number, and making 
the correct composition. Particles shape, size, morphology and composition have been studied 
with state-of-the-art equipment such as the electrolytic extraction technique. The effects of the 
particles on the steel have been studied in both cold (25°C) and warm (in situ experiments up to 
1400°C) samples. 
There are many ways to increase the strength in steel by alloying additions. However, the 
increase in strength often results in a decreased ductility. The process of using particles for 
nucleating small grains during solidification (grain refining), as well as pinning the growth of 
grains during heat treatment (grain pinning) has been extensively studied [6, 18-25]. By 
decreasing the grain size and by keeping small grains during heat treatment and/or welding, the 
strength can be increased without making any compromising in ductility. 
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Particles can be formed by reactions between oxygen and/or nitrogen in the steel together with 
alloying additions which have a high affinity to oxygen and/or nitrogen. If the conditions are 
optimal, these reactions will form precipitates very rapidly. These precipitates will thereafter be 
widely dispersed in the steel. The density differences between particles formed from reactions 
may be quite large. Therefore, it is important to study the formation process as a function of 
treatment time.  One way of solving these issues can be by forming solid particles late in the 
liquid state of the steel production process and thereby decrease collision, growth or floatation 
time. 
The principles of the current work have been to detect the different important qualities of the 
particles; such as type (composition), amount, size distribution and morphology, since it has 
been shown to have a wide influence on the grain refining. When the particles effect on the 
steel properties is determined, it is of crucial importance to use the correct particles 
characteristics analysis. As mentioned, much of this work is done using the electrolytic 
extraction technique. This technique dissolves the steel matrix of the samples in an electrolyte 
for isolation of the particles. Thereafter, the particles can be kept on a film filter after filtration 
of the electrolyte. Therefore, they can be analysed as three dimensional shapes using different 
microscope techniques. 
The author is well aware of the negative effects that can occur when particles are introduced in 
the steel by deoxidation or denitrogenation. However, this work has clearly been focused on 
the beneficial effects of particles. The grain size, the size of the equiaxed zone and the shape of 
grain boundaries have been the major parameters to determine in order to analyse the effects 
of particles on the steel microstructure. An attempt has also been made to isolate all the 
determinations individually to obtain clearer pictures of the separate effects on grain refining. 
The studies of as-cast samples as well as heat-treated samples could show many positive effects 
of the presence of particles in the steel.  For example, the right type of particles could clearly 
affect the as-cast grain size, while other type of particles from the same alloying system could 
prevent grain growth during heat treatment. 
Because of the volatile Ni price, it becomes more and more important to establish a control of 
the microstructures in ferritic stainless steels containing low levels of Ni. Ferritic stainless steels 
are usually suffering from oversized grains, and as a consequence poor mechanical properties. 
One way to deal with this problem is to control the grain sizes in ferritic stainless steels and 
thereby enable these steels to compete with the austenitic stainless steels.  
As mentioned above, the work in this thesis is based on metallurgical experiments to create 
particles as well as experiments to study the changes in microstructure due to the presence of 
particles. The deoxidation experiments and the as-cast evaluation are presented in the first 3 
supplements, as shown in Figure 1. Furthermore, in-situ heat treatment observations of grain 
boundary migrations and pinning effects are studied in supplements 3 and 4. Supplement 4 also 
presents results on the behavior of particles during post heat-treatment. Supplement 5 is 
related to precipitation of surface related austenite from dissolved particles. 



 

This work is based on the positive effects of particles in each ste
formations of particles in the steel melt including 
effect on the solidification microstructure by primary and secondary precipitated particles
the effect on the grain growth during heat treatment by observing the pinning effect of 
particles, and iv) the stability of particles during heat treatment. 
the precipitation of surface located austenitic phase was also observed and discussed.
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Figure 1 Focus in different supplements 

This work is based on the positive effects of particles in each step of the steel
ormations of particles in the steel melt including thermodynamically consideration, ii) t

rostructure by primary and secondary precipitated particles
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iv) the stability of particles during heat treatment. In addition, in supplement 5
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Chapter 2 

EXPERIMENTAL WORK 
 
The experimental work includes many different experimental processes and analysing 
techniques. The methods are listed below, followed by a short explanation of the pros and cons 
for each method. 
 
2.1 Methods 
 

• Sample preparation (melting, 
furnaces) 

• Sample preparation for 
metallographic examination 

• LOM 
• SEM with EBSD, EPMA, EDS and 

WDS 

• Electrolytic extraction 
• CSLM 
• Image analysing 
• Chemical analysis 
• Thermo-calc 

2.1.1 Sample preparation (melting, furnaces) 
The furnaces used in this work have been a small scale (~150g) high frequency induction as well 
as a small scale arc furnace (~600g).  
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. A water-cooled copper mould was used to keep the 
samples during melting. The copper mould contained four spots for the base alloy and one for 
an oxygen and nitrogen reactant, which in this case was pure Ti. The Ti pieces were melted 
before and after each melting of the base alloy to react with possible oxygen and nitrogen.  A 
picture of the arc furnace can be seen in Figure 2 (left).  
For deoxidation experiments, 150 g of the alloy was melted at 1600°C in an MgO crucible under 
an Ar gas atmosphere (500 ml/min) in a high frequency induction furnace (100 kHz, 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. An illustration and a picture of the furnace 
can be seen in Figure 2 (middle and right). 
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Figure 2 From the left: Arc furnace, Illustration of deoxidation furnace and Deoxidation furnace 

2.1.2 Sample preparation for metallographic examination 
After each deoxidation experiment (i.e. sample making) the ingot samples were cut vertically to 
locate the equiaxed zone and horizontally to measure the grain size. The vertical and horizontal 
pieces were ground, polished and finally etched by using a solution of 75volume% HCl – 
25volume% HNO3 concentrated acids at room temperature. The grain size distribution of the 
equiaxed zone was analysed on horizontal pieces of samples. 
2.1.3 Light Optical Microscope (LOM) 
The size of grains was measured from photographs obtained by a light optical microscope 
(LOM) at the following magnifications: 25, 50 and 100 times. 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, which is a commercial software. 
2.1.4 SEM with EBSD, EPMA, EDS and WDS 
The particle observations on film filters were made by using SEM and by using EPMA at 
magnifications of 1000 and 2500 times. Essentially more than 200 particles for each sample 
were measured to obtain a representative particle size distribution. In addition, Ti, Ce, Cr, Fe, 
Mg and other elements were checked by the characteristic peak of reflected electrons by 
Energy Dispersive Scanning (EDS) method. For composition analysis including light elements 
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such as O and N, Wave-length Dispersive Scanning (WDS) method was used instead. In addition, 
SEM with Electron Backscatter Diffraction (EBSD) was tried to be used for possible 
characteristics of precipitated new phases in supplement 5. 
2.1.5 Electrolytic extraction 
The electrolytic extraction process can be divided into two different procedures, chemical 
analysis and particles analysis. Each procedure is made individually for each purpose. 
2.1.5.1 Chemical analysis 
For chemical analysis of soluble and insoluble elements, the metal samples were dissolved with 
a 2%TEA (2% triethanolamine - 1% tetramethylammonium chloride - methanol) electrolyte and 
a 10%AA (10% acetylacetone - 1% tetramethylammonium chloride - methanol) electrolyte by 
using the potentiostatic electrolytic extraction method. The following parameters were used: 
150 mV, 45-55 mA and 1400 Coulombs. Some samples were extracted using only a 10%AA 
electrolyte, but with the same settings. The dissolved amount of metal was on average 0.25-
0.35g. The resulting solution which was obtained after electrolytic extraction was filtered using 
a membrane polytetrafluoroethylene (PTFE) filter, with an open-pore size of 0.1 μm. 
Furthermore, the dissolved elements in filtrate correspond to the content of soluble elements, 
Msol. The residue on the membrane filter corresponds to the content of insoluble elements, 
Minsol. The chemical analysis of soluble and insoluble elements was made by using inductively 
coupled plasma (ICP) emission spectrometry. 
2.1.5.2 Particles analysis 
For the observation of particles, a metal sample was dissolved by using the potentiostatic 
electrolytic extraction method with a 2%TEA electrolyte (150 mV, 40-50 mA, 500 Coulombs) 
and with a 10%AA electrolyte (150 mV, 40-50 mA, 300 Coulombs). The total weight of the 
dissolved metal was on average 0.12 and 0.07 g for the 2%TEA and 10%AA electrolytes, 
respectively. After extraction, the electrolyte was filtered using a polycarbonate membrane (PC) 
filter with an open-pore size of 0.05 μm. The PC film filter is used instead of a PTFE filter for 
particles observation because of the shape of the porosity. The PC filter has holes and the PTFE 
has a grid. The large size particles were extracted with a 10%AA electrolyte (150 mV, 40-50 mA, 
600 Coulombs) and filtrated by using a PC film filter with an open-pore size of 5μm. In this case, 
the weight of the dissolved metal was about 0.11-0.14 g. 
2.1.6 CSLM 
For in-situ observation of grain growth and pinning effect of particles during heat treatment at 
different temperatures, cylindrical specimens (Ø4.2 x 1.5 mm) were cut from the equiaxed zone 
of the samples. Each specimen was polished and then placed in an alumina crucible to be used 
in a CSLM for magnified examination during heating up to 1200, 1300 and 1400 °C. The actual 
surface temperature was calibrated using a blank sample with Pt-PtRh thermocouple attached 
to the surface. The surface temperature of the specimen was found to vary about 20-40 °C from 
the control temperature at the bottom of crucible. The temperature was measured at the 
bottom of the crucible by using a Pt-PtRh thermocouple. Thus, by using this data, the surface 
temperature of the specimen was controlled. The atmosphere in the CSLM was pure Ar. In 
addition, the heating rate of the specimen was 100 °C/min.  
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First, the sample was heated to 200 °C and held for 10 min in order to remove possible water 
vapor being present. Thereafter, the specimen was heated to the experimental temperature. 
The grain boundary, which is revealed by thermal etching (thermal groove) at high 
temperature, starts to be visible after approximately 800 °C. Thereafter, it becomes clearer with 
an increased temperature. During all experiments, each specimen was kept at the experimental 
temperature for 60 min. Thereafter, it was cooled down to room temperature by switching off 
the heating element. 
The specimen surface during heat treatment in the CSLM was observed in-situ with objective 
glasses at magnifications of 10, 20 and 40 times. The observation area with a 10 times 
magnification objective represented roughly 1/20th of the total area of the specimen. In this 
case, these projection images consisted of a frame of 640x480 pixels; the frame resolution was 
1.36µ m/pixel. Therefore, the observation of the migration of grain boundaries and pinning 
effect of particles during holding at a given temperature was video recorded at a 1/30 second 
interval. A sweeping sequence was initiated at 2, 5, 10, 15, 30, 45 and 60 min. The recorded 
sequence was later transferred to the computer. By using a snapshot tool to retrieve 
overlapping images from a scanning sequence for combining pictures makes the total specimen 
surface visible. When the surface was visible, the grain boundaries could be analysed by the 
software program (Winroof©). The area, AG, diameter, DA, and perimeter, PGB, of each grain 
were measured. The size of each grain, DA, was determined as the equivalent diameter of a 
circle, which has the same area as the measured grain. These examinations were combined 
with local observations of grain growth on a specimen surface at objective glasses of 40 times 
between the scanning procedures. After the heat experiment, the samples were analysed in an 
SEM equipped with an EPMA for a characterization of the pinning particles. Determination of 
the chemical composition of pinning particles was performed with focus on the composition 
differences between O and N in particles acting as pinning sites. 
2.1.7 Image analysing 
Image analysing equipment was used in many of the experimental setups to be able to analyse 
sizes of grains, particles, length of grain boundaries and areas of different phases. This is a very 
useful tool for an objective analysis of area differences. Two different techniques were used; 
one integrated system including a camera for direct analysis (Luzex-FS Image Analyzer), and the 
other software program for analysis of saved digital pictures (Winroof©). 
2.1.8 Chemical analysis 
Small pieces representing the same position in the ingot as all other analysis were cut and 
ground. The total contents of oxygen, [T.O], and nitrogen, [T.N], in metal samples were then 
determined by using inert gas fusion-infrared absorptiometry.  
2.1.9 Thermo-Calc 
Thermo-Calc is a software program for computational thermodynamics and has been used in 
this work to explain and verify experimental data. It has been a very valuable tool to estimate 
the precipitated amount of particles, and the temperature for precipitation. Thermodynamic 
equilibrium has been considered during all calculations.[26] 
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Chapter 3  

RESULTS AND DISCUSSION 
 
3.1 Development of analysing procedures for complex deoxidation products in 
Fe-20mass%Cr alloys 
 
In supplement 1 the purpose was to present some possible evaluation techniques for Fe-Cr 
alloys. Electrolytic extraction was already a well known method for investigations of particles in 
low-alloyed steels and Fe-Ni alloys. Because the main topic of the research in this thesis is 
dealing with particles engineering and the effect on the microstructure in Fe-Cr alloys, it was of 
great importance to make the electrolytic extraction technique suitable for Fe-Cr alloys. It was 
found possible to analyse the Fe-Cr alloys by this technique after some tuning of the extraction 
parameters. As a consequence, the size, shape, morphology and composition of the particles 
could be interpreted together with an etched surface of the as-cast Fe-20mass%Cr alloy. It was 
also proven suitable for analysis of soluble and insoluble elements by separating the particles 
from the matrix. Thereafter, analyse them as well as the composition of the matrix without 
particles. 
3.1.1 Evaluation process of suitable electrolyte 
The process of sample making for the evaluation part of this work was based on melting a Fe-
20mass%Cr alloy and keeping it at 1600 °C. Thereafter, deoxidising the melt with Ti and Ce (0.1 
and 0.1mass %) and using 60 s interval between additions and then cooling to 1400 °C. After 
different holding times (1, 3 and 10 min) and when reaching 1400°C, the samples were water 
quenched, see Figure 3. This process made it possible to analyse the influence of time on the 
reactions as well as the formations of particles in the steel. 

 
Figure 3 Schematic illustration of experimental procedure 
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extraction of Ce-oxides from metal samples
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increase after the electrolytic extraction using a 10%AA electrolyte.
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Figure 5 Surface of film filter and particles after electrolytic extraction of a Fe
((a) 1000 times magnification, -300 Coulombs

In this case, small size particles (
investigated. Moreover, the morphology of small and larg
electrolytic extraction by using a 
3.1.3 Composition results from electrolytic extraction
The results of the chemical analysis of 

Table 1 Content of soluble and insoluble elements obtained from chemical analysis by using different electrolytes for 

Experiment 
number 

Holding 
time at 
1600°C 
(min) 

Electrolyte

1 3 2%TEA 
 10%AA

2 10 2%TEA 
 10%AA

3 3 2%TEA 
 10%AA

4 10 2%TEA 
 10%AA

5 1 10%AA
6 3 10%AA
7 10 10%AA

(a) 
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Surface of film filter and particles after electrolytic extraction of a Fe-20mass% Cr alloy by using a 10%AA electrolyte 
300 Coulombs (b) 20 000 times, -300 Coulombs, (c) 5000 times, -600 Coulombs).

In this case, small size particles (d < 0.5 μm) in metal samples of Fe-20mass% Cr alloy can be 
Moreover, the morphology of small and large particles can be observed after 

electrolytic extraction by using a 10%AA electrolyte, as shown in Figures 5(b) and (c).
from electrolytic extraction 

The results of the chemical analysis of soluble and insoluble elements are given in 
Content of soluble and insoluble elements obtained from chemical analysis by using different electrolytes for 

extraction of Fe-20mass% Cr alloy. 

Electrolyte Dissolved 
weight of 

metal 
(g) 

Ti 
sol / insol 

(ppm) 

Ce 
sol / insol 

(ppm) 

Mg
sol / insol

(ppm)

 0.3270 917 / 107 4 / 63 - 
10%AA 0.2903 779 / 149 182 / 51 - 

 0.3695 556 / 226 3 / 2 - 
10%AA 0.2433 569 / 90 72 / 1 - 

 0.3600 742 / 191 2 / 2 - 
10%AA 0.2346 776 / 216 317 / 35 - 

 0.3403 903 / 376 5 / 23 - 
10%AA 0.2382 843 / 69 71 / 2 - 
10%AA 0.3434 107 / 129 29 / 207 20 / 2
10%AA 0.3489 7 / 198 27 / 251 21 / 0
10%AA 0.2612 10 / 144 60 / 183 34 / 1

(b) 

 
20mass% Cr alloy by using a 10%AA electrolyte 

600 Coulombs). 

20mass% Cr alloy can be 
e particles can be observed after 

(b) and (c).  

soluble and insoluble elements are given in Table 1. 
Content of soluble and insoluble elements obtained from chemical analysis by using different electrolytes for 

Mg 
sol / insol 

(ppm) 

Cr 
insol 

(Mass %) 

 0.851 
 0.004 
 1.000 
 0.310 
 1.310 
 0.011 
 1.030 
 0.012 

20 / 2 0.006 
21 / 0 0.010 
34 / 1 0.030 

(c) 
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It can be seen that the contents of soluble Ce in the metal samples is much higher using a 
10%AA electrolyte than when using 2%TEA electrolyte. It can be explained by the dissolution of 
some Ce-oxide particles during long extraction times when using a 10%AA electrolyte (1400 
Coulombs), as mentioned previously. The content of insoluble Cr is much higher for extraction 
of a Fe-20mass% Cr alloy using a 2%TEA electrolyte than by using a 10%AA electrolyte. This is 
due to the precipitation of Cr-rich compounds. Consequently, for investigation of particles on a 
film filter after electrolytic extraction, a 10%AA electrolyte and a lower electric charge (300 
Coulombs) can be used for high-chromium steels deoxidised with Ce. However, for accurate 
determinations of the soluble and insoluble Ce contents in metal samples, a 2%TEA electrolyte 
is superior to a 10%AA electrolyte. 
3.1.4 Particles results from electrolytic extraction 
The total size distributions of particles extracted on a film filter with an open-pore size of 0.05 
µm are shown with the step width of ∆=0.1 in the range of ∆from -0.95 to 0.95 (∆=log10d, mean 
values of d in the size range from 0.11 to 8.91 µm) in Figure 6.  

 
Figure 6 Size distribution of particles observed on film filters with 0.05 μm open-pore size. 

 
The data are given as a function of the holding time after a second deoxidation with Ce. It can 
be seen that the number of particles per unit volume, NV, decreases with an increased holding 
time. This trend is caused mostly by agglomeration of small particles. However, the particle size 
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distribution for a 10 min holding time has two peaks. The right-side peak corresponds to the 
primary particles, which are precipitated initially after deoxidation and thereafter increases in 
size during holding (at 1600oC). The left-side peak corresponds to the secondary particles which 
might be precipitated during holding at 1600oC, cooling and solidification of melt. The 
precipitation of secondary small size particles (d < 0.8 µm) can be explained by the quick 
decrease of soluble Ce content in the metal. This, in turn is caused by a reaction with the MgO 
crucible and an increase of the residual content of soluble O. This assumption is confirmed by 
the increase of soluble Mg and insoluble Cr contents during holding at 1600oC in Table 1. 
 
3.2 Nitrides and oxides (from Ti, Ce and Zr) effect on the solidified structure 
 
In supplement 2, the effects of nitride-oxide particles on solidified structures were investigated 
in Fe-20mass%Cr alloys deoxidised with Ti/Zr and Ti/Ce. The experimental procedure was 
similar to supplement 1, see Fig. 3 with minor changes. The holding time was shortened to 30 s 
due to the high speed reactions and sufficient time for particles formation. The characteristics 
of inclusion particles were analysed on a film filter after electrolytic extraction. Based on the 
study of the particle size distribution, composition and morphology, the particles were roughly 
separated as “primary” or “secondary” and their effects on the solidification structure were 
estimated. 
3.2.1 Composition results after deoxidation experiments 
The total content of oxygen, [T.O], and nitrogen, [T.N], and chemical composition of metal are 
given in Table 2. 
 

Table 2 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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It was found in a previous study in supplement 1[28] that the 10%AA electrolyte cannot be used 
for estimation of insoluble Ce and Mg contents. This is due to the dissolution of Ce and Mg 
oxides during the long time extraction necessary for chemical analysis and that the soluble 
content of these elements increase. Therefore, the contents of Ce and Mg in Table 2 are given 
as the total amount. It can be seen that the final content of oxygen in the metal samples of 
Ti/Zr and Ti/Ce experiments are almost constant in the ranges 139 to 148 ppm and 193 to 205 
ppm, respectively. In contrast, the [T.N] values vary over a wide range from 65 to 490 ppm. 
3.2.2 Grain results in as-cast samples 
The photographs of a grain structure obtained after etching of horizontal and vertical slices are 
given in Table 3 for a Fe-20mass%Cr alloy without deoxidation (Exp. 1) and which have been 
deoxidised by additions of 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 and Columnar 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 3. 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 from the horizontal slices. It is apparent from the photographs in 
Table 2 that the zone of equiaxed grains in the Fe-20mass%Cr alloys which have been 
deoxidised with Ti/Zr (Exps. 2 to 4) is significantly larger than in the alloys deoxidised with Ti/Ce 
(Exps. 5 and 6). Moreover, the size of grains in the equiaxed zone decreases with an increased 
nitrogen content and number of particles in the metal samples for the Ti/Zr experiments. 
However, the REC and 

AD  values in the Ti/Ce deoxidation experiments changes only slightly, 
although there is a significant increase in the N content. 
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Table 3 Grain structure, measurements and information 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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The size distributions of equiaxed grains, which were measured on the horizontal slices of the 
samples, by using the Winroof© program, are shown in Figure 7 as a function of the nitrogen 
content. A range value of grain size for the i-th step of the size distribution, DA(i), is calculated as 
follows: 
DA(i) = 10Δ(i)              (2)  
where Δ(i) is the width of i-th step for log-normal distributions (Δ(i) = Δ(i-1) + 0.1) and ranges from 
-1.3 to 0.9. In this case, the arithmetic mean value of the grain size for the i-th step of the size 
distribution, )A( iD , varies from 0.06 to 8.97 mm. 

