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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 
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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  



 20

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).   

0

0.2

0.4

0.6

0.8
ln
σ

g

Exp. 2A (248)

Exp. 3A (490)

Exp. 1A (65)

(   ) - content of nitrogen in metal (ppm)

(a)

0

0.2

0.4

0.6

0.8

0 10 20 30 40 50 60 70

Time   / min

Exp. 2B (248)

Exp. 3B (490)

Exp. 1B (65)

(b)

ln
σ

g



 42

 

 

 

 

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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