 
Figure 7 Grain size distribution in Fe-20mass%Cr alloy deoxidised by Ti/Zr and Ti/Ce at different N content. 

 
It can be seen in the upper diagram that the grain size in the sample which has not been 
deoxidised (Exp. 1) and the Ti/Zr deoxidation (Exps. 2 to 4) experiments show log-normal 
distributions. Also, most of the equiaxed grains in the Ti/Zr deoxidation experiments have a size 
much smaller than 1 mm. The 

AD  value significantly decreases with an increased N content in 
the samples. This can be explained by an increased number of particles in the metal due to the 
precipitation of small-sized nitrides. 
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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. 7, most of the equiaxed grains in 
the Ti/Ce deoxidation samples (Exp. 5 and 6) also have sizes larger than 1 mm. This is despite 
that 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. 
As shown in the lower diagram of Figure 8, the REC value increases with an increased total 
number of particles in the Ti/Zr and Ti/Ce deoxidation experiments. However, the ratio of the 
equiaxed grains in the Ti/Zr experiments is considerable higher than in the Ti/Ce experiments, 
at similar values of T. NV .  

 
Figure 8 Relation between average grain size, 

AD , 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. 

 
From the results shown in the upper and lower diagrams of Fig. 8 it is apparent that a 
sufficiently high number of particles in the Ti/Ce deoxidation experiments (Exps. 5 and 6) 
cannot guarantee a small size of equiaxed grains and a high ratio of equiaxed grains in 
comparison with the Ti/Zr experiments. The reason for 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) show the same tendency as previous theoretical 
predictions by Hunt [29] and Zhang et al.[30].  
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3.2.3 Primary and secondary precipitated particles  
In this study, the particles in the 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 is reached). The secondary particles are precipitated during 
solidification of the melt. The precipitation possibility of nitrides in a Fe-20mass% Cr alloy 
before and during solidification was estimated for the metal sample compositions given in 
Table 2. Furthermore, based on thermodynamic equilibrium calculations by using the Thermo-
Calc© program[26], the amounts of precipitated ZrO2, ZrN and TiN phases in an Fe-20mass% Cr 
alloy were plotted against the temperature in Figure 9 for different nitrogen contents in metal 
samples obtained from Exp. 2 to 4.  

 
Figure 9 Input parameters and amount of precipitated ZrO2, ZrN and TiN in Fe-20mass%Cr alloy at different N contents 

calculated by using the ThermoCalc program. 
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It was found that the ZrO2 particles are precipitated before solidification, independently of the 
N content in the melt. Majority of the ZrN particles are precipitated before solidification in the 
given metal samples with high contents of N (248 and 490 ppm N in Exp. 3 and 4). However, the 
TiN particles can only precipitate 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 of stirring and 1 min holding took place, the free oxygen 
content in the melt reached approximately 30 ppm. 
It can be seen in Figure 10 that 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 correspond to the amount of particles in the right side of Fig. 9 above 1510 °C. 
These particles generally have a size larger than 0.9 µm. The left-hand side peak of the obtained 
size distribution corresponds mostly to secondary particles, which precipitated during 
solidification of the melt. These particles generally have a size in the range from 0.1 to 0.8 µm. 

 
Figure 10 Total particle size distributions in Fe-20mass%Cr alloy deoxidised by Ti/Zr and Ti/Ce at different N contents. 
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The number of small-sized particles increases rapidly with an increased nitrogen content in the 
metal. This is due to the precipitation of Zr and Ti nitrides. The number of large-sized particles 
also increases with an increased N content. This is due to the homogeneous and heterogeneous 
precipitation of ZrN in the melt at 1600°C. This is particularly evident for Exp. 4 with a 490 ppm 
N content. As a result of the significant increase of the number of small size particles, the shape 
of the particle size distribution transform to a unimodal curve. In this case, the average size of 
particles, d , in the size distribution decreases from 1.06 to 0.54 µm with an increased nitrogen 
content in the Ti/Zr deoxidation experiments. This is due to the rapid increase of the number of 
small-sized particles, as given in Table 3 and shown in the upper diagram of Fig. 10. 
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. 10 corresponds to 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, only slightly increases with an 
increased N content up to 246 ppm. This can be explained by an insufficient content of soluble 
Ti available for homogeneous precipitation of TiN or oxide-nitrides during solidification of the 
melt. As a result, the average size of particles, in these experiments does not practically change 
with an increased nitrogen content, as shown in Table 3 and the upper diagram in Fig. 10. 
3.2.4 Relationship between particles morphology, size and composition 
The morphology of particles on film filters after electrolytic extraction was classified into 
“spherical or polyhedral”, “spherical or polyhedral + cubic” and “cubic” type. In this study, the 
“spherical” particle appears roughly as a sphere by the SEM observation at magnifications of 
1000 to 5000 times. The photographs of typical particles with different morphology are given in 
Table 4 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 
morphologies was determined quantitatively by using EPMA. Due to the limitation of analysing 
equipment, analysis of particles smaller than 0.7 µm was not possible in the present study. The 
analysed zone diameter (beam diameter) was approximately 1 µm which resulted in analysing 
the film filter and unreliable and high O contents. The ranges of element contents in particles of 
different morphologies are also given in Table 4. 
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Table 4 Shape and typical composition of 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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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 Figure 11 for Ti/Zr 
(Exps. 2, 3 and 4) and Ti/Ce (Exps. 5 and 6) deoxidation experiments at different N contents. 

 
Figure 11 Number of particles with different composition in the Ti/Zr and the Ti/Ce deoxidation experiments for different N 

contents. 

 
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. In addition, the ratio of equiaxed grains on a cross 
section, REC, increased and the average size of grains in the equiaxed zone, AD , decreased 
directly with an increased number of these particles in the melt, as seen in Table 3 and Fig. 8. 
However, in the Ti/Ce deoxidation experiments the ferrite phase did not precipitate on CeOy 
and CeOy–TiOx primary particles. As a result, the size of equiaxed grains in these experiments 
was considerably larger, and the REC value was smaller than in the Ti/Zr deoxidation 
experiments. 
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3.3 Primary and secondary precipitated particles in the Fe-Cr-Ti-Zr-N-O 
system and the effect on the solidified microstructure  
 
In Supplement 3, the effect of primary and secondary inclusions on the formation and growth 
of α-ferrite grains in the equiaxed zone was investigated using an Fe-20mass% Cr alloy. This 
alloy, containing different amounts of nitrogen (from 65 to 490 ppm), was deoxidised by Ti and 
Zr. The grain growth during holding of the metal specimens at 1200 and 1400oC was observed 
directly by using a CSLM. The effect of oxides, oxy-nitrides and nitrides is discussed with 
consideration to an influence on the initial grain size distribution and the following grain growth 
during holding at high temperatures. 
3.3.1 Formation process of particles before and during solidification 
According to previous articles published by Koseki et al.[16,31] and by Fujimura et al.[17] as 
well as the obtained results of this study, the formation process of equiaxed grains in the Fe-
20mass% Cr alloy deoxidised with Ti and Zr can be illustrated schematically. This is done in 
Figure 12 as a function of the N content in the metal.  

 
Figure 12 Schematic illustration for nucleation of equiaxed grains in Fe-20mass% Cr alloy deoxidised by Ti and Zr at low (a) 

and high (b) nitrogen contents. 
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It can be seen that the ZrO2, ZrN and complex ZrO2-ZrN particles, which precipitated in the 
liquid metal before solidification, can work as potential “nucleators” for heterogeneous 
precipitation of α-ferrite on the surface of the inclusions in the liquid-solid phase zone during 
solidification of the melt. Based on the two-dimensional (2D) investigation of inclusions on 
metal cross sections by using SEM with EPMA, it was found that most of the ZrO2 and complex 
ZrO2-ZrN particles with a low content of TiN are located inside the grains. This can be seen in 
typical photographs given in Figure 13 for metal samples with different nitrogen contents. 
Therefore, in this study, these particles were considered as “nucleators for grain precipitation”, 
which significantly affect the size distribution of the initial equiaxed grains in the as-cast metal 
after solidification. It may safely be suggested that the number and size of the formed α-ferrite 
grains in the liquid-solid zone basically depends on the number and composition of the 
“nucleators”. 

 
Figure 13 Typical microphotographs of particle location in Fe-20mass% Cr alloy with different nitrogen contents. (a) Exp. 1, 65 

ppm N; (b) Exp. 2, 248 ppm N; (c) Exp. 3, 490 ppm N. 

 
3.3.2 Separate effects from different particles 
According to previous results obtained from thermodynamic equilibrium calculations the TiN 
particles are precipitated only during and after solidification of the Fe-20mass% Cr alloy. In 
addition, some amount of ZrN particles can also precipitate during solidification. The real time 
for TiN precipitation depends on the content of N in the melt and on the solidification/cooling 
rate. The majority of the Ti nitrides are formed heterogeneously during the final period of 
solidification. Then, the nitrogen content in the remaining liquid phase increases to the 
appropriate level necessary for precipitation of TiN. Therefore, in this study the TiN particles are 
not considered as real nucleators for precipitation of α-ferrite. In addition, it was found 
experimentally that the TiN particles and some amount of ZrN-TiN particles are formed in 
intergranular regions. Thus, they were thereby located mostly on grain boundaries, as shown in 
Fig. 13. 
As a result, these particles have a pinning effect on the movement of boundaries during grain 
growth. These particles were therefore denoted “pinning particles on grain boundaries” in this 
study. These will have an effect on the final sizes of the equiaxed grains after grain growth, 
during heating and holding of the metal samples at high temperatures.  
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As mentioned in section 3.2.4, all particles in the metal samples were classified based on the 
morphology into the following groups: “spherical or regular”, “spherical or regular + cubic” and 
“cubic” particles. The relations between the number of particles, NV, which have different 
compositions, morphologies, and nitrogen contents are plotted in Figure 14 for a Fe-20mass% 
Cr alloy deoxidised with Ti and Zr. The relationship between the number of “nucleators” per 
unit volume and the average size of grains after solidification of the metal, 

cast)(asA −
D , is shown in 

Fig. 14 for samples with different nitrogen contents. The error bars in this figure represent the 
arithmetic standard deviation for the 

cast)(asA −
D  values. It can be seen that the average size of as-

cast grains significantly decreases with an increased number of “nucleators”, which are 
beneficial for the precipitation of an α-ferrite phase during the solidification. However, this 
tendency is not linear. 

 
Figure 14 Relationship between number of nucleators for α-ferrite precipitation in solid-liquid zone of metal and average size 

of equiaxed grains after solidification of metal sample. 

 
It can be seen that the number of ZrO2 and complex particles (such as ZrO2-ZrN and ZrO2-ZrN-
TiN with a low TiN content) agrees very well with the number of “spherical” and 
“spherical+cubic” particles. According to the precipitation period, these particles can act as 
“nucleators” for a heterogeneous precipitation of α-ferrite on a surface of inclusions in the 
liquid-solid phase zone during solidification of the melt (Fig. 12). As shown in Fig. 14, the 
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number of “nucleators” available for grain precipitation increases significantly with an 
increased nitrogen content in the metal samples. This is due to the increased number of 
precipitated ZrN and ZrO2-ZrN particles. 
The number of TiN particles agrees satisfactory well with the number of “cubic” particles. 
According to the results obtained from the thermodynamic calculation and the 2D investigation 
of the particle distribution in the metal samples (Fig. 13), these particles did only precipitate 
during and after solidification of the Fe-20mass% Cr alloy. In addition, they were located mostly 
on grain boundaries. It should be pointed out that it was also observed in the SEM that some 
amount of ZrN particles did also precipitate during the final solidification period at the grain 
boundaries. Therefore, all these particles (TiN, ZrN and ZrN-TiN) have a significant pinning 
effect on the grain growth. Thus, these particles are named “pinning particles for grain 
boundary migration” in this study. In addition, it is interesting to note that the number of 
precipitated TiN inclusions does not practically change with an increased nitrogen contents in 
the metal samples. This can be explained by the decrease of the real content of dissolved 
nitrogen, which is available for reactions with Ti in the metal samples. This is due to a more 
preferable formation of the ZrN particle.  
As shown in Figure 15, the comparatively small increase of the NV value for “nucleators” from 
0.68x106 to 1.41x106 mm-3 in Exps. 1 and 2, respectively, forms approximately a three times 
smaller 

cast)(asA −
D  value than for Exp. 3.  

 
Figure 15 Number of particles with different composition and morphology in Fe-20mass% Cr alloy deoxidised with Ti and Zr 

at different N contents. 
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However, the larger increase of about three times of the NV value from 1.41x106 to 5.20x106 
mm-3 in Exps. 2 and 3, respectively, causes only a small decrease of the average size for as-cast 
grains. This fact can be explained by the qualitative change of the “nucleator” composition in 
the liquid steel before and/or during solidification in Exps. 2 and 3. This, in turn, is due to a 
precipitation of ZrN, which is favourable for nucleation of α-ferrite grains.  
According to the obtained results in this study, it may be safely suggested that an additional 
precipitation of ZrN particles before and during the initial period of solidification is the most 
important factor for a significant decrease of the as-cast grain size in a Fe-20mass% Cr alloy 
deoxidised with Ti and Zr. 
3.3.4 Effect of particles on grain growth during heat treatment 
The pinning effect of different particles on grain growth was investigated directly on the surface 
of metal specimens during heating and holding at 1200 oC(Exps. 1A, 2A and 3A) and 1400 oC 
(Exps. 1B, 2B and 3B) in a CSLM. The grain size distributions together with observation of the 
pinning particles were made in order to determine the effect of secondary precipitated 
particles on the grain boundary migration.  
The relationship between the number of “pinning particles” per unit length of grain boundaries, 
NL, and the holding temperature is plotted in Figure 16 for metal specimens with different 
nitrogen contents. It can be seen that the number of “pinning particles” on grain boundaries 
decreases during the holding periods of the specimens, particularly in Exp. 2A and 3A, at 
1400oC. As a result, the pinning effect on grain growth of nitrides, which are located on grain 
boundaries, decreases quickly. 

 
Figure 16 Relation between the number of particles per unit length of grain boundaries in metal specimens with different N 

contents during holding at 1200 and 1400°C. 
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3.4 Grain boundary migration and pinning effect of particles during heat 
treatment 
 
In Supplement 4, the effect of particles on the migration of grain boundaries has been further 
studied for a Fe-20 mass% Cr alloy during heat treatment at 1200 and 1400 oC. The number and 
composition of the particles in the metal were changed by varying the nitrogen content in the 
samples. The change of the grain boundary curvature and pinning effect of particles were 
determined based on the in-situ observations by using a CSLM.  The change of the particles 
pinning effect on the grain growth was described by an average grain size, AD , and the ratio 
between the perimeter and area of grains, PGB/AG. It was found that the pinning effect of 
particles (mostly complex Ti-Zr-oxynitrides) on grain growth decreased with a decreased 
nitrogen content in the metal. Furthermore, the effect of particles decreased with an increased 
temperature of treatment, due to the reduction of the number of particles on the grain 
boundaries and an increased mobility. 
The results for measurement of an average grain size, AD , in samples with different N contents 
(65, 248 and 490 ppm) are presented in Figure 17 as a function of the holding time at 1200 and 
1400 oC. It is apparent that the AD  values decrease with an increased nitrogen content in the 
samples. This is due to an increased number of precipitated particles. More specifically, the 
numbers were 0.7x106 mm-3, 1.5x106 mm-3   and 5.3x106 mm-3 in Sample 1 (65 ppm N), Sample 2 
(248 ppm N), and Sample 3 (490 ppm N), respectively. In addition, it was found that most of the 
particles in the samples with high nitrogen contents (248 and 490 ppm) are nitrides and oxy-
nitrides. These were precipitated during solidification and were mainly located on grain 
boundaries; the authors recognized them as “secondary particles”. As a result, the pinning 
effect of these particles on grain growth increases due to an increased number of precipitated 
particles on grain boundaries. This, in turn, is caused by increased nitrogen content in the 
sample. 
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3.4.1 Grain growth 
It should also be pointed out that the grains grow rapidly during heating and the initial 15min 
holding time of the samples at 1400 oC. This is particularly true for Sample 1 with 65 ppm 
nitrogen content. The difference between the AD  values obtained at 1400 and 1200 oC, ΔDA (=

AD (1400)- AD (1200)), for a 2 min holding time significantly decreases with an increased nitrogen 
content as well as with an increased number of particles. Thus, the ΔDA value for a 2 min 
holding time decreases from about 200µ m for Sample 1 (65 ppm N) to 100µ m for Sample 2 
(248 ppm N). Furthermore, to almost 0µ m for Sample 3 (490 ppm N), see Fig. 17. It can be said 
from these results that the number of particles on the grain surface in Sample 1 is very low. 
Furthermore, these particles cannot stop or decrease the grain growth. In this case, the grain 
size increases very quickly during the initial time of heat treatment at 1400 oC (before 2 min). 
Thereafter, the rate of grain growth decreases. In Samples 2 and 3, the number of particles on 
the grain boundaries increases with an increased nitrogen content in the metal. Therefore, the 
pinning effect of these particles on grain growth also increases. As a result, the ΔDA value at a 2 
min holding time at a constant temperature decreases significantly. 
3.4.2 Grain boundary shapes and curvature 
Another grain parameter which correlates directly with the grain growth and the pinning effect 
of particles is the ratio between the perimeter (or length) of the grain boundary, PGB, and the 
grain area, AG. It can be expected that a larger value of the PGB/AG corresponds to a smaller 
grain size. Moreover, a change of the grain perimeter describes the pinning effect of particles 
on the grain growth and the change of grain boundary curvature during heat treatment. 
Therefore, a determination of the time and temperature dependence of the PGB/AG on the 
particle pinning effect on the grain growth during heat treatment was made to achieve a better 
understanding. 
The change of the average value of the PGB/AG during heat treatment at 1200 and 1400 oC is 
shown in Figure 18 for samples with different nitrogen contents. It can be seen that the PGB/AG 
values increase with an increased nitrogen content in the samples. This is due to that the 
pinning effect of particles increases with an increased number of precipitated inclusions on the 
grain boundaries.  
In Sample 1, in which the nitrogen content is low, the pinning effect of inclusions is very low. 
Therefore the PGB/AG value in this sample decreases significantly after a 15 min holding time at 
1200 oC. However, after 30 min the PGB/AG value is almost constant and the average grain size 
hardly changes during the following heat treatment. In Samples 2 and 3 with medium and high 
nitrogen contents, the PGB/AG value at 1200 oC increases during holding times of 15 and 30 min, 
respectively. In these periods, the curvatures of the grain boundary between particles increase, 
as shown in Table 5. This is due to the high value of the driving force for grain growth. As a 
result, the average perimeter of grain increases, but the average grain area does practically not 
change. When the driving force for grain growth equals the pinning force of particles on the 
grain boundary, the grain growth is stops.  
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Therefore, the values of the PGB/AG ratio and AD are almost constant during the following 
holding period at 1200 oC. From this moment, the equilibrium between grain growth and the 
pinning effect of particles on grain boundaries is reached. 
Table 5 Typical snapshots from CSLM showing changes in grain boundary structure of same grain during heating of Sample 3 

(490 ppm N). 

 
It is apparent from Fig. 18 and Table 5 that the PGB/AG values obtained during heat treatment at 
1400 oC are significantly lower than those at 1200 oC. It can be explained by the dissolution of 
most nitride particles during holding at 1400 oC, as will be discussed below. In Sample 1, which 
contains a low nitrogen content, the number of nitride inclusions is very low. Therefore, the 
pinning effect of these particles on the grain growth is negligible. Thus, the PGB/AG value is very 
low during all times of heat treatment. In Samples 2 and 3 with medium and high N contents, 
the PGB/AG values decreases rapidly during 15 minutes of holding and then remain almost 
constant. It follows from these results that most of the nitride inclusions on grain boundaries 
are dissolved during this period. Therefore, the pinning effect of these particles decreases. In 
this case, a curvature of grain boundaries between the remaining inclusions decreases visibly, 
as shown in Table 5. Thereafter, the equilibrium between grain growth and pinning effect of 
remaining particles is reached and the AD and PGB/AG values slightly changes (Figs. 17 and 18). 
However, it should be pointed out that the final values of the PGB/AG after 60 min of heat 
treatment increase considerably. Accordingly, the AD value, decreases with an increased N 
content. 
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Typical photographs of the pinning effect of inclusions on grain growth, after 60 min of heat 
treatment at 1200 and 1400 oC, are given in Table 6 for samples with different nitrogen 
contents. According to the determined composition for typical inclusions using EPMA, the 
particles acting as pinning sites on grain boundaries were in most cases determined to be 
nitrides for samples with high nitrogen contents (248 and 490 ppm). The composition of these 
inclusions is varied in the following ranges: 38-64 mass% Ti, 9-27 mass% Zr, 24-43 mass% N and 
0-12 mass% O. The numbers of these nitrides on the grain boundaries of Samples 2 and 3 are 
enough for an effective pinning of grain growth to occur during heat treatment. In this case, the 
grain boundaries between particles have a significant curvature. In Sample 1 with a 65 ppm 
nitrogen content, the inclusions on grain surfaces are mostly oxides and oxy-nitrides with a 
lower content of N and Ti (0-31 mass% Ti, 35-66 mass% Zr, 0-26 mass% N and 8-33 mass% O).  
The number of these particles on grain boundaries is very low. Therefore, these inclusions do 
not have any substantial effect on the grain growth. 
 

Table 6 Typical photographs of grain boundaries with inclusions after 60 min of heat treatment. 

 
3.4.3 Dissolution and stability of pinning particles 
It can be seen in the photographs given in Table 6 that most nitride particles on the grain 
surface have been dissolved during holding at 1400 oC. As a result, the remaining inclusions do 
not affect grain growth and the grain boundaries do not have the visible curvature between 
particles. As a consequence, the secondary particles which precipitated near grain boundaries 
are effective at temperatures up to at least 1200 oC. Therefore, for an increased pinning effect 
at higher temperature it is suggested to create more stable secondary particles. 
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3.5 New N-rich precipitated phases observed on heat treated specimens 
 
In supplement 5 some new phases were observed on the surface of metal specimens during 
cooling after heat treatment at 1200, 1300 and 1400 °C of an Fe-20mass% Cr alloy with 
different nitrogen contents (65, 248 and 490 ppm) and deoxidised by Ti and Zr. These phases 
were assumed to be related to a phase transformation. Analyses of nitrogen content in metal 
matrix and new phase crystals were carried out based on point analysis of nitrogen using SEM 
with WDS. The areas of enriched nitrogen content were observed to be transformed to new 
phase during cooling. This new phase was assumed to be austenite because nitrogen is a well 
known element for promotion of austenite formation. The possibility of austenite formation in 
Fe-20mass% Cr alloy with different nitrogen contents was considered and confirmed 
thermodynamically by using Thermo-Calc software. 
3.5.1 Temperatures and cooling 
Comparable analyses of temperature profile and cooling rate of different specimens after heat 
treatment are shown in Figure 19 for metal specimens with 248 ppm of nitrogen (Exps. 2a, 2b 
and 2c). The data points of calculated cooling rate for the experiments are shown in Fig. 19(b).  

 
Figure 19 Temperature profile and cooling speed of metal specimen with 248 ppm of N during cooling after heat treatment 

at different temperatures. 
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The scatter of data points for different cooling rates can be explained by some inert 
temperature measurement and renewal of updated fixed data on the screen of CSLM. It can 
also be seen that the total cooling rates of all metal specimens after holding at 1200, 1300 and 
1400oC are very similar. They do not show any deviation (such as peak or shelf) from a 
smoothed curve. This means that all specimens were cooled with almost the same conditions. 
During cooling of heat treatment experiments at 1300oC, the precipitation of a new phase on 
the surface of metal specimens was observed directly at 825 and 864oC for Exp.2b ([T.N] = 248 
ppm) and Exp.3b ([T.N] = 490 ppm), respectively. For heat treatment experiments at 1400oC, 
the precipitation of a new phase was fixed visually at 1127oC for Exp.2c ([T.N] = 248 ppm) and 
1143oC for Exp.3b ([T.N] = 490 ppm). By direct observation of other experimental specimens 
during cooling (particularly of metal specimens with 65 ppm of N), it was difficult to visually fix 
the moment of formation of a new phase due to the very small size and amount of precipitated 
phase in these experiments. Because of the absence of oxygen and nitrogen in the 
experimental atmosphere (pure Ar atmosphere) in CSLM chamber, the precipitation was 
concluded to be originated from the composition of the steel and the heat treatment 
parameters. 
3.5.2 Analysed and observed characteristics of new phases 
The characteristics of the new phase (such as area fraction, morphology, size and N content) 
were investigated more precisely on the metal surface of specimens by using SEM at higher 
magnifications after finishing of heat treatment experiments. The area fraction (in %) of the 
new phase on the metal surface was determined by using image analyzing software 
(Winroof©). According to obtained results, the area fraction of new phase crystals on surface of 
metal specimens varies in the range from 1 to 5 % for heat treatment experiments at 1200oC, 
from 7 to 16 % for experiments at 1300oC, and from 4 to 11 % for experiments at 1400oC. It was 
found that the value of the area fraction depends primarily on the morphology of precipitated 
new phase crystals. 
It should be pointed out that new phase crystals have a different morphology for different heat 
treatment experiments at various temperatures. The typical micrographs of new phase with 
different shapes are shown in Table 7 for various N contents in metal specimens and heat 
treatment temperatures. It can be seen that the shape of the precipitated new phase 
(hereinafter called “Type 1”, “Type 2” and “Type 3” which have “leaf”, “flower” and “dendrite”-
shapes, respectively) changes according to the temperature of heat treatment experiments. 
Furthermore, it is practically independent on the N content in metal specimens. It should be 
pointed out that all types of new phases can be found on the surface of metal specimens for 
heat treatment experiments at different temperatures. However, most of the new phase 
crystals for 1200oC experiments have Type 1, for 1300oC – Type 2 and for 1400oC – Type 3. 
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Table 7 Typical shapes of new phase observed on surface of Fe-20mass% Cr alloy specimens with different total nitrogen 
contents. 

 
It was found that the content of nitrogen in the metal increases slowly when approaching the 
boundary of the new phase. Furthermore, it jumps to a value of 0.2 % on this boundary. Then, 
as the center of new phase crystal is approached, the [% T.N] value continues to significantly 
increase up to a value of 0.22-0.25% for Type 1 crystals, 0.5-0.7% for Type 2 crystals and 1.0-1.8 
for Type 3 crystals. However, these N contents in the new phases are much smaller in 
comparison with those present in pure TiN (22.6% N) and ZrN (13.3% N) particles. This is 
illustrated in Figure 20. According to the obtained results, it may be concluded that the 
nitrogen had been dissolved from the nitrides during 60 minutes of heat treatment at high 
temperatures and diffused in to the matrix. These local zones of enriched nitrogen content 
were then transformed to a new phase during cooling. The morphology of the precipitated new 
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phase crystals depends on the N content in the local enriched zone and cooling rate of the 
metal specimen. This relationship is shown schematically in Fig 20. 

 
Figure 20 Content of N obtained by analysis of different zones of metal matrix and different new phase crystals on surface of 

metal specimens schematically illustrated. 

3.5.3 Thermo-Calc calculations and austenite considerations 
Based on the obtained results, it can be assumed that this new phase is an austenite phase 
because nitrogen is a well known element for promotion of austenite formation in ferritic 
stainless steel.[32-33] In order to support this statement, the thermodynamic possibility of 
austenite formation in Fe-20mass% Cr alloy with different nitrogen content is considered 
below. The changes in the binary Fe-Cr diagram could be observed by gradually increasing 
nitrogen content in Thermo-Calc calculations. This is illustrated in Figure 21a, for calculations 
based on the total nitrogen content observed in the specimens. As can be seen, the gamma 
loop (representing ferrite to austenite transformation i.e. bcc � fcc) is growing towards higher 
Cr-contents when the nitrogen content is increased. These calculations show that more than 
300 ppm of nitrogen is enough for austenite formation at around 1000 °C for this Fe-20mass% 
Cr alloy. When the nitrogen content is further increased, the gamma loop extends towards both 
higher Cr-content as well as higher temperatures. Furthermore, the gamma loop becomes more 
complex and more phases can be observed in the calculations.  
The calculations in Figure 21b were based on the actual composition variations analysed by 
WDS. More specifically, in the 6000 ppm (0.6wt %) nitrogen case, there are three to four 
different possible phase regions for precipitation during cooling from 1400 °C. The different 
shapes, compositions and morphologies, which will be discussed below, can be explained by 
combining these calculated phase diagrams and the heat treatment temperature data. More 
specifically, the 1400 °C specimen is kept at the phase region well above austenite (fcc), while 
the 1300 °C is close to the phase line. However, the 1200 °C specimen is instead inside the 
austenite phase region. 
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Figure 21 a (left) Thermo-Calc calculations based on total N-content of specimen: 50, 300 and 500 ppm of N. (L=liquid, G=gas) 
and b (right) Thermo-Calc calculations based on analysed N-content in precipitations: 0.6 and 1.0 wt% of N. (L=liquid, G=gas).  
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It can be assumed that diffusion of nitrogen back towards initial nitrides can occur during 
cooling. Thus, this may thereby determine the structure of the precipitations. Different types of 
precipitations have been discussed (Types 1, 2 and 3), as seen in Table 7. Depending on the 
cooling rate, from ferrite through the austenite region below ~1250 °C, the time for diffusion of 
nitrogen can be related to the different shapes and composition gradients for the different 
phase types. The heat treatment at 1200 °C seems to be inside the phase region of austenite in 
Fig. 21b. Therefore, it can be assumed that phase transformations occurred during heat 
treatment which lead to more evenly distributed small Type 1 precipitations. For higher 
temperatures (above ~1250 °C), it can instead be assumed that the diffusivity of nitrogen is 
increased. Thus, this will lead to formations of larger precipitations during cooling. According to 
the upper phase diagram in Fig. 21b representing the nitrogen content analysed for the Type 2 
precipitations (see Fig 20), there should be austenite and ferrite (fcc + bcc) down to ~1150 °C 
followed by fcc. Thereafter, fcc + Cr2N between 1000 and 900 °C. According to the lower phase 
diagram in Fig. 21b representing the type 3 precipitations (see Fig 20), there should be 
austenite and gas (fcc + G) down to ~1100 °C, and thereafter fcc + Cr2N between 1100 and 900 
°C. More specifically, according to Table 1, the Types 2 and 3 precipitations can be assumed to 
represent two different precipitated phase transformations involving austenite. 
 
3.6 Summarizing discussion about particles engineering 
 
Deoxidation experiments for particles analysis and microstructure dependence has been 
performed. Particles analysis was made with the electrolytic extraction technique. The particles 
evaluation process started by deoxidation experiments using Ti and Ce addition. The formed 
particles were good for evaluation of the experimental techniques. However, the particles 
formed by these elements were not satisfying as grain refiners. Ti-Ce oxides were also found to 
have clustering tendencies which can cause clogging problems during production. Furthermore, 
very low grain refining effects could be observed by using Ti and Ce for Fe-20mass% Cr alloys. 
In this dissertation a new idea was suggested. The idea was to create small nitride and oxide 
particles (~0.1-4µm) using controlled additions of Zr and Ti together with controlled contents of 
N and O in the melt. The formed particles will act as nucleation sites for new grains during 
solidification and a much finer grain structure will be obtained. The smaller grains will improve 
the mechanical properties of the ferritic stainless steels making them tougher and thus, more 
attractive. 
The grain refining process in this study is based on addition of Ti and Zr in a late stage in the 
steel production process. The added elements are reacting with the existing O and N in the 
steel and forms particles. This formation of particles has been studied for a long period of time 
for deoxidation purposes, growth rates, clustering, and for removal of inclusions. The removal 
of inclusions is important when they grow to diameters above ~20 µm. Those inclusions are 
unfavorable and can cause detrimental effects on the mechanical properties such as initiators 
for crack formation and anisotropic properties after rolling.  The difficult parts are thereby to 
create many particles that are widely dispersed in the steel, not clustered and not to large. This 
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can be made much easier if the reaction time is shortened to avoid collision and growth of the 
particles. Below, Figure 22 and Table 8 schematically show the retention times, turbulence and 
superheat of each of the three steps possible for particles formation. The retention time is 
important for the reaction rates and the turbulence is important for the collisions, growth and 
removal of the particles. By these facts, it can be assumed that short reaction times and 
addition of deoxidising elements as late in the process as in the mould should be favorable for 
the grain refining purpose. This has also been discussed in previous work [34].  

 
Figure 22 Schematic illustration of Ladle, Tundish and Mould. 

Table 8 Retention times, turbulence and superheat of different process steps. 

Location Retention time Turbulence Superheat 
A. Ladle 10-40min High 50-150°C 
B. Tundish 5-10min Low 50-100°C 
C. Mould 0-5min Low 0-50°C 

 
These additions should be made together with controlled amounts of O and N. If e.g. nitrides 
are proven to be suitable for the particular steel, the nitrogen level could be kept at high levels 
until it reaches the mould. Thereafter, additions are made to form particles. Thus, there will be 
less chance for particle growth to detrimental sizes, removal of particles or clustering before 
solidification. 
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If the particles are in the desired size, composition, amount and morphology they can be used 
in many ways and in many steps of the production of the particular steel. Here it should be 
noted that primary particles which already form in the liquid stage of the process can act in a 
way different from the secondary particles formed during solidification. Some examples are 
listed below in Table 9: 
 

Table 9 Various effects of primary and secondary particles. 

Process Effect of 
Primary 
particles 

Effect of Secondary 
particles 

Nucleation of smaller grains High No 
Reduced grain growth during cooling Low High 
Pinning effect during heating/welding Low High 

Stability of particles at high 
temperatures 

High Low 

 
Depending on the composition of the melt, various precipitations can occur. The particles which 
were found to have the largest potential to serve as grain refiners were mainly ZrN, ZrO2 and 
TiN which were formed by addition of Ti and Zr to the melt consisting of various amounts of 
oxygen and nitrogen. By these experiments it has been shown that the equiaxed grain sizes in 
ferritic stainless steel can be decreased from several mm in diameter down to about 200 µm in 
diameter; see Figure 23 for an illustrative decrease of grain sizes. Note that only the equiaxed 
zone should be in consideration due to that the outer regions is influenced by surfaces on the 
wall and not on the particles. 

 
Figure 23 Grain sizes in a ferritic stainless steel (Fe-20mass% Cr) after experiments with different particles content. 
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To verify experimental data thermodynamically, and by this way create a “thermodynamic 
window” with respect to oxygen and nitrogen, the added elements should be calculated and 
fitted to the chemical composition of the melt to ensure that the particles are formed without 
any residues of the added elements or the reacting elements. This is required for all individual 
compositions and temperatures. The reactions that may occur after addition of the reacting 
elements are many. Therefore, they will definitely occur at different temperatures and different 
times. The object in this study has been to show how the reactions will occur in a ferritic 
stainless steel with the Fe-20mass% Cr and additions of 0.1mass % of Ti and 0.1mass% of Zr. 
The reacting elements in the melt have been 150 ppm of O and different levels of N. 

 
Figure 24 Thermo-Calc calculation of precipitation behavior in Fe-20mass%Cr alloy with addition of Ti and Zr (30ppm of O and 

490ppm of N). 
 
An example of a calculation made to predict the amounts of precipitations and the temperature 
can be seen in Figure 24. There are two different primary precipitated particles (ZrO2 and ZrN) 
and one secondary (TiN). As discussed above, the primary particles can (if suitable) act as 
nucleation sites for small ferritic grains depending on the number of particles. The secondary 
particles, which precipitate near grain boundaries, can (if suitable) act as pinning particles for 
grain growth during heat treatment. The secondary particles will, due to the location, work as 
pinning particles even though they are less stable. This prediction can be a very useful tool to 
use for the calculations of the element addition. However, the particles should first be 
evaluated if they are suitable for nucleation and pinning. 
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Chapter 4 

CONCLUDING DISCUSSION 
 
Grain refining by means of particles engineering using small particles formed in stainless steel 
has been proven to be successful and suitable for ferritic stainless steel alloys. Although the 
work has been based on small-scale samples and experiments, the results show good 
tendencies of grain refining as well as relationships between the particles in the steels and the 
microstructures. It should be noted that ferritic stainless steels with high Cr-content are 
interesting alloys to study for many reasons: 

� They are suffering from large size grains, which make the grain refining potential very 
large. 

� They are ferritic from solidification down to room temperature, which makes it easy to 
evaluate the direct effects of particles on the microstructure.  

� They are easy to etch and measure grain sizes for clear determination of the results. 
� The grain boundaries are revealed during heat treatment above 800 °C, which makes it 

suitable for in-situ observations of grain growth. 
 
The ferritic stainless steel alloy used in this work has been a Fe-20mass% Cr alloy. Furthermore, 
the elements discussed to influence particles formation have been Ti, Cr, Ce, Zr and Mg because 
of their individually high affinity to oxygen and/or nitrogen. The types of particles that were 
considered are oxides, nitrides and oxynitrides. The influence of the reaction times, in addition, 
growth and removal in liquid stage on the amount and sizes of particles were studied.  The 
dissolution behavior of particles was studied during heat treatment. 
As shown in figure 1, this study can be divided into steps on the line representing production of 
samples and a following heat treatment. The supplements are connecting to each other in the 
way that following supplements are based on previous results. The approach was started by an 
experimental tuning of the analysis equipment used in the following work. Thereafter, the 
study continued by detection of possible alloying system for grain refining purposes. Once a 
potential system was identified, the work continued by explaining and analysing the 
phenomenon of grain refining. 
The first experiment in supplement 1 was based on additions of Ti and Ce to form particles. 
Here, the electrolytic extraction process was used for the evaluation of particles. The work in 
supplement 1 showed that electrolytic extraction was suitable for analysis of particles in Fe-
20mass% Cr alloys. It also clearly showed that the reaction time for particle formation is very 
short. In addition, experiments were made with different holding times before solidification. It 
was clear that a holding time of 1 min after addition of reactive elements was enough for the 
formation of particles. However, the grain refining effects of particles formed by Ti and Ce in 
the study was insignificant. Almost no effect could be observed by the formed particles, even 
though there were many small particles present. 
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Based on the results from supplement 1, the work continued with supplement 2. In this study, 
a new system of Ti and Zr was used for grain refining purposes. Ti and Zr were now used 
instead, because of their high reactivity with both nitrogen and oxygen and thereby the 
possibilities of creating both nitrides and oxides. Ce does not often form nitrides. In this case, 
nitrogen was used as a reactive element in the melt together with oxygen. This system was 
interesting because of an increased reaction possibility between Ti, Zr and N, O (Zr and Ti can 
form both oxides and nitrides) as discussed above. Because of the high speed reactions shown 
in supplement 1, the holding time was shortened to 30 s. This was clearly long enough for 
formation of particles and at the same time short enough for avoiding clustering. The grain 
refining effect due to the presence of particles in this study was clearly observed, as shown 
from the microstructure evaluations in Table 3.  Thereby, it was possible in this supplement to 
study the relationship between particles and grain sizes. A clear tendency between the nitrogen 
content in the melt and particle content could be observed. An increased nitrogen level in the 
melt led to an increased amount of particles. Therefore, increased nitrogen content directly led 
to decreased equiaxed grain sizes. More specifically, since the experimental results were so 
promising, thermodynamic studies were also carried out to support the experimental findings. 
The system of Fe, Cr, Ti, Zr, O and N was defined using a computational thermodynamic 
software tool (Thermo-calc) with the aim of calculating the precipitation behavior. This 
calculation study was important for discussion and evaluation of the formation of particles. The 
calculations showed that the particle contents depended on both primary particles (formed in 
liquid steel) and secondary particles (formed during solidification). 
The study in supplement 2 showed some interesting grain refining results. However, as 
discussed above, the thermodynamic calculations showed that the precipitation of particles 
could be divided into two stages, namely primary (oxides and nitrides) and secondary (nitrides). 
Therefore, with this knowledge more interesting parts were found to consider. This led to the 
work in supplement 3 where primary and secondary precipitation of particles was studied. This 
work clearly showed the importance of dividing particles into primary and secondary 
precipitated particles. It was concluded that primary particles worked as nucleators for 
equiaxed ferritic grains during solidification. Thereafter, that secondary particles worked as 
pinning particles due to their location near grain boundaries. 
As discussed above, there are no phase transformations in ferritic stainless steels during heat 
treatment or cooling. Therefore, ferritic stainless steels are relatively sensitive to grain growth 
at high temperatures. It is of great importance to keep the achieved microstructure with a small 
grain size in the final product. This initiated the study in supplement 4, which is focused on 
studying heat treatment experiments at high temperatures. More specifically, the study was 
made to study the pinning effect of secondary precipitated particles located near grain 
boundaries. The secondary particles where found to play an important role for keeping the as-
cast grain sizes during heat treatments at 1200 °C for 60 min. An increased nitrogen content led 
to an increased particle content (as discussed before) and thereby an increased pinning effect. 
It could be observed that the secondary precipitated particles were less stable than the primary 
particles. More specifically, a dissolution behavior was observed at temperatures above 1300 
°C, and the pinning effect was reduced. 
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The dissolution of the secondary precipitated particles at high temperatures led to precipitation 
of new phases on the surface of the samples during cooling. This phenomenon was analysed in 
supplement 5. The nitrogen level was measured around the new precipitated phases to identify 
the reasons for the precipitation. An increased nitrogen content in the newly precipitated 
phase, together with the knowledge of nitrogen´s effect on the gamma loop (austenitic phase 
transformation in the Fe-Cr-N system), led to the conclusion that austenite is formed on the 
surface of the samples. More specifically, the dissolution of nitrogen to the matrix surrounding 
the particles led to an increased gamma loop for the areas around the particles. This conclusion 
corresponds very well with the dissolution behavior of secondary precipitated particles (mostly 
nitrides) during heat treatment. 
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Chapter 5 

CONCLUSIONS 
 
Ti-Ce additions in Fe-20mass% Cr alloys result in complex oxides including Ti, Ce and Cr. These 
oxides seem to have large agglomeration tendencies and thereby form larger particles or 
clusters. The grain refining potential on the solidification structure is insignificant, despite a 
relatively large amount of particles. 
Ti-Zr additions in Fe-20mass% Cr alloys results in primary precipitated particles such as: ZrO2, 
ZrO2+ZrN. ZrN nucleates ferrite during solidification, which leads to a clearly observed grain 
refining effect. The effect is also increasing which an increased number of particles. The amount 
of particles (primary and secondary) is also analysed to be increased by an increased amount of 
nitrogen. Secondary particles (mostly TiN) are precipitated near grain boundaries which leads to 
a location based pinning effect of the grain growth during heat treatment at 1200 °C. This 
pinning effect is increased by an increased nitrogen content and thereby increased number of 
particles. The pinning effect is clearly reduced during heat treatment at 1400 °C. 
10%AA and 2%TEA electrolytes were used for electrolytic extraction of the Fe-20mass% Cr 
alloy for chemical analysis of soluble and insoluble contents of Ce, Ti and Cr and for 
investigation of particles extracted on film filters. The particle characteristics such as size 
distribution, composition and morphology were studied as a function of holding time at 
1600°C in an Fe-20mass% Cr alloy deoxidised with Ti and Ce. The following specific conclusions 
can be made: 
1.  For investigations of particles on a film filter after electrolytic extraction, a 10%AA 
electrolyte is most suitable for extraction of high chromium steels deoxidised with Ce at a lower 
electric charge (300 Coulombs) and a shorter extraction time. However, for accurate analysis of 
contents of soluble and insoluble Ce in the metal samples, a 2%TEA electrolyte is superior to 
the 10%AA electrolyte. 
2.  Most of the particles are complex oxides which contain Ce, Ti and Cr oxides. Some 
amount of Ti and Cr compounds (probably nitrides or oxide-nitrides) precipitated on surface of 
oxide particles during holding at 1600oC, solidification and cooling of melt. As a result, the 
content of N in particles is in the range from 1 to 4 mass% on average.  
3.  All particles in a Fe-20mass% Cr alloy deoxidised with Ti and Ce contain from 4 to 12 
mass% of Cr for holding times of 1 and 3 min. However, the content of Cr in the particles 
increases to 14-33 mass% for experiments with a 10 min holding time. The content of Ti in 
particles is in the range from 20 to 30 mass% and is independent of particle size and holding 
time. The content of Ce in the particles decreases from 40-55 mass% to 15-30 mass% with an 
increased holding time. This is due to the significant decrease of the soluble Ce content in the 
melt with an increased holding time at 1600°C. 
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4.  Ce-containing particles seem to have a high agglomeration tendency and continuously 
form larger particles and clusters. These are also continuously separated from the melt, either 
to the surface or to the walls of the crucible. The phenomenon results in a reduction of the Ce 
content in the inclusions. 
The overall conclusion is that the study has provided some fundamental knowledge on the 
determination of particle characteristics such as number, size, composition and morphology in 
ferritic stainless steels. This knowledge will be valuable in future studies on grain refining of 
ferritic stainless steels.  
 
The characteristics of inclusion particles and solidification structure in Fe-20mass%Cr alloy 
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 a 
10% AA electrolyte. Based on the analysis of size distribution, morphology and composition of 
particles, all inclusions were separated roughly into primary and secondary particles. The 
effects of primary oxide and oxide-nitride particles on the solidification structure and grain 
size were investigated in the present study. The results are summarized as follows:  
1. The total number of particles in the Ti/Zr deoxidation experiments increases significantly 
with increased nitrogen content in the metal. This is 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 ferrite phase during solidification of Fe-20mass%Cr alloy 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 equiaxed zone, 

AD , decreases directly with an 
increased number of these particles in the melt. 
2. In Ti/Ce deoxidation experiments, the total number of particles does not practically 
change with increased nitrogen content in metal. The ferrite phase in Fe-20mass%Cr alloy 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 in the Ti/Ce experiments is 
considerable larger and the REC value is smaller than that in Ti/Zr deoxidation experiments. 
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The focus of the study was the effect of particles on the grain refining in a ferritic stainless 
steel. The particles were created by additions of Ti and Zr in to a liquid Fe-20mass% Cr alloy, 
before the start of solidification. A constant O content (150 ppm) together with varying N 
contents (65, 248 and 490 ppm) in the metal samples were used to vary the number, 
composition and location of the precipitated particles. The grain sizes and particles were 
studied in as-cast samples as well as for specimens heat treated for 60 minutes at 1200 and 
1400°C. Based on SEM determinations, the precipitated particles were divided as primary 
(mainly Zr-oxides and Zr-nitrides) and secondary (mainly Ti-nitrides) particles and the effect 
was studied for each of the types. The following specific conclusions were obtained: 
1.  The number of particles, which can work as “nucleators” for the precipitation of α -
ferrite during solidification of the Fe-20mass% Cr alloy significantly increases with an increased 
nitrogen content in the metal samples. 
2.  The ZrN particles are favourable for heterogeneous precipitation of α-ferrite during 
solidification and, as a result, formation of fine equiaxed grains in the Fe-20mass% Cr alloy. 
3.  Increased nitrogen content leads to an increased precipitation of both primary and 
secondary precipitated particles. 
4.   The location of secondary precipitated particles has a large influence on the pinning 
effect during heating. However, the pinning effect due to presence of secondary TiN particles 
decreases during heat treatment at 1400 °C, due to dissolution of these particles. 
5.  A uniformity of the grain size distributions increases with grain growth due to a 
decrease in the lnσg (σg is the geometric standard deviation) and K (K is the ratio coefficient 
between the maximum and the average sizes of the initial grain size distribution) values of the 
grain size distributions. 
6.  The obtained relationship between the K and 

AD∆  (
AD∆ is the increase of the average 

grain size during heat treatment at high temperature) values can be used for estimation of the 
final average and maximum grain sizes in metal specimens. This can be done without or with a 
low pinning effect of particles on grain growth. 
 
The pinning effect of particles on grain boundaries and grain growth phenomena were 
investigated in a Fe-20 mass% Cr alloy deoxidised with Ti and Zr. This was done at different 
nitrogen contents in the metal samples. The grain boundary migration during holding at 1200 
and 1400 oC has been studied by combination of total and local in-situ observations in a 
Confocal Scanning Laser Microscope.  
1.  It was found that the average grain size, AD , decreases with increasing nitrogen content 
in the samples due to an increased number of nitride inclusions precipitated during 
solidification. The change of pinning effect for particles on grain growth during heat treatment 
can be described more detailed by using a ratio between the perimeter and area of grains, 
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PGB/AG, than that by using average size of grains. This is because the grain perimeter 
corresponds directly to the change of grain boundary curvature during heat treatment due to 
the pinning effect of particles.  
2.  The PGB/AG ratio values at 1200 oC for samples with higher nitrogen contents (248 and 
490 ppm) increase during 15 and 30 min of holding time, respectively. This is due to the 
significant increase of the curvatures of the grain boundary between particles. Thereafter, the 
equilibrium between grain growth and pinning effect of particles is obtained and thereby the 
PGB/AG value does not change. 
3.  In the case of heat treatment at 1400 oC, the PGB/AG values for samples with higher 
nitrogen contents decreases rapidly during a 15 min holding time. This is due to that most of 
the nitride inclusions dissolve and that the curvature of the grain boundaries between the 
remaining inclusions decreases. After 15 min, the equilibrium between grain growth and 
pinning effect of remaining particles is obtained and thereby the PGB/AG ratio values only 
change slightly. 
 
New phases have been observed, measured and investigated on the surface of metal 
specimens during cooling after heat treatment at 1200, 1300 and 1400 °C of an Fe-20mass% 
Cr alloy with different nitrogen contents (65, 248 and 490 ppm) and deoxidised by Ti and Zr. 
The possibility of austenite formation in the Fe-20mass% Cr alloy at different nitrogen content 
was considered and confirmed thermodynamically by using Thermo-Calc software. The most 
important specific conclusions may be summarized as follows: 
1.  The new phase crystals are precipitated on the surface of metal specimens of an Fe-
20mass% Cr alloy with different nitrogen contents of (65, 248 and 490 ppm) during cooling, 
after being heat treated at high temperatures (1200, 1300 and 1400oC). 
2.  Three different types of new phases were observed. The content of nitrogen in new 
phase crystals varied in the ranges of 0.22-0.25 mass% N for Type 1 crystals, to 0.5-0.7 mass% 
for Type 2 and 1.0-1.8 mass% for Type 3. The morphology of the precipitated new phases 
depends on the nitrogen content in local zones of the metal matrix and the cooling rate of the 
metal specimens. 
3.  Thermodynamic calculations showed that the Gamma loop (representing austenite 
formation) was increased towards higher Cr-contents, when the nitrogen content was 
increased. Furthermore, it was found that austenite transformation in an Fe-20mass%Cr alloy is 
possible at dissolved nitrogen contents above 300 ppm. 
4. According to the nitrogen contents in the new phase crystals and the results obtained by 
thermodynamic calculations for the Fe-20mass% Cr alloy, this new phase was assumed to be 
austenite. 
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Chapter 6 

FUTURE WORK 
 
This thesis is based on small scale experiments regarding the potential grain refining effects of 
different particles. Since there are obvious differences in the real processes for producing these 
types of steels, a natural suggestion for the future would be to scale up of the small lab 
experiments towards real cases. The scaling up should therefore be started with larger samples 
as well as different cooling speeds. 
Evaluation of different addition techniques should also be of great interest. When considering 
the high reaction rates and the avoidance of clustering and floatation, the focus should be on 
additions near the tundish and the mould. Therefore, it would be of great interest to combine 
this work with models for predictions of the mixing and the fluid flow of the liquid steel in these 
steps. 
Assumptions of the benefits of small grain sizes have been made based on previous studies and 
no such testing has been performed within this work. Testing of the mechanical properties of 
the grain refined steels and thereby confirm or reject these assumptions would also be 
suggested. 
Nitrogen contents from 65 ppm to 490 ppm have been tested in this work together with 
constant oxygen content of about 150 ppm. It is suggested to make further experiments in 
actual steel plants to make the thermodynamic window clearer, in terms of oxygen and 
nitrogen for Ti-Zr additions. 
More metallurgical evaluations are suggested to be made for identification of the influences of 
other common alloying elements such as Mn, Si, P, S and C. 
Actual welding tests of these steels would be interesting to perform to ensure the stability of 
the grains by the pinning effect from the particles. 
Corrosion tests would be of great interest for an evaluation of the effects from particles in 
terms of pitting corrosion. 
By the suggestions above, it could be possible to understand the limitations as well the 
potential of particles engineering for each specific steel grade. 
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The particle characteristics such as size distribution, composition and morphology have been studied in an Fe-20mass%Cr alloy as a 
function of holding time at 1600°C. The alloy was deoxidised with Ti and Ce, followed by holding at 1600°C and cooling to 1400°C and 
quenching. The inclusion particles were investigated on a surface of film filter with an open pore size of 0.05 or 5 μm after electrolytic 
extraction of the metal samples. Different electric charge and electrolytes (2%TEA and 10%AA) were compared for extraction of the Fe-
20mass%Cr alloy. 300 Coulombs with 10%AA was found most suitable for the electrolytic extraction of particles to determine the particle 
composition and size distribution. Most of the particles were found to be complex oxides containing Ti, Ce and Cr. Furthermore, the 
composition of the particles was found to change from a high Ce-content to a high Cr-content with longer holding time at 1600°C. 
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Introduction 

 
It is well known that the final mechanical properties of 

the steel are dependent on the inclusion particles in the 
melt. Therefore, the control of dispersion, size distribution, 
composition and morphology of these particles is very 
important for controlling the steel quality. Many studies 
have been made in this field for stainless steels with high 
content of Cr [1-3]. The analysis of particle characteristics 
in these studies was based mainly on the observation of 
particles on polished cross sections of samples [3, 4] or on 
the investigation of carbon extraction replicas obtained 
from the metal surface [1, 2]. However, the measurement 
of size distribution and composition of particles on a cross 
section is not accurate, particularly in the range of d < 0.8 
μm [5, 6]. Serious errors may arise also by measurement 
of particle size distributions on the surface of extraction 
replicas [7, 8]. 

Generally, electrolytic extraction of an Fe alloy with 
high Cr contents by 10%AA is a method suitable for the 
investigation of extracted particles on a film filter [1, 9]. 
However, an application of the electrolytic extraction to 
the particle analysis in such an alloy deoxidised by Ce has 
some problems due to the precipitation of a Cr organic 
compound during extraction. 

The aim of this study is to examine the electrolytic 
extraction method for analysis of particle characteristics in 
a Fe-20mass%Cr alloy deoxidised with Ti and Ce. The 
size distribution, composition and morphology of 
inclusion particles were analysed as a function of holding 
time at 1600ºC. 

  
 

Experimental 
  

Procedure. An Fe-20mass%Cr alloy deoxidised with Ti 
and Ce was obtained by two different methods. The 

experimental conditions for the preparation of metal 
samples are given in Table 1. The samples in experiments 
1-4 were melted in a high frequency induction furnace 
(100 kHz, 20 kW) while the melt was continuously stirred 
by induction. The mother alloy (100 g) was melted using 
electrolytic Fe and Cr in an Al2O3 crucible (purity, 99.7%) 
at 1600°C under pure Ar-gas atmosphere (flow rate 
200-500 cm3/min). The melt was first deoxidised with 
0.1mass% Ti (pure Ti). After the addition, the melt was 
held essentially for 1 and 10 min. Then, the melt was 
deoxidised a second time by addition of 0.1 mass% Ce 
(pure Ce). After 3 and 10 min of holding at 1600ºC, the 
sample was cooled to 550°C with an average cooling rate 
of 1.75°C/s and thereafter quenched into water.  

In experiments 5-7, Fe-20mass% Cr mother alloy was 
prepared by melting electrolytic Fe and Cr in an arc 
furnace in a water cooled copper mould under Ar 
atmosphere. Then, the alloy (100 g) was melted repeatedly 
in a MgO crucible at 1600°C in a pure Ar-gas atmosphere 
(flow rate 500 cm3/min) by using a high frequency 
induction furnace (100 kHz, 20 kW). A graphite susceptor 
was used to prevent the induction stirring of the melt. The 

Table 1. Experimental conditions for the preparation of the metal 
samples. Experiments No. 5-7: Melting by using a graphite 
susceptor, stirring for 10 s after each addition by using a MgO-rod. 

 
Experi-

ment 
 No 

First 

 addition 
 

(mass%) 

Time  
between  
additions 

 (min) 

Second 
addition 

 
(mass%) 

Holding  
time 

at 1600ºC 
(min) 

Crucible 

1 0.1%Ti 1 0.1%Ce 3 Al2O3 
2 0.1%Ti 1 0.1%Ce 10 Al2O3 
3 0.1%Ti 10 0.1%Ce 3 Al2O3 
4 0.1%Ti 10 0.1%Ce 10 Al2O3 
5 0.1%Ti 1 0.1%Ce 1 MgO 
6 0.1%Ti 1 0.1%Ce 3 MgO 
7 0.1%Ti 1 0.1%Ce 10 MgO 
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molten metal was first deoxidised with 0.1mass% Ti (Fe-
50mass% Ti). After the Ti addition and stirring for 10 s by 
using a MgO-rod, the melt was held for 1 min and 
deoxidised a second time by addition of 0.1mass% Ce (Fe-
50mass% Ce). This was followed by stirring for 10 s using 
MgO-rod and holding for 1, 3 and 10 min at 1600ºC. 
Then, the sample was cooled to 1400°C with cooling rate 
of 0.64°C/s and thereafter rapidly quenched into water.  

 
Chemical analysis. For the chemical analysis of soluble 

and insoluble elements, the metal samples in Exps. 1-4 
were dissolved with 2%TEA (2% triethanolamine - 1% 
tetramethylammonium chloride - methanol) and 10%AA 
(10% acetylacetone - 1% tetramethylammonium chloride - 
methanol) by using the potentiometric electrolytic 
extraction method at the following parameters: 150 mV, 
45-55 mA and 1400 C. The samples in experiments 5-7 
were extracted using only a 10%AA electrolyte at the 
same parameters. The dissolved amount of metal was on 
average 0.23-0.35 g. The solution after electrolytic extrac-
tion was filtered using a membrane polytetrafluoro-
ethylene (PTFE) filter with an open pore size of 0.1 μm. 
The electrolytic and basic parameters for the electrolytic 
extraction of metal samples are given in Table 2. 
Furthermore, the dissolved elements in the filtrate 
correspond to the content of soluble elements, Msol. The 
residue on the membrane filter corresponds to the content 
of insoluble elements, Minsol. The chemical analysis of 
soluble and insoluble elements was made by using 
inductively coupled plasma (ICP) emission spectrometry. 

 
Analysis of particles. The characteristics of particles in 

the Fe-20mass%Cr alloy were investigated in the metal 
samples of Experiments 5-7 (Table 2). For a qualitative 
estimation of the uniformity of particle dispersion, the 
samples were cut vertically and observed after polishing of 
the cross-sections by using a light optical microscope 
(LOM) at a magnification of 25 to 1000 times. 

For the observation of particles, a metal sample was 
dissolved by using the potentiometric electrolytic 
extraction method with a 2%TEA electrolyte (500 C) and 
with a 10%AA electrolyte (300 C). The total weight of the 
dissolved metal was on average 0.12 and 0.07 g for the 
2%TEA electrolyte and 10%AA electrolyte, respectively. 

After extraction, the electrolyte was filtered using a 
polycarbonate membrane (PC) filter with an open pore 
size of 0.05 μm. The large-size particles were extracted 
with a 10%AA electrolyte (600 C) and filtrated by using a 
PC film filter with an open pore size of 5 μm. In this case, 
the weight of the dissolved metal was about 0.11-0.14 g.  

The particle observations on film filters were made by 
using scanning electron microscopy (SEM) and by using 
electron probe microanalysis (EPMA) at magnifications of 
1000 and 2500 times. The total observed area was on 
average from 0.06 to 0.11 mm2, which corresponds to the 
area of about 0.01% of a film filter with particles. The size 
and number of particles were measured on the SEM 
photomicrographs by using an image analyzer. Essentially 
more than 200 particles for each sample were measured to 
obtain a representative particle size distribution. Ti, Ce, Cr, 
Fe, Mg and other elements were checked by the 
characteristic peak of the reflected electrons using the 
Energy Dispersive Scanning (EDS) method. For 
composition analysis including O and N, the Wave-length 
Dispersive Scanning (WDS) method was used. The 
composition in percentage was determined for 15 to 25 
typical particles for each sample. 

The number of particles per unit volume, NV, was 
calculated by Equation (1). 

 
NV(i) = n(i)· Sf ·ρme / (Sobs.· ΔW)       (1) 
 

where n(i) is the number of analysed particles for one 
selected step of particle size distribution. The parameters 
Sf  and Sobs are the total area of a film filter with particles 
(=917.7 mm2) and area of a film filter observed by SEM, 
respectively. The parameters ρme and ΔW are the metal 
density (=0.00768 g/mm3 for Fe-20mass% Cr) and the 
weight of dissolved metal during electrolytic extraction, 
respectively.  

The equivalent diameter for each particle, d, was 
estimated as the diameter of a spherical particle, which has 
the same area with the projection image of the measured 
particle on the SEM photomicrograph.  

 
 
  

Results and Discussion 
 

Optimization of parameters for electrolytic extraction 
of Fe-20mass%Cr. From the authors’ previous experience 
for electrolytic extraction of low carbon steels and Fe-
10mass%Ni alloy, it was found that a 2%TEA electrolyte 
is more suitable for extraction of Ce-oxide from metal 
samples, because the 10%AA electrolyte resulted in 
dissolution of the Ce-oxide during long time extraction. 
Figure 1 shows the surface of Ce-oxide particles on a film 
filter after extraction when using a 10%AA electrolyte 
(700 C). It can be seen that the surface of the large size 
particles (d > 1 μm) is dissolved. In this case, it can be 
assumed that most of the small size particles (d < 0.5 μm) 
were dissolved easily during extraction. As a result, the 
content of insoluble Ce, which corresponds to the 
concentration of Ce-oxide in particles, decreases. Thus, the 

Table 2. Electrolyte and parameters for the electrolytic extraction
of the metal samples. Constant parameters: 150 mV, 40-55 mA. 
 

Parameters  
Purpose 

 
Exp. 
 No 

 
Electrolyte Electric  

charge 
 (C) 

Dissolved 
 weight 

 (g) 

Film filter  
(open pore 
size in µm) 

Chemical  
analysis 

1-4 
1-7 

2%TEA 
10%AA 

1400 
1400 

0.33-0.37 
0.23-0.35 

PTFE (0.1) 
PTFE (0.1) 

Small size  
Inclusions 

 (0.1~5.0µm) 

 
5-7 

 

2%TEA 
10%AA 

500 
300 

0.11-0.13 
0.06-0.08 

PC (0.05) 
PC (0.05) 

Large size  
inclusions 
(>5µm) 

 
5-7 

 
10%AA 

 
600 

 
0.11-0.14 

 
PC (5.0) 
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content of soluble Ce will increase after the electrolytic 
extraction using a 10%AA electrolyte.  

From the beginning, a 2%TEA electrolyte was chosen 
for extraction of Fe-20mass% Cr alloy samples, which had 
been deoxidised with Ce. However, an organic Cr-rich 
compound precipitated during the electrolytic extraction 
using this procedure. The typical photograph of the film 
filter surface with particles after electrolytic extraction by 
using a 2%TEA electrolyte (500 C) is shown in Figure 2. 
It can be seen that the particles are almost undetectable in 
this photograph because the precipitated Cr-rich 
compound covers the particles. Therefore, in order to 

avoid the precipitation of Cr-compounds and dissolution 
of Ce-oxide particles, the electric charge of extraction with 
a 10%AA electrolyte for investigation of small size 
particles was decreased to 300 C. The resulting typical 
photographs of the film filter surface and particles after 
electrolytic extraction are shown in Figure 3a and 3b. It 
can be seen that the particles can be observed and analysed 
on the surface of a film filter. The surface of particles 
containing Ce-oxide does not visibly dissolve during 
extraction, as shown in Figures 3b and 3c. In this case, 
small size particles (d < 0.5 μm) in metal samples of Fe-
20mass%Cr alloy can be investigated. Moreover, the 

 
 
Figure 1. Surface of Ce-oxide particles extracted by using 
10%AA (700 C).  

 

 
Figure 2. Surface of film filter with particles after electrolytic 
extraction of Fe-20mass% Cr alloy by using 2%TEA (500 C). 

  
 

  

(a) (b)           (c) 

Figure 3. Surface of film filter and particles after electrolytic extraction of a Fe-20mass%Cr alloy by using a 10%AA electrolyte.  
(a) and (b) -300 C, (c) -600 C. 

Table 3. Content of soluble and insoluble elements obtained from chemical analysis by using different electrolytes for extraction of
Fe-20mass% Cr alloy. 

 
Holding time  

at 1600ºC 
Dissolved 

weight of metal 
Ti 

sol / insol 
Ce 

sol / insol 
Mg 

sol / insol 
Cr 

insol 
Experiment No 

 
(min) 

Electrolyte 

(g) (ppm) (ppm) (ppm) (mass%) 
3 2%TEA 0.3270 917 / 107 4 / 63 - 0.851 1  10%AA 0.2903 779 / 149 182 / 51 - 0.004 

10 2%TEA 0.3695 556 / 226 3 / 2 - 1.000 2  10%AA 0.2433 569 / 90 72 / 1 - 0.310 
3 2%TEA 0.3600 742 / 191 2 / 2 - 1.310 3  10%AA 0.2346 776 / 216 317 / 35 - 0.011 

10 2%TEA 0.3403 903 / 376 5 / 23 - 1.030 4  10%AA 0.2382 843 / 69 71 / 2 - 0.012 
5 1 10%AA 0.3434 107 / 129 29 / 207 20 / 2 0.006 
6 3 10%AA 0.3489    7 / 198 27 / 251 21 / 0 0.010 
7 10 10%AA 0.2612  10 / 144 60 / 183 34 / 1 0.030 
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morphology of small and large particles can be observed 
after electrolytic extraction by using a 10%AA electrolyte, 
as shown in Figures 3b and 3c. 

The results of the chemical analysis of soluble and 
insoluble elements are given in Table 3. It can be seen that 
the contents of soluble Ce in the metal samples is much 
higher using a 10%AA electrolyte than when using 
2%TEA. It can be explained by the dissolution of some 
Ce-oxide particles during long time extraction when using 
a 10%AA electrolyte (1400 C), as mentioned previously. 
The content of insoluble Cr is much higher for extraction 
of a Fe-20mass%Cr alloy using a 2%TEA electrolyte than 
when using a 10%AA electrolyte due to the precipitation 
of Cr-rich compounds. Consequently, for the investigation 
of particles on a film filter after electrolytic extraction, a 
10%AA electrolyte and a lower electric charge (300 C) 
can be used for high chromium steels deoxidised with Ce. 
However, for accurate determinations of the soluble and 
insoluble Ce contents in metal samples, a 2%TEA 
electrolyte is superior to a 10%AA electrolyte. 

 

Determination of particles characteristics. From the 
observation on the cross-sections of the metal samples 
using a LOM, the distribution of particles was considered 
to be almost homogeneous, more specifically there were 
no differences in particle dispersion among top, middle 
and bottom parts of the samples. 

The particle characteristics such as size distribution, 
composition and morphology were investigated in Fe-
20mass% Cr alloys for experiments 5-7. From the 
beginning, the uniformity of particle dispersions on the 
filter was studied using SEM at different magnifications. It 
was found that the particle dispersion is almost the same 
for different zones of a film filter.  

The total size distributions of particles extracted on a 
film filter with an open pore size of 0.05 μm are shown 
with the step width of Δ=0.1 in the range of Δ from -0.95 
to 0.95 (Δ=log10d, mean values of d in the size range from 
0.11 to 8.91 μm) in Figure 4. The data are given as a 
function of the holding time after the second deoxidation 
with Ce. It can be seen that the number of particles per 
unit volume, NV, decreases with an increased holding time. 
This trend is caused mostly by the agglomeration of small 
particles. However, the particle size distribution for a 10 
min holding time has two peaks. The right-side peak 
corresponds to the primary particles, which are 
precipitated initially after deoxidation and thereafter 
increases in size during holding (at 1600oC). The left-side 
peak corresponds to the secondary particles which might 
be precipitated during holding at 1600oC, cooling and 
solidification of melt. The precipitation of secondary small 
size particles (d < 0.8 μm) can be explained by the quick 
decrease of soluble Ce content in the metal due to the 
reaction with the MgO crucible and increase of the 
residual content of soluble O. This assumption is 
confirmed by the increase of soluble Mg and insoluble Cr 
contents during holding at 1600oC in Table 3. 

The size distributions of large size particles observed on 
a film filter with an open pore size of 5 μm are shown in 

Figure 5. It follows from these results that the number and 
size of large size particles increase with an increased 
holding time. This can be explained by the agglomeration 
of primary particles as mentioned above. It should also be 
pointed out that large size particles and clusters with a 
high content of Ce-oxides did not float up in the melt 
without stirring. This is due to the small difference 
between densities of the melt and the Ce-oxides (=6.90 
g/cm3 for Ce2O3 or =7.13 g/cm3 for CeO2) [10, 11].  

It was found from the composition determination of 
particles on film filter surfaces with an open pore size of 
0.05 μm that most particles in all experiments are Ti-Ce-
Cr particles. The sample representing a 10 min holding 
time also contains 8% of Ti-Cr particles without Ce. This 
is due to the rapid decrease of the soluble Ce content with 
an increased holding time. The size distribution of 
particles for the experiment with a 10 min holding time is 
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Figure 4. Size distribution of particles observed on film filters with 
0.05 μm open pore size. 
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Figure 5. Size distribution of particles observed on film filters with 
5 μm open pore size. 
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shown in Figure 6 as a function of particle composition. 
The dotted, dashed and full curves in this figure 
correspond to the Ti-Ce-Cr, Ti-Cr and total particle size 
distributions, respectively. As was discussed above, the 
particles in the range of d > 1.0 μm are the primary 
particles. The overwhelming majority of these particles 
contain Ti, Ce and Cr. Only a negligible small number of 
Ti-Cr particles have the size in the range of 2 < d < 4 μm. 
The secondary particles, which in most cases have the size 
of d < 0.8 μm, are consisting of not only Ti-Ce-Cr but also 
Ti-Cr. Because of the high soluble content of Cr, it is 
reasonable to conclude that an increase of the holding time 
results in a decrease of the soluble Ce content in the melt 
and precipitation of Cr-oxides.  

The morphology of particles was investigated on film 
filters with open pore sizes of 0.05 and 5 μm for small size 
particles and for large size particles including clusters, 
respectively. The shapes of particles were classified into 
“cubic”, “spherical + cubic”, “spherical”, which appeared 
almost as spheres in the SEM observations at 
magnification factors of 1000-20000, and “cluster”. The 
composition of typical particles in the range of d > 0.5 
μm with different morphology are given in Table 4 for a 
Fe-20mass%Cr alloy deoxidised with Ti and Ce. The 
“cubic” particles have an almost cubic shape and consist 
of Ti and Cr, they probably correspond to nitrides or 
nitrides precipitated on the surface of oxides. Most of the 
“cubic” particles have a size smaller than 0.5 μm. The 
“spherical + cubic” particles represent the oxide particles 
with partial precipitation of cubic Ti and Cr compounds on 
a surface of oxides. The “spherical” particles are almost 
pure Ce-Ti-Cr oxides which precipitated in the melt as 
solid particles. The contents of Ce and Cr oxides in 
“spherical + cubic” and “spherical” particles show a large 
variation, as follows from Table 4. This is due to the effect 
of the holding time at 1600°C and the size of particles 
which is shown and discussed below. The typical “cluster”, 
which generally corresponds to the Ce-Ti oxide, is shown 
in Figure 7. 

The amount of particles with different morphology is 
plotted as a function of holding time at 1600°C in Figure 8. 
It was found that the number of “spherical” particles per 
unit volume, NV, decreases with an increased holding time. 
The NV values for “spherical + cubic” and “cubic” 
particles tend to increase during holding at 1600°C. This 
may be explained by the rapid decrease of the soluble Ce 
and O contents with an increased holding time. As a result, 
the possibility for heterogeneous precipitation of Ti- and 
Cr-compounds (nitrides or oxide-nitrides) on the surface 

Table 4. Composition of typical particles in Fe-20mass%Cr alloy
deoxidised with Ti and Ce. 

 
Size Ce Ti Cr O N Morphology 

of particles (μm) (mass%) 
“cubic” 0.5-1.0 0 5-16 33-52 28-34 2-10 

“spherical+ 0.5-1.0 25-47 21-34 9-17 19-24 3-5 
cubic” 1.0-4.0 12-51 21-28 5-33 14-25 2-3 

“spherical” 1.0-4.0 22-43 23-29 9-26 20-25 0-2 
 > 4.0 26-47 18-26 6-25 23-27 0-1 

“cluster” > 4.0 48-58 23-27 4-6 10-20 0-2 
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Figure 6. Size distribution of particles for a 10 min holding time at 
1600°C observed on film filters with 0.05 μm open pore size. 
 
 

 
 
 
Figure 7.  Typical cluster observed on a film filter with 5μm open 
pore size. 
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Figure 8. Total number and morphology of particles observed on 
film filters with 0.05 μm open pore size. 
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of particles during holding at 1600°C, solidification and 
cooling of the melt increases. The number of “clusters” 
also tends to increase during holding at 1600°C due to the 
agglomeration of particles.  

The composition of particles on a film filter after 
electrolytic extraction was investigated quantitatively as 
functions of particle size in the range of d from 0.5 to 11.0 
μm and holding time at 1600°C. The contents of elements 
such as Ce, Ti, Cr, O and N in particles on film filters with 
open pore sizes 0.05 and 5 μm were estimated by using 
EPMA analysis.  

The contents of Ce, Ti and Cr in particles are plotted 
against the particle size in Figure 9 for 1, 3 and 10 min of 
holding time. It can be seen that the content of Ce 
increases with an increased particle size, particularly for 1 
and 3 min of holding time experiments. It may be 
explained as follows: The primary particles, which 
precipitated during the initial moment after deoxidation at 
high content of soluble Ce, have a higher content of Ce 
oxide. The size of these particles increases due to the 
growth and coagulation. The small size inclusions, which 

precipitated later, have a lower content of Ce. Moreover, 
the content of Ce in particles decreases from 40-55 to 15-
30% with increasing of the holding time from 1 to 10 min, 
as shown in Figure 9 due to the decrease of the soluble Ce 
content. 

The content of Ti in particles is practically independent 
of particle size and holding time and is in the range from 
20 to 30%. It should be pointed out that the small and 
large size particles contain Cr. The content of Cr decreases 
on average from 15 to 5% with increasing particle size for 
1 and 3 min of holding time experiments, as shown in 
Figures 9a and 9b. This can be explained by the higher 
concentration of soluble Ce during the formation of large 
size particles and, as a result, these particles have a lower 
content of Cr.  

The mean contents of Ce, Ti, Cr, O and N are plotted 
against the holding time at 1600°C in Figure 10 for small 
(d = 0.5-4.0 μm) and large (d = 4.0-11.0 μm) size particles. 
The content of Ce in small and large size particles 
decreases with increasing holding time, as shown and 
explained. However, the difference between the mean 
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Figure 9.  Content of Ce, Ti and Cr in particles observed on film filters with 0.05 and 5 μm open pore size.  
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Figure 10.  Mean content of Ce, Ti, Cr, O and N in particles observed on film filters with 0.05 and 5 μm open pore size. 
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contents of Ce in small and large size particles also 
decreases with increasing holding time, as follows from 
Figure 10a. The mean Ce content in all particles is almost 
the same after a 10 min holding time at 1600°C. The 
difference between the mean Ti contents in small and large 
size particles is very small and does not change practically 
with increasing holding time. The mean Cr content in 
particles does not change during 1-3 min of holding time 
and increases considerably after 10 min. The difference 
between the Cr content in small and large size particles is 
5% on average and does not change with increasing 
holding time. 

Most of the particles are complex oxides which contain 
Ce-, Ti- and Cr-oxides. It follows from the results of 
analysis for O and N contents in small and large size 
particles which are shown in Figure 10b. The mean 
content of O in the particles has a tendency to increase 
with increasing holding time. However, some amount of 
Cr2O3 particles might be formed during the increase of 
holding time. Some complex Ti, Cr –O, N compounds 
precipitated on oxide particles during cooling from 
1600°C solidification and cooling after solidification. As a 
result, the content of N in particles is varied from 1 to 8%. 
The difference between the mean N contents in small and 
large size particles is negligibly low and does not change 
with increasing holding time. 
 

Conclusions 
 
10%AA and 2%TEA electrolytes were used for 

electrolytic extraction of the Fe alloy with high Cr content 
to analyse the chemical analysis of soluble and insoluble 
contents of Ce, Ti and Cr and to investigate particles 
extracted on film filters. The particle characteristics such 
as size distribution, composition and morphology were 
studied as a function of holding time at 1600ºC in an Fe-
20mass%Cr alloy deoxidised with Ti and Ce. The 
following specific conclusions can be made: 

1. For investigations of particles on a film filter after 
electrolytic extraction, a 10%AA electrolyte is most 
suitable for extraction of high chromium steels deoxidised 
with Ce at lower electric charge (300 C) and shorter 
extraction time. However, for accurate analysis of contents 
for soluble and insoluble Ce in metal samples, a 2%TEA 
electrolyte is superior to a 10%AA electrolyte. 

2. Most of the particles are complex oxides which 
contain Ce, Ti and Cr-oxides. Some amount of Ti- and Cr- 
compounds (probably nitrides or oxide-nitrides) 
precipitated on the surface of oxide particles during 
holding at 1600°C, solidification and cooling of melt. As a 

result, the content of N in particles is in the range from 1 
to 4% on average.  

3. All particles in the Fe-20mass%Cr alloy deoxidized 
with Ti and Ce contain Cr from 4 to 12% for 1 and 3 min 
of holding time. However, the content of Cr in particles 
increases to 14-33% for experiments with a 10 min 
holding time. The content of Ti in particles is in the range 
from 20 to 30% and is independent of particle size and 
holding time. The content of Ce in the particles decreases 
from 40-55 to 15-30% with an increased holding time, due 
to the significant decrease of the soluble Ce content in the 
melt with an increased holding time at 1600ºC. 

4. Ce containing particles seem to have a high 
agglomeration tendency and continuously form larger 
particles and clusters. These are continuously separated 
from the melt, either to the surface, or to the walls of the 
crucible. The phenomenon results in a reduction of Ce 
content in inclusions. 

The overall conclusion is that the study has provided 
some fundamental knowledge on the determination of 
particle characteristics such as number, size, composition 
and morphology in ferritic stainless steels. This knowledge 
will be valuable in future studies on grain refining of 
ferritic stainless steels.  
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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 
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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 
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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. 
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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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1600  Co

   0.1% Ti 
(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.



 34 

 



 35 

 
 
 

 
J.Janis et al.

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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J.Janis et al.

Fig. 7.  Size distributions of particles with different  
  composition in Ti/Zr deoxidation experiments  
  at different N content.
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J.Janis et al.

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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Abstract 

Because of the high and volatile Ni price in recent times, it becomes 

more important to develop ferritic stainless steels with low level of Ni. Here, 

it is known that these steel grades usually contain oversized grains, which as 

a consequence leads to poor mechanical properties. One way to deal with 

this problem is to control the microstructure and the size of grains in ferritic 

stainless steels. This would also make ferritic stainless steels more 

competitive in comparison to the more commonly used austenitic stainless 

steels. This study focuses on the grain refining effect of particles present in a 

ferritic stainless steel. The particles were created by additions of Ti and Zr in 

to a liquid Fe-20mass% Cr alloy, before the start of solidification. A 

constant O content (150 ppm) together with varying N contents (65, 248 and 

490 ppm) in the metal samples were used to vary the number, composition 

and location of the precipitated particles. The grain sizes and particles were 
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studied in as-cast samples as well as for specimens heat treated for 60 

minutes at 1200 and 1400°C. It was found that the formation of particles is 

enhanced by an increased N content in the alloy. Based on SEM 

determinations, the precipitated particles were divided as primary (mainly 

Zr-oxides and Zr-nitrides) and secondary (mainly Ti-nitrides) particles and 

the effect was studied for each of the types. An increased content of primary 

particles as “nucleators” for precipitation of α-ferrite during solidification of 

the melt lead to an increased formation of equiaxed small-size grains. In 

addition, an increased N content in the metal samples resulted in an 

increased number of secondary particles, which are located near the grain 

boundaries. Therefore, the pinning effect of these particles on grain growth 

increased at a holding temperature of 1200oC. However, most of the nitrides 

were found to dissolve during heating and holding at a 1400 °C temperature. 

Thus, as a consequence, the pinning effect of these particles on grain growth 

decreased rapidly with the holding time.  

 

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

growth, pinning effect, particle size distribution; N content. 
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1. Introduction 

 

 Recently, the production of stainless steel grades with high contents of 

Ni has become quite expensive due to a high and very fluctuating price of 

Ni. Today, the Ni content varies from 4 to 10 mass% in typical stainless 

steel grades. Therefore, many studies1,2) have been focused on applications 

and developments of ferritic and other stainless steels without or with low 

contents of Ni. Here, one example of an effective direction for increasing the 

final properties for ferritic stainless steel grades is a refinement of the 

microstructure.  

 It is well known that the inclusions in steel have a significant 

influence on the microstructure of the final product. Therefore, many 

researchers have studied the effect of different inclusions on the formation of 

microstructure and growth of grains during heating and holding at high 

temperatures.3-7) Among many interesting findings, it was reported that the 

oxides covered by TiN7) or precipitation of TiN before solidification6) 

promotes the formation of equiaxed grains in ferritic stainless steels. Also, in 

recent years many studies are describing3-5) the pinning effect on grain 

growth of carbide and nitride particles of elements such as titanium, boron 

and niobium, which are precipitated and located on grain boundaries. 
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The ferritic stainless steels contain usually from 10.5 to 30 mass% of 

Cr. In this study, the effect of primary and secondary inclusions on the 

processes of formation and growth of α-ferrite grains in the equiaxed zone is 

investigated in an Fe-20mass% Cr alloy. This alloy containing different 

amounts of nitrogen (from 65 to 490 ppm) has been deoxidised by Ti and Zr. 

The grain growth during holding of the metal specimens at 1200 and 1400oC 

was observed directly by using a Confocal Scanning Laser Microscope 

(CSLM). The effect of oxides, oxi-nitrides and nitrides is discussed with 

consideration of influence on the initial grain size distribution and the 

following grain growth during holding at high temperatures. 

 

2. Experimental 

 

2.1. Procedure 

Three batch samples of Fe-20 mass% Cr alloy with different nitrogen 

contents were made by a pre-melting of electrolytic Fe and pure Cr metal in 

an arc furnace under an Ar atmosphere. Then, 150 g of this alloy was re-

melted in an induction furnace at 1600°C and deoxidised by Ti (0.1mass%) 

and Zr (0.1mass%) under an Ar atmosphere.  
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After addition of appropriate amount of Fe-50mass% Ti and Fe–

76mass% Zr alloys for deoxidation, the melt was stirred and held during 30 s 

for homogenisation of the chemical composition. This was followed by 

cooling to 1400oC at a cooling rate of 0.8oC/s. Thereafter, the melt was water 

quenched to solidify into ingots. A detailed description of melting procedure 

is given in previous paper.8) However, a schematic illustration of the 

experimental procedure is shown in Figure 1a. 

The final total nitrogen contents in the metal samples were 65, 248 

and 490 ppm, respectively, while the total oxygen content was 

approximately 150 ppm in all samples.8)  

 

2.2. Determination of Microstructure 

Vertical slices of the as-cast ingot samples were etched to enable a 

detection of the equiaxed zone. The size of as-cast grains in the equiaxed 

zone was determined by Light Optical Microscopy (LOM) on horizontal 

slices of the metal sample after etching. Thereafter, three metal pieces were 

cut from this horizontal slice representing the equiaxed zone. One piece was 

used for electrolytic extraction, followed by an investigation of the extracted 

particles on film filters. Furthermore, a chemical composition determination 

of the soluble and the insoluble elements in each ingot. 
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The other two metal specimens from the equiaxed zone of each ingot 

were cut in the shape of cylinders (Ø4.2 x 1.5 mm) to be used in the heat 

treatment experiments using a Confocal Scanning Laser Microscope 

(CSLM). These metal specimens were heated and kept during 60 minutes at 

1200 and 1400°C under a pure Ar atmosphere. These samples are hereafter 

referred to as specimen A and B, respectively. A schematic illustration of the 

heat treatment experiments is shown in Figure 1b. A detailed description of 

procedures used during the CSLM heating experiments is given in a separate 

article.9)  

The grain growth on the specimen surface was observed in-situ during 

heat treatment in the CSLM at magnifications of 100, 200 and 400 by 

consistent scanning and recording of the grain boundary migration at 2, 5, 

10, 15, 30, 45 and 60 min. After the experiment, the size of each grain on the 

recorded images was determined as the equivalent diameter, DA, for a circle 

having the same area as the measured grain. 

 

2.3. Determination of Particle Characteristics 

The number of particles per unit volume of metal, NV, was estimated 

in an equiaxed zone for each sample. For analysis of particle characteristics 

such as number, size, composition and morphology, a metal specimen was 
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cut from the horizontal slice of the equiaxed zone and dissolved by using the 

electrolytic extraction method. A detailed description of the electrolytic 

extraction and filtration procedures is given in a previous paper.8)  

The residual particles after extraction and filtration were observed on 

a surface of film filter by using a SEM equipped with an Electron Probe 

Micro Analyser (EPMA) at magnifications of 1000, 2500 and 5000 times. In 

order to determine the particle characteristics, more than 200 particles were 

measured for each sample. The particle size was determined as the 

equivalent diameter, d, for a sphere having the same area as the projected 

image of the measured particle on the SEM photomicrograph. The method 

for estimation of particle number per unit volume, NV, is also described in a 

previous paper.8)  

After the heat treatment experiments at 1200 and 1400oC, the 

characteristics of grains (such as the length of grain boundaries and the area 

of the grains) and particles (such as the number, size, morphology and 

location with respect to grain boundaries) were investigated on surfaces of 

the metal specimens by SEM studies at magnifications of 100~2000 times. 

In addition, for investigation of the effect of different particles on the grain 

growth process, the number of particles located near the grain boundaries 
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per unit length of the grain boundary, NL, was determined for different metal 

specimens.   

 

2.4. Determination of the Chemical Composition 

Soluble and insoluble contents of Ti, Zr and Cr were determined by 

separate analysis of residual particles on film filters as well as for the 

dissolved matrix in the electrolyte, after the completion of the electrolytic 

extraction followed by the filtration. The chemical composition 

determination of soluble elements, Msol, corresponding to the dissolved 

elements in the filtrated electrolyte, 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 electrolytic 

extraction and filtration procedures for the chemical composition 

determinations are described in detail in a previous paper.8)  

The total content of oxygen, [T.O], and nitrogen, [T.N] as well as the 

chemical composition of the metal samples are given in Table 1. 
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3. Results and Discussion 

 

3.1. Effect of the Nitrogen Content on Precipitation and Location of 

Particles 

 In a previous study8) it was shown that all particles in the metal 

samples can be divided into primary and secondary particles, depending on 

the time and temperature of precipitation. The primary particles are 

precipitated in the melt directly after deoxidation. In addition, they are 

formed during holding and cooling of the liquid Fe-20mass% Cr alloy until 

the temperature of solidification start. The experimental investigation results 

in combination with the thermodynamic equilibrium calculations, by using 

the Thermo-Calc© software,8) shows that primary particles are precipitated in 

the given metal samples before solidification. These particles are primarily 

Zr oxides in all experiments as well as ZrN particles in the experiments with 

a high N content (Exps. 2 and 3 with 248 and 490 ppm N, respectively). The 

secondary particles are precipitated during solidification of the melt. They 

consist of some amounts of ZrN and in most samples TiN particles. 

Moreover, some amount of TiN particles can precipitate in the solid metal 

during cooling after solidification. Furthermore, and/or during the holding of 
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the sample at a high temperature, as reported for Fe-10mass% Ni alloy 

deoxidised with Ti and Zr.10)  

 According to previous articles published by Koseki et al.6, 11) and by 

Fujimura et al.7) as well as the obtained results of this study, the formation 

process of equiaxed grains in the Fe-20mass% Cr alloy deoxidised with Ti 

and Zr can be illustrated schematically. This is done in Figure 2 as a 

function of the N content in the metal. It can be seen that the ZrO2, ZrN and 

complex ZrO2-ZrN particles, which precipitated in the liquid metal before 

solidification, can work as potential “nucleators” for heterogeneous 

precipitation of α-ferrite on the surface of the inclusions in the liquid-solid 

phase zone during solidification of the melt. Based on the two-dimensional 

(2D) investigation of inclusions on metal cross sections by using SEM with 

EPMA, it was found that most of the ZrO2 and complex ZrO2-ZrN particles 

with a low content of TiN are located inside the grains. This can be seen in 

typical photographs given in Figure 3 for metal samples with different 

nitrogen contents. Therefore, in this study, these particles were considered as 

“nucleators for grain precipitation”, which significantly affect the size 

distribution of the initial equiaxed grains in as-cast metal after solidification. 

It may safely be suggested that the number and size of the formed α-ferrite 
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grains in the liquid-solid zone basically depends on the number and 

composition of the “nucleators”.  

According to previous results obtained from thermodynamic 

equilibrium calculations8) the TiN particles are precipitated only during and 

after solidification of Fe-20mass% Cr alloy. In addition, some amount of 

ZrN particles can also precipitate during solidification. The real time for TiN 

precipitation depends on the content of N in the melt and on the 

solidification/cooling rate. The majority of the Ti nitrides are formed 

heterogeneously during the final period of solidification, when the nitrogen 

content in the remaining liquid phase increases to the appropriate level 

necessary for precipitation of TiN. Therefore, in this study the TiN particles 

are not considered as real nucleators for precipitation of α-ferrite. It was 

found experimentally that the TiN particles and some amount of ZrN-TiN 

particles are formed in intergranular regions and thereby located mostly on 

grain boundaries, as shown in Fig. 3. As a result, these particles have a 

pinning effect on movement of boundaries during grain growth. Therefore, 

these particles were denoted “pinning particles on grain boundaries” in this 

study. These will have an effect on the final sizes of the equiaxed grains 

after grain growth during heating and holding of the metal samples at high 

temperatures. 
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3.2. Effect of Particles on Grain Size 

3.2.1. Effect of Particles on “as-cast” Grain Size 

 In a previous study,8) all particles in the metal samples were classified 

based on the morphology into the following groups: “spherical or regular”, 

“spherical or regular + cubic” and “cubic” particles. The relations between 

the number of particles, NV, which have different compositions, 

morphologies, and nitrogen contents are plotted in Figure 4 for a Fe-

20mass% Cr alloy deoxidised with Ti and Zr.  

 It can be seen that the number of ZrO2 and complex particles (such as 

ZrO2-ZrN and ZrO2-ZrN-TiN with a low TiN content) agrees very well with 

the number of “spherical” and “spherical+cubic” particles. According to the 

precipitation period, these particles can act as “nucleators” for a 

heterogeneous precipitation of α-ferrite on a surface of inclusions in the 

liquid-solid phase zone during solidification of the melt (Fig. 2). As shown 

in Fig. 4, the number of “nucleators” for grain precipitation increases 

significantly with increased nitrogen content in the metal samples. This is 

due to the increased number of precipitated ZrN and ZrO2-ZrN particles. 

 The number of TiN particles agrees satisfactory well with the number 

of “cubic” particles. According to the results obtained from the 
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thermodynamic calculation and the 2D investigation of the particle 

distribution in the metal samples (Fig. 3), these particles did only precipitate 

during and after solidification of the Fe-20mass% Cr alloy. In addition, they 

were located mostly on grain boundaries. It should be pointed out that it was 

also observed in the SEM that some amount of ZrN particles did also 

precipitate during the final solidification period at the grain boundaries. 

Therefore, all these particles (TiN, ZrN and ZrN-TiN) have a significant 

pinning effect on the grain growth. Thus, this particles are named “pinning 

particles for grain boundary migration” in this study. It is interesting to note 

that the number of precipitated TiN inclusions does not practically change 

with increased nitrogen contents in the metal samples. This can be explained 

by the decrease of the real content of dissolved nitrogen, which is available 

for reactions with Ti in metal samples. This is due to a more preferable 

formation of the ZrN particle.  

 The relationship between the number of “nucleators” per unit volume 

and the average size of grains after solidification of the metal, cast)(asA −
D , 

is shown in Figure 5 for samples with different nitrogen contents. The error 

bars in this figure represent the arithmetic standard deviation for the 

cast)(asA −
D  values. It can be seen that the average size of as-cast grains 

significantly decreases with an increased number of “nucleators”, which are 



 14

beneficial for the precipitation of an α-ferrite phase during the solidification. 

However, this tendency is not linear. As shown in Fig. 5, the comparatively 

small increase of the NV value for “nucleators” from 0.68x106 to 1.41x106 

mm-3 in Exps. 1 and 2, respectively, causes about 3 times smaller 

cast)(asA −
D  value than for Exp. 2. However, the larger increase of about 3 

times of the NV value from 1.41x106 to 5.20x106 mm-3 in Exps. 2 and 3, 

respectively, causes only a small decrease of the average size for as-cast 

grains. This fact can be explained by the qualitative change of the 

“nucleator” composition in the liquid steel before and/or during 

solidification in Exps. 2 and 3. This, in turn, is due to a precipitation of ZrN, 

which is favorable for nucleation of α-ferrite grains.  

According to the obtained results in this study, it may be safely 

suggested that an additional precipitation of ZrN particles before and during 

initial period of solidification is the most important factor for a significant 

decrease of the as-cast grain size in a Fe-20mass% Cr alloy deoxidised with 

Ti and Zr.  

 

3.2.2. Effect of Particles on Grain Growth during Heat Treatment 

The pinning effect of different particles on grain growth was 

investigated directly on the surface of metal specimens during heating and 
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holding at 1200 (Exps. 1A, 2A and 3A) and 1400oC (Exps. 1B, 2B and 3B) 

in a Confocal Scanning Laser Microscope. The grain size distributions 

together with observation of the pinning particles were made in order to 

determine the secondary precipitated particles effect on the grain boundary 

migration.  

To determine the size distribution, a well known log-normal 

distribution function (LNDF) was applied to the representation of the grain 

size distributions in different metal samples. Therefore, the log-normal size 

distributions of equiaxed grains are shown in Figures 6, 7 and 8 for the Fe-

20mass% Cr metal specimens with 65, 248 and 490 ppm N contents, 

respectively. The boundary values for each step of the log-normal grain size 

distribution, DA(i), were calculated with a step-width equal to 0.1 

( 1.0)()( 1 +∆=∆
−ii ) by using the following equation: 

 

)(
)( 10A

i
iD ∆
=    ……………………………..………..(1) 

 

 The number of grains per unit area on a cross section of the metal surface, 

NA(G), was calculated as follows: 

 

   NA(G) = T.N(G) / T.A(G),   ..............................................(2) 
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where T.N(G) and T.A(G)  are the total number and the total area of measured 

grains on metal cross sections, respectively. 

It can be seen in Fig. 6a for the metal specimen with a 65 ppm N 

content that the number of small-size grains decreases and the number of 

large-size grains significantly increases with an increased holding time at a 

1200oC temperature. This is due to that the grain growth occurs in the 

absence of “pinning inclusions” on grain boundaries, as mentioned above. In 

this case, the width of the grain size distributions (GSD) decreases during 

holding at high temperatures. During heating and holding of this specimen at 

1400oC (Exp. 1B, Fig. 6b), the width of the grain size distribution also 

decreases during the initial period, due to a decreased number of small size 

grains. However, the shape and width of the GSD values does not practically 

change after a 15 minute holding time. 

For the heating and holding at a 1200oC temperature of the metal 

specimens, with middle (Exp. 2A, Fig. 7a) and high (Exp. 3A, Fig. 8a) 

nitrogen contents in the samples, the shape of the grain size distributions are 

only slightly changed with an increased holding time. This can be explained 

by the high pinning effect of nitride particles, which are located on grain 

boundaries on the grain growth during holding at a 1200oC temperature. But 
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the curves representing the grain size distributions are moved to the right 

side of the figure with an increased mean grain size, during holding of these 

specimens at 1400oC (Exp. 2B in Fig. 7b and Exp. 3B in Fig. 8b). In 

addition, it can be seen that the number of small-size grains significantly 

decreases and the number of large-size grains increases with an increased 

holding time. Thus, the width of GSD value decreases during holding at 

1400oC. In this case, the majority of the TiN particles are dissolved rapidly 

at this temperature.  

The relationship between the number of “pinning particles” per unit 

length of grain boundaries, NL, and the holding temperature is plotted in 

Figure 9 for metal specimens with different nitrogen contents. It can be seen 

that the number of “pinning particles” on grain boundaries decreases during 

the holding periods of the specimens, particularly in Exp. 2A and 3A, at 

1400oC. As a result, the pinning effect on grain growth of nitrides, which are 

located on grain boundaries, decreases quickly. 

It is well known that the statistical median and the geometric standard 

deviation, σg, rigidly determines the log-normal distribution function, which 

is frequently used for analysis of particle and grain size distributions in 

metal samples.12,13) The σg-value usually defines the uniformity of the size 

distribution function, i.e. it determines the deviation of the measured values 
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from a statistical median value. Therefore, the lnσg value in this study is 

applied for a quantitative determination of the shape of the grain size 

distributions in the metal.  The changes of lnσg values for the determined 

grain size distributions in metal specimens with different nitrogen contents 

during the holding time at temperatures of 1200 and 1400oC are shown in 

the (a) and (b) diagrams of Figure 10, respectively. It can be seen in the 

upper diagram of the holding at a 1200oC temperature that the lnσg value for 

Exp. 1A, with a low N content (65 ppm), does practically not change with an 

increased holding time. However, the values of lnσg for Exp. 2A (248 ppm 

N) and Exp. 3A (490 ppm N) during the initial holding time period 

increases, while the GSD-value only slightly changes, as shown in Fig. 7a 

and 8a. This can be explained by some decrease of the equivalent size for 

smaller grains and by some increase of the size for larger grains. This is due 

to the increased curvature of grain boundaries between the “pinning 

particles” during heating and the initial 15 minutes of holding at a 1200oC 

temperature, as shown in the photographs in Figure 11. Later, the curvature 

of the grain boundaries between the “pinning particles” does not increase, 

due to a stop of the grain growth. As a result, the value of lnσg does not 

change during the following holding time of the specimen at this 

temperature. 
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In Fig. 10b it can be seen that the lnσg values of the grain size 

distributions for metal specimens with different nitrogen contents quickly 

decreases during the first 10 to 15 minutes of holding at a 1400oC 

temperature. This can be explained by the dissolution of most of the TiN 

“pinning particles” as well as by a rapid growth of grains during this period. 

It follows from these results that the grain size distributions observed on the 

surface of the metal specimens become more uniform due to the decrease in 

deviation of the measured values from the statistical median value. Then, the 

lnσg values of the grain size distributions in Exps. 1B and 3B are only 

insignificantly changed during the subsequent holding period at this 

temperature. This is due to the deceleration of grain growth in these 

experiments. However, the lnσg value in Exp. 2B continues to decrease 

rapidly after a 30 minute holding time at 1400oC, due to the continuation of 

grain growth. It can be explained by the presence of some grains, which 

have abnormally larger sizes, in comparison to other grains, in this 

specimen, as shown in Figure 12a. In this case, the grain growth continues 

during the entire 60 minute holding time.  

 

3.2.3. Effect of Initial Grain Size Distribution and Particles on Grain 

Growth  
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One possible reason for uneven grain growth in various metal 

specimens will be discussed based on the energy change model developed 

by Hillert.14) According to this model, the driving force for grain growth 

increases with an increased curvature of the grain boundary. The energy 

change during grain growth, ∆E, can be estimated by using the following 

equation: 

 

   ∆E = k (1/R – 1/RC)   ....................................................(3) 

 

where R and RC are the radius of the specific grains and the critical radius of 

the curvature. The parameter k is a constant. 

 If the radius of a grain, R, which corresponds to the curvature of grain 

boundary, is larger than a critical grain radius, RC, the ∆E value is negative. 

Therefore, the grain can grow. However, if ∆E ≥ 0 for a case where R ≥ RC, 

the specific grain would not grow. 

 By consideration of the energy change during growth of two 

neighbouring tetrakaidecahedral grains with radius R1 and R2, Gladman15,16) 

derived the following equation: 

 

   ∆En = ∆E1 - ∆E2 = γ (2/R1 – 3/2R2)   ............................(4) 
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where ∆En is the total change of energy accompanying the grain growth. The 

variable ∆E1 is the energy change, which corresponds to the increase of 

grain boundary area for larger grown grains. Furthermore, ∆E2 is the energy 

change, corresponding to the decrease as well as the disappearance of the 

grain boundary area for smaller neighbouring grain. The variable γ is the 

grain boundary energy.   

 According to equation (4), the ∆En value will be negative. As a result, 

the larger neighbouring grain will start to grow only when R1 > (4/3)R2. It 

follows from this, that the uniform neighbouring grains, for which the 

critical ratio coefficient of grain sizes KC (= R1 / R2) ≤ 4/3 (~1.33), would not 

grow. Thus, the value of the ratio coefficient for a grain size distribution can 

also be used for a comparison of the grain size uniformity as well as for the 

estimation of a potential possibility for grain growth.   

 In this study, the experimental value of the ratio coefficient for the 

obtained grain size distribution, K, was determined by using the following 

equation: 

 

   K = DA(max) / AD    ……………………………………(5) 
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where DA(max) and AD  are the maximum and average grain sizes for specific 

GSD-values, respectively.  

The change of the ratio coefficient, K(t), for the measured grain size 

distributions during holding time at 1200 and 1400oC are shown in Figure 

13a and 13b, respectively. Data are given for metal specimens with different 

nitrogen contents. It can be seen that the K(t) values at temperatures of 1200 

and 1400oC are changed similarly to the change of the lnσg values shown in 

Fig. 10. In addition, the K(t) value in all experiments (Exps. 1A, 2A and 3A) 

increases slightly during the initial 15 minutes of holding at a 1200oC 

temperature, as shown in Fig. 13a. However, while the AD  value does not 

practically changes.9) But later, the K(t)-value almost does not change.  

It should be pointed out that the K(t)-values for all metal specimens at 

1200oC are significantly larger than the critical ratio coefficient of the grain 

sizes KC (~1.33) derived by Gladman.16) However, the grains do not grow 

(while K(t) >> KC) and the average size of grains does not change in practice. 

This is due to the considerable pinning effect of nitride particles on the grain 

growth during a holding period at a 1200oC temperature.  

With an increased temperature of the specimen up to 1400oC, the 

majority of the TiN particles dissolve. As a result, the pinning effect of these 

inclusions on the grain growth decreases rapidly with an increased holding 
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time of metal specimens at 1400oC. In this case, the larger grains start to 

grow. As shown in Fig. 13b, the K(t) values in all experiments decreases 

rapidly (particularly in Exps. 2B and 3B) during the initial 15 minutes of 

holding at the specific temperature. But later the K(t) values in Exp. 1B and 

3B are only slightly changed. It is apparent that the K(60 min) value (=1.50) in 

Exp. 1B for a low N content is closely approximated to the value of KC 

(=1.33). For metal specimens of Exp. 3B with a high N content (490 ppm), 

K(60 min) > KC. However, the grains did not grow, as predicted by Gladman.16) 

This can be explained by the additional pinning effect of ZrO2, ZrN and 

ZrO2-ZrN particles, which do not dissolve during holding at a 1400oC 

temperature. Moreover, it was found that the grain size distributions in metal 

specimens from Exps. 1B and 3B after 30 minutes of holding time at 1400oC 

are more uniform in comparison with initial GSD-value (lnσg(60 min) << lnσg(2 

min) as shown in Fig. 10b). However, the K(t)-value for the metal specimen 

from Exp. 2B continues to decrease after a 30 minute holding time, as shown 

by the dashed curve in Fig. 13b. This can be explained by the continued 

growth of larger grains, which are present in the initial grain size distribution 

of this metal specimen, as mentioned above.  

 An increase of the average grain size, AD∆ , during holding at 

temperatures of 1200 and 1400oC in metal specimens with different N 
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contents is shown in Figure 14. Data are given as a function of the ratio 

coefficient, K, for the initial grain size distribution. The K-value was 

determined for the grain size distribution observed after a 2 minute holding 

time at a given temperature by using Eq.(5). The AD∆ values for the metal 

specimens in this study were estimated as follows: 

 

   min) A(2min) A(60A DDD −=∆    …………..…………(6) 

 

where min) A(2D  and min) A(60D  are the average grain sizes determined from 

the grain size distributions obtained after 2 and 60 minutes of holding, 

respectively. The min) A(60D value was accepted as the largest value, while 

the steady state value was obtained already after a 30 minutes holding time. 

This was true for most of the experiments, except for Exp. 1B. 

It can be seen that the AD∆ value in most experiments, with a small 

pinning effect of the inclusions, significantly increases (linearly) with an 

increased value of the ratio coefficient for the initial grain size distribution. 

This tendency includes the data points of Exp. 1A and 1B with low N 

contents, due to the small number of “pinning particles” on grain boundaries, 

Furthermore, this tendency includes also the data points of Exp. 2B and 3B 
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with high N content, due to the dissolution of most of the “pinning particles” 

- nitrides at 1400oC.  

However, the data points of Exp. 2A and 3A do not agree with 

observed tendency, as shown in Fig. 14. In these experiments, the grains do 

not grow during the holding period at 1200oC, while the K values are 

significantly larger than the KC-value (=1.33). This can be explained by the 

presence of many nitride particles on the grain boundaries, which do not 

dissolve during 60 minutes of holding time at this temperature, as shown in 

Fig. 11. In this case, the total change of energy accompanying the grain 

growth, ∆En, can be estimated by the following equation: 

 

  ∆En = ∆E1 – ∆E2 – ∆EP = γ (2/R1 – 3/2R2) – ∆EP   .................(7) 

 

where ∆EP is the energy change, which corresponds to the pinning effect of 

particles located on grain boundaries. However, it is assumed to be zero in 

this study. The ∆EP values for different metal specimens with different N 

contents will be estimated and discussed in detail in a separate paper. 

Thus, for specimens of Fe-20mass% Cr alloy deoxidised by Ti and Zr, 

which have a negligible small pinning effect of “pinning particles” on grain 

growth (∆EP ~ 0), the final average size of grains after 60 minutes of holding 
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at temperatures of 1200 or 1400oC, min) A(60D , can be estimated for 

specimens, by using the following equation: 

  

min) A(60D = A0D + b . (K0 – 1) = A0D + b . (DA0(max) / A0D – 1),  R = 0.988  ...(8) 

 

where A0D  and DA0(max) are the average and maximum sizes of the initial 

grain size distribution (mm). The variable K0 is the ratio coefficient for the 

initial grain size distribution and b is the coefficient which can determined 

experimentally (=0.095 determined from Fig. 14). Furthermore, R is the 

correlation coefficient, which is reasonably close to 1 for the obtained 

experimental relationship.  

It should also be noted that, for specimens, which contain many 

“pinning particles” on the grain boundaries and have a high pinning effect 

on grain growth (∆EP > 0), the total ∆En value may be equal zero or be 

positive. In this case, the grains do not grow and the final average grain size 

does not change. 

 

4. Conclusions 

The focus of the study was the effect of particles on grain refining in a 

ferritic stainless steel. The particles were created by additions of Ti and Zr in 
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to a liquid Fe-20mass% Cr alloy, before the start of solidification. A 

constant O content (150 ppm) together with varying N contents (65, 248 and 

490 ppm) in the metal samples were used to vary the number, composition 

and location of the precipitated particles. The grain sizes and particles were 

studied in as-cast samples as well as for specimens heat treated for 60 

minutes at 1200 and 1400°C. Based on SEM determinations, the precipitated 

particles were divided as primary (mainly Zr-oxides and Zr-nitrides) and 

secondary (mainly Ti-nitrides) particles and the effect was studied for each 

of the types. The following specific conclusions were obtained: 

1. The number of particles, which can work as “nucleators” for the 

precipitation of α-ferrite during solidification of the Fe-20mass% Cr alloy 

significantly increases with an increased nitrogen content in the metal 

sample. 

2. The ZrN particles are favourable for heterogeneous precipitation of 

α-ferrite during solidification and, as a result, for the formation of fine 

equiaxed grains in the Fe-20mass% Cr alloy. 

3. An increased nitrogen content results in an increased precipitation 

of both primary and secondary-precipitated particles. 

4.  The location of secondary-precipitated particles has a large 

influence on the pinning effect during heating. However, the pinning effect 
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of secondary TiN particles decreases during heat treatment at 1400°C due to 

dissolution of these particles. 

5. The uniformity of the grain size distributions increases with grain 

growth. This is due to a decrease in the lnσ g (σg is the geometric standard 

deviation) and K (K is the ratio coefficient between the maximum and 

average sizes of initial grain size distribution) values of the grain size 

distributions. 

6. The obtained relationship between the K and AD∆  ( AD∆ is the 

increase of the average grain size during heat treatment at high temperature) 

values can be used for an estimation of the final average and maximum grain 

sizes in the metal specimens. This can be done without or with a low pinning 

effect of particles on the grain growth. 
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Table 1. Experimental conditions and chemical composition of metal 

samples. 
 

Exp. 
No* 

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

Zr 
sol / insol 

Cr 
insol 

 (mass ppm) 
       
1 0.1% Ti + 0.1% Zr 145 65 622 / 30 0 / 89 41 

2 0.1% Ti + 0.1% Zr 148 248 521 / 67 0 / 214 169 

3 0.1% Ti + 0.1% Zr 139 490 28 / 221 0 / 345 266 

 

* - Heating temperature for metal specimens during CSLM experiments:  

     A – 1200oC, B – 1400oC.  
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Fig. 1. Schematic illustration of melting (a) and heat treatment in CSLM (b) 

experiments with Fe-20mass% Cr alloy deoxidised by Ti and Zr. 
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Fig. 2. Schematic illustration for nucleation of equiaxed grains in 

Fe-20mass% Cr alloy deoxidised by Ti and Zr at low (a) and high (b) 

nitrogen contents. 
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Fig. 3. Typical microphotographs of particle location in Fe-20mass% Cr 

alloy with different content of nitrogen. (a) Exp. 1, 65 ppm N; (b) 

Exp. 2, 248 ppm N; (c) Exp. 3, 490 ppm N.   
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Fig. 4. Number of particles with different composition and morphology in 

Fe-20mass% Cr alloy deoxidised with Ti and Zr at different N 

content. 
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Fig. 5. Relationship between number of nucleators for α-ferrite 
precipitation in solid-liquid zone of metal and average size of 

equiaxed grains after solidification of metal sample. 
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Fig. 6. Grain size distributions in Fe-20mass% Cr alloy deoxidised by Ti 

and Zr with low N content (65 ppm) obtained for different holding time at 

1200oC (Exp. 1A) and at 1400oC (Exp. 1B).   
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Fig. 7. Grain size distributions in Fe-20mass% Cr alloy deoxidised by Ti 

and Zr with middle N content (248 ppm) obtained for different 

holding time at 1200oC (Exp. 2A) and at 1400oC (Exp. 2B). 
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Fig. 8. Grain size distributions in Fe-20mass% Cr alloy deoxidised by Ti 

and Zr with high N content (490 ppm) obtained for different holding 

time at 1200oC (Exp. 3A) and at 1400oC (Exp. 3B). 
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Fig. 9.  Relation between the number of particles per unit length of grain  

boundaries in metal specimens with different N content during  

holding at 1200 and 1400oC.   
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Fig. 10. Changing of grain size distribution shape in metal specimens with 

different N content during holding time at 1200 (a) and at 1400oC 

(b).   
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Fig. 11. Typical microphotographs of grain boundary curvature between  

“pinning particles” in Fe-20mass% Cr alloy with high content  

 of nitrogen (248 ppm) after holding at 1200oC.  
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Fig. 12. Grains observed on surface of metal specimen with 248 ppm N  

  (Exp. 2B) after 5 (a) and 60 (b) minutes of holding time at 1400oC.   
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Fig. 13. Change of ratio coefficient for grain size distribution in metal  

specimens with different N content during holding time at 1200 oC  

(a) and 1400oC (b).   
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Fig. 14. Growth of average grain size during holding at 1200 and 1400oC  

in metal specimens with different N content depending on the 

uniformity of initial grain size distribution and pinning effect of 

particles. 
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Abstract The pinning effect of particles on grain

boundary migration was studied in a Fe–20 mass% Cr alloy

deoxidised with Ti and Zr. The different nitrogen contents

(65, 248 and 490 ppm) were used to vary the number of

precipitated inclusions. The specimens from equiaxed

zones of metal samples with different particle densities

were examined by in situ observations during a 60-min

holding time at 1200 and 1400 �C in a Confocal Scanning

Laser Microscope. The change of particles pinning effect

on the grain growth was described by an average grain size,
�DA, and the ratio between the perimeter and area of

grains, PGB/AG. It was found that the pinning effect of

particles (mostly complex Ti–Zr oxynitrides) on grain

growth decreased with a decreased nitrogen content in the

metal. Furthermore, the effect of particles decreased with

an increased temperature of treatment, due to the reduction

of the number of particles on the grain boundaries.

Introduction

It is well-known that the final properties of steel are

dependent on the microstructure. In addition, that the grain

size is one of the basic parameters that defines the metal

microstructure. Therefore, grain growth and different

means of grain size control have been extensively studied

for both fundamental and technological reasons. One of the

perspective methods for pinning of grain growth is the use

of inclusion particles precipitated in the metal during

deoxidation, solidification and cooling. These particles

restrict the growth of grains at high temperatures during

heating or welding of a solid metal. Therefore, numerous

investigations have discussed the influence of different

inclusions on the grain growth in various steels and alloys

[1–9].

A migration of grain boundaries is significantly initiated

by heat treatment of metals at high temperatures due to an

increased grain boundary mobility which is increasing with

increasing temperature, and thus accelerates the grain

growth process. Until recent time, most of the data on grain

growth during heat treatment were obtained by comparing

the microstructures before and after heating [2–4, 7–9]. An

alternative method is an in situ observation of the grain

boundary migration by using a Confocal Scanning Laser

Microscope (CSLM), since it can provide more accurate

and dynamic data for the determination of the pinning

effect of different particles on grain growth at high tem-

perature [5, 6, 10–12].

In the present study, the effect of nitride–oxide par-

ticles on the migration of grain boundaries has been

studied for a Fe–20 mass% Cr alloy during heat treat-

ment at 1200 and 1400 �C. The number and composition

of the inclusions in the metal were changed by varying

the nitrogen content in the samples. The change of the

grain boundary curvature and pinning effect of particles

were determined based on the in situ observations by

using a CSLM.
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Experimental

Electrolytic Fe and pure Cr metal were used for the mak-

ing/preparation of a Fe–20 mass% Cr mother alloy in an

arc furnace under an Ar atmosphere. Then, 150 g of this

alloy was melted at 1600 �C in an MgO crucible under an

Ar gas atmosphere (500 mL/min) in a high-frequency

induction furnace (100 kHz, 20 kW). In order to exclude

the strong induction stirring of the melt, a graphite sus-

ceptor was inserted between the furnace wall and the cru-

cible. Initially, the melt was held at 1600 �C to ensure a

uniform chemical composition the melt. Thereafter, Ti and

Zr were added as deoxidants. After deoxidation, the melt

was stirred and held at 1600 �C for 30 s. This was followed

by cooling to 1400 �C with a cooling rate of 0.8 �C/s and

then finally water quenching. The final nitrogen content in

the metal was 65, 248 and 490 ppm in Samples 1, 2 and 3,

respectively. In addition, the oxygen content was approx-

imately 150 ppm in all samples.

The as-cast ingot samples were cut vertically and hori-

zontally and etched for a detection of the equiaxed zone.

The number of particles per unit volume was estimated in

an equiaxed zone for each sample. The inclusions on film

filter after electrolytic extraction of metal specimen were

analysed by using a Scanning Electron Microscope (SEM).

For in situ observation of grain growth and pinning effect

of particles during heat treatment at different temperatures,

cylindrical specimens (Ø4.2 9 1.5 mm) were cut from the

equiaxed zone of Samples 1, 2 and 3 (Fig. 1a). Each speci-

men was polished and then placed in an alumina crucible to

be used in the CSLM for magnified examination during

heating up to 1200 and 1400 �C. The actual surface tem-

perature was calibrated using a blank sample with Pt–PtRh

thermocouple attached to the surface. The surface tempera-

ture of the specimen was found to vary about 20–40 �C from

the control temperature at the bottom of crucible. The tem-

perature was measured at the bottom of the crucible by using

a Pt–PtRh thermocouple. Thus, by using this data, the sur-

face temperature of the specimen, 1200 and 1400 �C, was

controlled. The atmosphere in the CSLM was pure Ar. The

heating rate of the specimen was 100 �C/min.

First, the sample was heated to 200 �C and held for

10 min in order to remove possible water vapour being

present. Thereafter, the specimen was heated to the exper-

imental temperature. A detailed description of the CSLM

method and its capabilities can be found in the pioneering

work [13]. The grain boundary, which is revealed by ther-

mal etching (thermal groove) [14, 15] at high temperature,

starts to be visible after approximately 800 �C and becomes

clearer with an increased temperature. During an experi-

ment, each specimen was kept at the experimental

temperature for 60 min and then cooled down to room

temperature by switching of the heating element.

The specimen surface during heat treatment in CSLM

was observed in situ with objective glasses of 10, 20 and 40

times. The observation area with a 910 objective repre-

sented roughly 1/20th of the total area of the specimen. In

this case, these projection images consisted of a frame of

640 9 480 pixels; the frame resolution was 1.36 lm/pixel

[16]. Therefore, the observation of the migration of grain

boundaries and pinning effect of particles during holding at

a given temperature was video recorded at a 1/30 second

interval [16]. A sweeping sequence was initiated at 2, 5, 10,

15, 30, 45 and 60 min (Fig. 1b). The recorded sequence

was later transferred to the computer. By using a snapshot

tool to retrieve overlapping images from a scanning

sequence for combining pictures makes the total specimen

surface visible. When the surface was visible, the grain

boundaries could be analysed by a software program

(Winroof�). The area, AG, diameter, DA and perimeter,

PGB, of each grain were measured. The size of each grain,

DA, was determined as the equivalent diameter of a circle,

which has the same area as the measured grain. These

examinations were combined with local observations of

grain growth on a specimen surface at objective glasses of

40 times between the times for the scanning procedure.

After the heat experiment, the samples were analysed in

a SEM equipped with an EPMA for a characterisation of

the pinning particles. Determination of the chemical com-

position of pinning particles was performed with focus on

the composition differences between O and N in particles

acting as pinning sites.

Fig. 1 Schematic illustrations

of cut specimens for in situ

observation of pinning effect of

particles on grain growth (a)

and scanning procedure in

CSLM during heat treatment (b)
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Results and discussion

The results for measurement of an average grain size, �DA,

in samples with different N contents (65, 248 and

490 ppm) are presented in Fig. 2 as a function of the

holding time at 1200 and 1400 �C. It is apparent that the
�DA values decrease with an increased nitrogen content in

the samples. This is due to an increased number of pre-

cipitated inclusions. More specifically, the numbers were

0.7 9 106 mm-3, 1.5 9 106 mm-3 and 5.3 9 106 mm-3

in Sample 1 (65 ppm N), Sample 2 (248 ppm N) and

Sample 3 (490 ppm N), respectively. In addition, it was

found that most of the inclusions in samples with high

nitrogen content (248 and 490 ppm) are nitrides and oxy-

nitrides. These were precipitated during solidification and

were mainly located on grain boundaries; the authors

recognised them as ‘‘secondary particles’’. As a result, the

pinning effect of these particles on grain growth increases

due to an increased number of precipitated inclusions on

grain boundaries. This, in turn, is caused by increased

nitrogen content in the sample.

The �DA values increase during holding of Sample 1

(65 ppm N) at 1200 �C, due to the low number of inclu-

sions on grain boundaries. The average sizes of grains in

Samples 2 and 3 were found to be almost constant during

all times of heat treatment at 1200 �C. This is due to the

high number of inclusions on the grain surface, which fixed

the grain boundaries and pinned the grain growth. How-

ever, the �DAvalue increases significantly with an increased

holding time at 1400 �C in all experiments. This can be

explained by a reduced pinning effect of particles due to

dissolution of some nitrides during heat treatment at

1400 �C, as will be discussed below.

It also should be pointed out that the grains grow rapidly

during heating and the initial 15 min holding time of the

samples at 1400 �C, particularly in Sample 1 with 65 ppm

nitrogen content. The difference between �DA values

obtained at 1400 and 1200 �C, DDA

�
¼ �DA 1400ð Þ�

�D A 1200ð Þ
�
, for a 2 min of holding time decreases signifi-

cantly with an increased nitrogen content as well as with an

increased number of inclusions. Thus, the DDA value for a

2-min holding time decreases from about 200 lm for

Sample 1 (65 ppm N) to 100 lm for Sample 2 (248

ppm N) and to almost 0 lm for Sample 3 (490 ppm N),

see Fig. 2. It can be said from these results that the number

of particles on the grain surface in Sample 1 is very low.

Furthermore, that these particles cannot stop or decrease

the grain growth. In this case, the grain size increases very

quickly during the initial time of heat treatment at 1400 �C

(before 2 min). Thereafter, the rate of grain growth

decreases. In Samples 2 and 3, the number of inclusions on

grain boundaries increases with an increased nitrogen

content in the metal. Therefore, the pinning effect of these

particles on grain growth also increases. As a result, the

DDA value at a 2 min of holding time of heat treatment

decreases significantly.

Another grain parameter which correlates directly with

grain growth and pinning effect of particles is the ratio
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between the perimeter (or length) of the grain boundary,

PGB, and the grain area, AG. It can be expected that a larger

value of the PGB/AG corresponds to a smaller grain size.

Moreover, a change of the grain perimeter describes the

pinning effect of particles on the grain growth and the

change of grain boundary curvature during heat treatment.

Therefore, a determination of the time and temperature

dependence of the PGB/AG on the particle pinning effect on

the grain growth during heat treatment was made to

achieve a better understanding.

The change of the average value of the PGB/AG during

heat treatment at 1200 and 1400 �C is shown in Fig. 3 for

samples with different nitrogen contents. It can be seen that

the PGB/AG values increase with an increased nitrogen

content in the samples. This is due to that the pinning effect

of particles increases with an increased number of precip-

itated inclusions on the grain boundaries.

In Sample 1, in which the nitrogen content is low, the

pinning effect of inclusions is very low. Therefore, the

PGB/AG value in this sample decreases significantly after a

15-min holding time at 1200 �C. However, after 30 min

the PGB/AG value is almost constant and the average grain

size hardly changes during the following heat treatment.

In Samples 2 and 3 with medium and high nitrogen

contents, the PGB/AG value at 1200 �C increases during 15

and 30 min of holding times, respectively. In these periods,

the curvatures of the grain boundary between particles

increase, as shown in Table 1. This is due to the high value

of the driving force for grain growth. As a result, the

average perimeter of grain increases, but the average grain

area practically does not change. When the driving force

for grain growth equals the pinning force of particles on the

grain boundary, the grain growth is stopped. Therefore, the

values of the PGB/AG ratio and �DA are almost constant

during the following holding period at 1200 �C. From this

moment, the equilibrium between grain growth and the

pinning effect of particles on grain boundaries is reached.

It is apparent from Fig. 3 that the PGB/AG values

obtained during heat treatment at 1400 �C are significantly

lower than those at 1200 �C. It can be explained by the

dissolution of most nitride particles during holding at

1400 �C, as discussed below. In Sample 1, which contains

low nitrogen content, the number of nitride inclusions is

very low. Therefore, the pinning effect of these particles on

the grain growth is negligible. Thus, the PGB/AG value is

very low during all time of heat treatment. In Samples 2

and 3 with medium and high N contents, the PGB/AG values

decreases rapidly during 15 min of holding and then remain

almost constant. It follows from these results that most of

the nitride inclusions on grain boundaries are dissolved

during this period. Therefore, the pinning effect of these

particles decreases. In this case, a curvature of grain

boundaries between the remaining inclusions decreases

visibly, as shown in Table 1. Thereafter the equilibrium

between grain growth and pinning effect of remaining

particles is reached and the �DA and PGB/AG values change

slightly (Figs. 2, 3). However, it should be pointed out that
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the final values of the PGB/AG after 60 min of heat treat-

ment considerable increase. Accordingly, the �DA value,

decreases with an increased N content.

Typical photographs of the pinning effect of inclusions

on grain growth, after 60 min heat treatment at 1200 and

1400 �C, are given in Table 2 for samples with different

nitrogen contents. According to analysis of composition for

typical inclusions by EPMA, the particles acting as pinning

sites on grain boundaries are in most cases nitrides for

samples with high nitrogen contents (248 and 490 ppm).

The composition of these inclusions is varied in the fol-

lowing ranges: 38–64 mass% Ti, 9–27 mass% Zr, 24–43

mass% N and 0–12 mass% O. The numbers of these

nitrides on grain boundaries of Samples 2 and 3 are enough

for an effective pinning of grain growth to occur during

heat treatment. In this case, the grain boundaries between

particles have a significant curvature. In Sample 1 with

65 ppm nitrogen content, the inclusions on surface of

Table 1 Typical snapshots from CSLM showing changes in grain boundary structure of same grain during heating of Sample 3 (490 ppm N)

T (�C) Holding time (min)

2 15 60

1200

1400

Table 2 Typical photographs of grain boundaries with inclusions after 60 min heat treatment

T (�C) Nitrogen content (ppm)

65 248 490

1200

1400
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grains are mostly oxides and oxynitrides with a lower

content of N and Ti (0–31 mass% Ti, 35–66 mass% Zr,

0–26 mass% N and 8–33 mass% O). The number of these

particles on grain boundaries is very low. Therefore, these

inclusions do not have any substantial effect on the grain

growth.

It can be seen in the photographs given in Table 2 that

most nitride particles on the grain surface have been dis-

solved during holding at 1400 �C. As a result, the

remaining inclusions do not affect grain growth and the

grain boundaries do not have the visible curvature between

particles.

As a consequence, the secondary particles which pre-

cipitated near grain boundaries are effective at tempera-

tures up to at least 1200 �C. Therefore, for an increased

pinning effect at higher temperature it is suggested to

create more stable secondary particles.

Conclusions

The pinning effect of particles on grain boundaries and

grain growth phenomena were investigated in a Fe–20

mass% Cr alloy deoxidised with Ti and Zr. This was done

at different nitrogen contents in the metal samples. The

grain boundary migration during holding at 1200 and

1400 �C has been studied by combination of total and local

in situ observations in a CSLM.

It was found that the average grain size, �DA, decreases

with increasing nitrogen content in the samples due to an

increased number of nitride inclusions precipitated during

solidification. The change of pinning effect for particles on

grain growth during heat treatment can be described more

detailed by using a ratio between the perimeter and area of

grains, PGB/AG, than that by using average size of grain.

This is because the grain perimeter corresponds directly

with the change of grain boundary curvature during heat

treatment due to the pinning effect of particles.

The PGB/AG ratio values at 1200 �C for samples with

higher nitrogen contents (248 and 490 ppm) increase dur-

ing 15 and 30 min of holding time, respectively. This is

due to the significant increase of the curvatures of the grain

boundary between particles. Thereafter, the equilibrium

between grain growth and pinning effect of particles is

obtained and thereby the PGB/AG value does not change.

In the case of heat treatment at 1400 �C, the PGB/AG

values for samples with higher nitrogen contents decreases

rapidly during a 15-min holding time. This is due to that

most of the nitride inclusions dissolve and that the curva-

ture of the grain boundaries between the remaining inclu-

sions decreases. After 15 min, the equilibrium between

grain growth and pinning effect of remaining particles is

obtained and thereby the PGB/AG ratio values only change

slightly.
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Abstract 

New phases have been observed on surfaces of metal specimens during 

cooling after heat treatment at 1200, 1300 and 1400 °C of an Fe-20mass% Cr alloy 

with different nitrogen contents (65, 248 and 490 ppm) and deoxidised by Ti and 

Zr. These phases were assumed to be related to a phase transformation. The 

analysis of nitrogen content in matrix metal and new phase crystals was carried out 

based on point analysis of nitrogen using SEM. According to obtained results it 

was concluded that the nitrogen had been dissolved from the nitrides during 60 

minutes of heat treatment at high temperature and diffused in to the matrix. These 

areas of enriched nitrogen content were then transformed to a new phase during 

cooling. This new phase was assumed to be austenite because the nitrogen is a well 

known element for promotion of austenite formation. The possibility of austenite 

formation in Fe-20mass% Cr alloys with different nitrogen content was considered 

and confirmed thermodynamically by using the Thermo-Calc software. 

 

Keywords: ferritic stainless steel, high Cr alloy; Ti and Zr deoxidation; N content, 

austenite. 
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1. Introduction  

High chromium stainless steels with low alloying contents of the austenite 

forming alloying elements ( such as Zn, Cu, Ni, Mn, N and C) likely occur as 

ferritic stainless steels from solidification temperature down to room 

temperature.[1] There are, although, some aspects to consider when discussing 

special elements which can occur as precipitations, i.e. Nitrogen and Carbon. The 

effect of Nitrogen and Carbon contents on the precipitation is dependent on the 

distribution in the steel matrix. If precipitated as nitrides or carbides, the structure 

is more or less independent of the content. At the same time, if N or C are 

dissolved, it can change the structure from pure ferritic to pure austenitic[2-3]. These 

phenomena have become interesting when the steel is under the influence of an 

increased temperature. Different precipitations can act differently and be more or 

less stable. 

These phenomena can be of great importance when a ferritic stainless steel is under 

the influence of high temperature changes. New precipitations can have a 

significant effect on the corrosion properties of the steel after i.e. welding.  

Boundary migration and pinning effect of particles during heat treatment of 

Fe-20mass% Cr alloys at 1200, 1300 and 1400 oC were investigated in a previous 
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study[4]. Dissolution of nitrides in metal specimens with different nitrogen contents 

during heat treatment experiments was also investigated.[4]. 

The purpose with the present study was therefore to investigate the 

precipitation mechanism and to identify the new phase. The number and 

composition of the inclusions in the metal were changed by varying the nitrogen 

content in the samples. The dissolution of nitrides where observed as a reduced 

pinning effect[4] together with heterogeneities in the structure and precipitation of 

small areas with austenite.  The dissolution behavior of the nitrides and pinning 

effect of particles were determined based on the in-situ observations by using a 

CSLM. 

2. Experimental work 

2.1. Sample Preparation 

Three groups of Fe-20 mass% Cr samples with different nitrogen contents 

were made by melting electrolytic Fe and pure Cr metal in an arc furnace under an 

Ar atmosphere. A part of each group samples (150 g) was re-melted in an 

induction furnace at 1600°C and deoxidised by Ti and Zr. After addition of 

deoxidants, and stirring for homogenisation of chemical composition, the melt was 
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cooled to 1400oC at a cooling rate of 0.8oC/s, followed by quenching in water. The 

final total nitrogen contents in the obtained ingot samples were 65, 248 and 490 

ppm, respectively, with an oxygen content of approximately 150 ppm in all 

samples. Detailed description of melting procedure is given in previous paper.[5]  

After etching and verification of equiaxed grain zone, four pieces were cut 

from the equiaxed zone of horizontal slices in each ingot sample. One metal piece 

was used for determination of particle content and composition by observation on 

surface of film filters after electrolytic extraction.[5] The other three pieces from 

each ingot (totally 9 pieces from three ingots, hereafter named specimens 1a, 1b, 

1c, 2a,..., 3c) were cut in the shape of cylinders (Ø4.2 x 1.5 mm) for heat treatment 

experiments in a Confocal Scanning Laser Microscope (CSLM). Specimens 1a, 1b 

and 1c were heated in CSLM chamber under pure Ar atmosphere to 1200, 1300 

and 1400°C, respectively. Basic experimental conditions for heat treatments of 

different metal samples are given in Table 1. The procedure was repeated with 

specimens of ingot samples 2 and 3. Each specimen was kept at the experimental 

temperature for 60 minutes followed by cooling down to room temperature. The 

changes of temperature and cooling rate during cooling of specimens from 

different experimental temperatures down to 500oC are shown in Figures 1 and 2. 
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During cooling of the specimens, a precipitation of new phase was observed 

directly on metal surface. More experimental details of the in-situ observation 

during heat treatment in the CSLM are given elsewhere.[4]  

 

2.2. Examination of New Phases 

The specimens after heat treatment experiments were observed and the 

micrographs of the new phases were taken by using a Scanning Electron 

Microscope (SEM) equipped with an Electron Probe Micro Analyzer (EPMA). A 

computer based image analyzing software (Winroof©) was used to analyze the 

area fraction (in %) of the new phase on a surface of metal specimens. A SEM 

equipped with Wave length Dispersive Spectrometry (WDS) was used for 

characterization of the new precipitated phase. Determination of the chemical 

composition of the new phase was performed with focus on the composition 

differences between N contents in the matrix and the new phase.  
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2.3.           Thermodynamic Calculations of New Phase Formation 

Passing the gamma loop during cooling or heating in the binary Fe-Cr phase 

diagram in Fig. 3 results in an austenitic transformation. The loop is proven to be 

enlarged by dissolved nitrogen[2-3]  resulting in Cr-contents much higher than the 

13-14% representative for the maximum Cr-content in the binary phase diagram. 

In order to explore the extension of the gamma loop and the possibility of forming 

new phases during cooling of Fe-20mass% alloys with different nitrogen contents, 

the Thermo-Calc software was used. Based on the information from the WDS 

analysis of the new phases, a series of vertical sections were calculated in the Fe-

Cr-N system using 50, 300, 500, 6000 and 10 000 ppm N. For each vertical 

section, the total nitrogen content was fixed (to one of the above values), the total 

number of mole of atoms in the system was fixed to 1 and the pressure was set to 

105 Pa (1 bar). The total mass fraction of Cr and absolute temperature were used as 

starting conditions and as axes in the automatic mapping procedure performed by 

the software. The thermodynamic descriptions of the phases were taken from the 

TCFE4 database, the most recent updated database for Fe-alloys, distributed 

together with the Thermo-Calc software. In order to get accurate calculations, 

small step sizes had to be used. The mass fraction was varied with 10-3 and the 
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absolute temperature with 1K. Finally, the calculated results were plotted as weight 

percent Cr and temperature Celsius. 

3. Results and Discussion 

The grain boundary, which is revealed by thermal etching (thermal 

groove)[7-8] at high temperature, starts to be visible in a CSLM after approximately 

800 °C. In addition, it becomes clearer with an increased temperature (more than 

1100oC). 

The pinning effect of particles clearly decreased with an increased heat 

treatment temperature, as is described in a previous paper.[4] It was shown that the 

growth of grain on a surface of metal specimens almost stops after 60 minutes of 

holding time at high temperature (1200, 1300 and 1400oC). It is believed that the 

metal system (the grain growth and pinning effect of particles) in practice 

approaches an equilibrium condition. However, during cooling of the heat treated 

specimens, some small regions of a new phase appeared and could be observed by 

microscope system of CSLM. The consideration of the formation of a new phase in 

Fe-20mass% Cr alloy and in ferritic stainless steels after heat treatment is given 

below. 
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A comparable analysis of temperature profile and cooling rate of different 

specimens after heat treatment are shown in Figures 1 and 2 for metal specimens 

with 248 ppm of nitrogen (Exps. 2a, 2b and 2c). As shown in Fig. 2a, the data 

points of calculated cooling rate for Exp.2c specimen has a significant dispersion, 

particularly in period from 5 to 25 s of cooling time. However, the temperature 

profile during cooling of this specimen (Fig. 1) is very smoothed. The same 

tendency is observed for all other specimens. This significant scatter of data points 

for different cooling rates can be explained by some inert temperature 

measurement and renewal of updated fixed data on the screen of CSLM. It can be 

seen in Fig. 2b that the total cooling rates of all metal specimens after holding at 

1200, 1300 and 1400oC are very similar. They do not show some deviation (such 

as peak or shelf) from a smoothed curve. This means that all specimens were 

cooled for almost the same conditions. 

During cooling of heat treatment experiments at 1300oC, the precipitation of 

a new phase on the surface of metal specimens was observed directly at 825 and 

864oC for Exp.2b ([T.N] = 248 ppm) and Exp.3b ([T.N] = 490 ppm), respectively. 

For heat treatment experiments at 1400oC, the precipitation of a new phase was 

fixed visually at 1127oC for Exp.2c ([T.N] = 248 ppm) and 1143oC for Exp.3b 
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([T.N] = 490 ppm). By direct observation of other experimental specimens during 

cooling (particularly of metal specimens with 65 ppm of N), it was difficult to fix 

visually the moment of formation of a new phase due to the very small size of 

precipitated phase in these experiments. Because of the absence of oxygen or 

nitrogen in the experimental atmosphere (pure Ar atmosphere) in CSLM chamber, 

the precipitation was concluded to be originated from the composition of the steel 

and the heat treatment parameters. 

The temperatures, which are fixed during direct observations of new phase 

formations in Exps. 2b, 2c, 3b and 3c, were recalculated according to the obtained 

results for temperature calibration experiments in CSLM. The corrected 

temperature for nucleation of a new phase on a metal surface of Fe-20mass% Cr 

specimens are given in Table 1. The data ranges from about 860 to 900oC for heat 

treatment experiments at 1300oC and from 1130 to 1150oC for experiments at 

1400oC. 

The characteristics of the new phase (such as area fraction, morphology, size 

and N content) were investigated more precisely on the metal surface of specimens 

after finishing of heat treatment experiments by using SEM at higher 

magnifications. The area fraction (in %) of the new phase on the metal surface was 
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determined by using image analyzing software (Winroof©). According to obtained 

results, the area fraction of new phase crystals on surface of metal specimens is 

varied in the range from 1 to 5 % for heat treatment experiments at 1200oC, from 7 

to 16 % for experiments at 1300oC and from 4 to 11 % for experiments at 1400oC. 

It was found that the value of the area fraction depends first of all on the 

morphology of precipitated new phase crystals. 

It should be pointed out that new phase crystals have a different morphology 

for different heat treatment experiments at various temperatures. The typical 

micrographs of new phase with different shapes are shown in Table 2 for various 

N contents in metal specimens and heat treatment temperatures. It can be seen that 

the shape of the precipitated new phase (hereinafter called “Type 1”, “Type 2” and 

“Type 3” which have “leaf”, “flower” and “dendrite”-shapes, respectively) changes 

according to the temperature of heat treatment experiments. Furthermore, it is 

practically independent on the N content in metal specimens. It should be pointed 

out that all types of new phases can be found on the surface of metal specimens for 

heat treatment experiments at different temperatures. However, most of the new 

phase crystals for 1200oC experiments have Type 1, for 1300oC – Type 2 and for 

1400oC – Type 3.   
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One of the possible explanations of relationship between the morphology of 

precipitated new phase and the temperature of heat treatment experiments is 

discussed below. All specimens have almost the same cooling rate curves (Fig. 2b). 

However, the values of cooling rate, which correspond to the temperature intervals 

for appearance of new phase, are different. More specifically, they equals to 18-20 

and 40-43 oC/s for experiments at 1300 and 1400oC, respectively. Based on these 

results, it may be concluded that the morphology of the precipitated new phase 

depends above all on the cooling rate of metal specimens and the heat treatment 

temperature.  

However, the size of new phase crystals depends significantly on the 

nitrogen content in the metal specimens. The size of the new phase crystal, DNP, 

was determined as the equivalent diameter of a circle having the same area as the 

image of the measured crystal on the SEM micrograph. It was found that the 

average value of DNP increases with an increased N content. For example, the 

average size of new phase crystals increases. More specifically, the DNP values 

were 1.86, 4.24, and 4.92 µm for metal specimens having the 65, 248 and 490 ppm 

of N, respectively. A similar tendency was obtained also for precipitated new 

phase for heat treatment experiments at temperatures of 1200 and 1400oC.  
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For clarification and understanding of this relationship, the content of 

nitrogen in the metal matrix and the new phase crystals was determined by point 

analysis using a SEM equipped with WDS. The typical micrographs and content of 

nitrogen in different analysed zones of the matrix metal and the new phase crystals 

are shown in Figures 4, 5 and 6 for Types 1, 2 and 3, respectively. Overall, it can 

be seen that the N content in all new phase crystals is significantly larger than that 

in the metal matrix. The relation between the N content, which was obtained by 

analysis of different zones of metal matrix and different type crystals, and the 

distance from the boundary of new phase are shown in Figure 7. It was found that 

the content of nitrogen in the metal increases slowly when approaching the 

boundary of the new phase. Furthermore, it jumps to a value of 0.2 % on this 

boundary. Then, as the center of new phase crystal is approached, the [% T.N] 

value continues to significantly increase until up to a value of 0.22-0.25% for Type 

1 crystals, 0.5-0.7% for Type 2 crystals and 1.0-1.8 for Type 3 crystals. However, 

these N contents in the new phases are much smaller in comparison with those 

present in pure TiN (22.6% N) and ZrN (13.3% N) particles. 

According to the obtained results, it may be concluded that the nitrogen had 

been dissolved from the nitrides during 60 minutes of heat treatment at high 
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temperatures and diffused in to the matrix. These local zones of enriched nitrogen 

content were then transformed to a new phase during cooling. The morphology of 

the precipitated new phase crystals depends on the N content in the local enriched 

zone and cooling rate of the metal specimen. This relationship is shown 

schematically in Figure 8.  

Based on the obtained results, it can be assumed that this new phase is an 

austenite phase because nitrogen is a well known element for promotion of 

austenite formation in ferritic stainless steel.[1-2] In order to support this statement, 

the thermodynamic possibility of austenite formation in Fe-20mass% Cr alloy with 

different nitrogen content is considered below. 

  

3.2. Thermodynamic Consideration of New Phase Formation 

The changes in the binary Fe-Cr diagram could be observed by gradually 

increasing nitrogen content in calculations. This is illustrated in Figure 9, for 

calculations based on the total nitrogen content observed in the specimens. As can 

be seen, the gamma loop (representing ferrite to austenite transformation i.e. bcc 

� fcc) is growing towards higher Cr-contents when the nitrogen content is 
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increased. These calculations show that more than 300 ppm of nitrogen is enough 

for austenite formation at around 1000 °C for this Fe-20mass% Cr alloy. When the 

nitrogen content is further increased, the gamma loop extends towards both higher 

Cr-content as well as higher temperatures. Furthermore, the gamma loop becomes 

more complex and more phases can be observed in the calculations.  

The calculations in Figure 10 were based on the actual composition 

variations analysed by WDS. More specifically, in the 6000 ppm (0.6wt %) 

nitrogen case, there are three to four different possible phase regions for 

precipitation during cooling from 1400 °C. The different shapes, compositions and 

morphologies, which will be discussed below, can be explained by combining 

these calculated phase diagrams and the heat treatment temperature data. More 

specifically, the 1400 °C specimen is kept at the phase region well above austenite 

(fcc), while the 1300 °C is close to the phase line. However, the 1200 °C specimen 

is instead inside the austenite phase region. 

It can be assumed that diffusion of nitrogen back towards initial nitrides can 

occur during cooling. Thus, this may thereby determine the structure of the 

precipitations. Different types of precipitations have been discussed (Types 1, 2 
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and 3), as seen in Table 2. Depending on the cooling rate, from ferrite through the 

austenite region below ~1250 °C, the time for diffusion of nitrogen can be related 

to the different shapes and composition gradients for the different phase types. The 

heat treatment at 1200 °C seems to be inside the phase region of austenite in Fig. 

10. Therefore, it can be assumed that phase transformations occurred during heat 

treatment which lead to more evenly distributed small Type 1 precipitations. For 

higher temperatures (above ~1250 °C), it can instead be assumed that the 

diffusivity of nitrogen is increased. Thus, this will lead to formations of larger 

precipitations during cooling. According to the upper phase diagram in Fig. 10 

representing the nitrogen content analysed for the Type 2 precipitations (see Fig 8), 

there should be austenite and ferrite (fcc + bcc) down to ~1150 °C followed by fcc. 

Thereafter, fcc + Cr2N between 1000 and 900 °C. According to the lower phase 

diagram in Fig. 9 representing the type 3 precipitations (see Fig 8) there should be 

austenite and gas (fcc + G) down to ~1100 °C and thereafter fcc + Cr2N between 

1100 and 900 °C. More specifically, according to Table 1, the Types 2 and 3 

precipitations can be assumed to represent two different precipitated phase 

transformations involving austenite. 
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4. Conclusions 

 New phases have been observed, measured and investigated on the surface 

of metal specimens during cooling after heat treatment at 1200, 1300 and 1400 °C 

of an Fe-20mass% Cr alloy with different nitrogen contents (65, 248 and 490 ppm) 

and deoxidised by Ti and Zr. The possibility of austenite formation in the Fe-

20mass% Cr alloy at different nitrogen content was considered and confirmed 

thermodynamically by using Thermo-Calc software. The most important specific 

conclusions may be summarized as follows: 

1)  The new phase crystals are precipitated on the surface of metal specimens of 

an Fe-20mass% Cr alloy with different nitrogen contents of (65, 248 and 490 ppm) 

during cooling, after being heat treated at high temperatures (1200, 1300 and 

1400oC). 

2)  Three different types of new phases were observed. The content of nitrogen 

in new phase crystals varied in the ranges of 0.22-0.25% N for Type 1 crystals, to 

0.5-0.7% for Type 2 and to 1.0-1.8 for Type 3. The morphology of the precipitated 

new phases depends on the nitrogen content in local zones of the metal matrix and 

the cooling rate of the metal specimens. 
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3)  Thermodynamic calculations showed that the Gamma loop (representing 

austenite formation) was increased towards higher Cr-contents, when the nitrogen 

content was increased. Furthermore, it was found that austenite transformation in 

an Fe-20mass%Cr alloy is possible at dissolved nitrogen contents above 300 ppm. 

4) According to the nitrogen contents in the new phase crystals and the results 

obtained by thermodynamic calculations for the Fe-20mass% Cr alloy, this new 

phase was assumed to be austenite. 
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Table 1.  Experimental conditions for heat treatment of different metal 

specimens of Fe-20% Cr alloy and temperature of new phase. 

Exp. 
No 

[T.N] [T.Ti]  [T.Zr] Temperature of 
heat treatment* 

Temperature of new 
phase observation (oC) 

 (mass ppm) (oC) Observed Corrected 
       

1a 65 652 89 1200 - - 

1b    1300 - - 

1c    1400 - - 
       

2a 248 578 214 1200   

2b    1300 825 862 

2c    1400 1127 1132 
       

3a 490 249 345 1200 - - 

3b    1300 864 896 

3c    1400 1143 1145 

 *: holding time at high temperature during heat treatment – 60 min. 
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Table 2.  Typical shapes of new phase observed on surface of Fe-20% Cr alloy 
specimens with different total nitrogen contents.  

[T.N ] 
(ppm) 

Heat treatment temperature (oC)   
1200 1300           1400 

 Type of new phase crystal 
 Type 1 Type 2           Type 3 
 

65 
 

 

 

 

 

 
 

 
248 

 

 
 

 

 

 

 

 
490 
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Figure 1. Temperature profile of metal specimens with 248 ppm of N during 
cooling after heat treatment at different temperatures. 
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Figure 2. Cooling rate of metal specimens with 248 ppm of N after heat 
treatment at different temperatures.  
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Figure 3. Binary Fe-Cr phase diagram. 



 24 

 

 

 

Figure 4. Content of N obtained by analysis of different zones on surface of 
metal specimens (Exp. 1b) containing the new phase (Type 1). 
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Figure 5. Content of N obtained by analysis of different zones on surface of 
metal specimens (Exp. 2b) containing the new phase (Type 2). 
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Figure 6. Content of N obtained by analysis of different zones on surface of 
metal specimens (Exp. 2c) containing the new phase (Type 3). 
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Figure 7. Content of N obtained by analysis of different zones of metal matrix 
and different new phase crystals on surface of metal specimens. 
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Figure 8. Schematic illustration of the relationship between the morphology of a 
new phase precipitated in an Fe-20mass% Cr alloy, the content of N 
in local zones of the metal matrix and the cooling rate of metal 
specimens after heat treatment.  
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Figure 9. Thermo-Calc calculations based on total N-content of specimen. 50, 
300 and 500 ppm of N. (L=liquid, G=gas) 
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Figure 10.  Thermo-Calc calculations based on analysed N-content in 
precipitations, 0.6 and 1.0 wt% of N. (L=liquid, G=gas) 

 


