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ABSTRACT 
 
The ever-increasing demand for better steel quality necessitates the development of cleaner steels. 
Controlling the as-cast structure, segregation and the number, size, morphology and chemical 
composition of non-metallic inclusions enhances steel cleanness. This can be achieved by adjusting 
a wide range of operating practices throughout the steel making process. In this study, the effect of 
inclusions and segregations on cleanness of the pilot-scale experimental continuously cast and 
direct-quenched martensitic low-alloyed ultrahigh-strength steel with a tensile strength of 1850 
MPa was analyzed. The investigated steel was also aluminum killed and calcium treated. Two 
different superheats were used to get differences in the as-cast structures and segregation patterns. 
Samples of these two casting scenarios were hot rolled with two different finish rolling 
temperatures to distinguish the possible effect of hot rolling temperature from the effect of 
segregation and as-cast structure. After hot rolling to a thickness of 12 mm, energy dispersive 
spectrometer analyses on a scanning electron microscope (SEM-EDS) were performed to 
characterize the inclusion types and sizes through the thickness on longitudinal cross-sections, and 
the results were compared to optical emission spectrometry (OES) analyses from the as-cast slab in 
the thickness direction. The main result of this study is that segregation affects the formation of TiN 
and MnS inclusions by raising the temperature at which they first form from the melt. This 
promotes their growth especially in the positively macrosegregated columnar-to-equiaxed transition 
zone and the centerline.  
  



1 INTRODUCTION 
 
High strength, high toughness and thereby a long service life are primary interests for wear-resistant 
ultrahigh-strength steels. Control of as-cast structure, microstructure and size and distribution of 
inclusions are a prerequisite for homogenous mechanical properties. The degree of superheat, i.e. 
the difference in temperature of molten steel and the liquidus temperature, affects the formation of 
the as-cast structure. High superheat increases the amount of columnar dendritic structure and when 
the superheat is high enough the columnar dendrites can reach to the centerline of the as-cast slab. 
A low superheat, on the other hand, can lead to a fully equiaxed dendritic structure [1–4].  
Solidification is accompanied by partitioning of alloying elements between the solid and liquid 
phases leading to alloy element segregation. If the variation in the composition is extensive and at a 
scale much larger than the microstructure it is called macrosegregation and correspondingly the 
chemical heterogeneity at the microstructure-scale is referred to as microsegregation. 
Microsegregation is confined to microscopic interdendritic spaces of the solidifying melt and can be 
homogenized by subsequent heat treatments to some extent. Macrosegregation arises from 
interdendritic liquid flow driven by e.g. shrinkage, bulging, geometry, gravity, or solid deformation. 
It can also result from the settling of solid in the early stages of solidification [5–7]. In practice 
macrosegregation cannot be removed by diffusion heat treatment and is therefore considered to be 
more harmful to the final product properties [6,8–10]. Solute-enriched liquid leads to positive 
segregation and solute-lean solid regions are negatively segregated. Positive macrosegregation at 
the central region is known as centerline segregation. Positive segregation can also be found at the 
columnar-to-equiaxed transition (CET), i.e. where equiaxed grains have prevented the advance of 
the columnar front [10,11].  
The differences in local composition persist through the processing of the steel product affecting 
austenite recrystallization kinetics, and grain growth, hardenability and phase transformation 
temperatures, and the formation and growth of inclusions. In the case of continuously cast steel 
slabs, the central equiaxed area being the last to solidify tends to contain larger non-metallic 
inclusions, commonly based on e.g. Ca, Mn and Ti, due to the longer time available for them to 
grow. If there is also centerline or positive CET macrosegregation, the locally higher content of e.g. 
Mn, Ti, S and N tend to aggravate the growth of e.g. detrimental MnS and TiN. Oxide inclusions 
form mainly during converter and ladle treatment processes while nitride and sulfide inclusions 
form during continuous casting [12].  
This paper is concerned with the cleanness of a thermomechanically rolled and direct-quenched 
low-alloy martensitic ultrahigh-strength steel and how casting temperature and as-cast structure 
affect the size and location of the nitride and sulfide inclusions formed during casting. Studies 
concerning the quantification of macrosegregation morphologies and their effects on inclusion size 
and location in industrial scale continuously cast steel products have been rather disregarded. In 
particular, systematic research addressing these issues in ultrahigh-strength continuously cast steel 
slabs is very limited. The present study has been undertaken with the aim of understanding how 
casting parameters can be optimized with respect to the cleanness of such steels. 
 
 
2 EXPERIMENTAL 
 
Pilot-scale experimental heats of a low-alloyed steel were continuously cast on a vertical – curved 
caster into slabs with two different superheats. For cast 1 (materials A, B, C) casting temperature 
was close to the liquidus temperature (low superheat) and for cast 2 (materials D, E) it was at the 
upper limit of what can be tolerated without casting problems. The composition of the studied steel 
in wt.% was 0.25C-1.1Mn-0.5Si-0.4Cr-0.4Ni-0.2Mo-0.04Al-0.015Ti-0.0015B.  



Three sets of samples intended for laboratory hot rolling and direct quenching were cut from cast 1 
as seen in Figure 1a and two sets of samples were cut from cast 2 (Figure 1b). Before hot rolling, 10 
x 55 x 80 mm3 slices were cut from the ends of the 180 x 55 x 80 mm3 minislabs and etched using 
Oberhoffer’s reagent to reveal the as-cast structures in the minislabs. The remaining 170 x 55 x 80 
mm3 minislabs were laboratory hot rolled (Carl Wezel Muhlacker) to the final plate thickness of 12 
mm and direct quenched in a water bath to room temperature at a rate 40-60 °C/s. Care was taken to 
mark the upper surfaces of the slabs and plates to allow corresponding positions to be identified. 
  

 
Figure 1. Schematic illustration of the cutting of the slabs. CD = casting direction, RD = 
rolling direction, ND = rolled plate normal direction (same as slab thickness direction), TD = 
transverse direction. Left diagram for cast 1 (low superheat) and right diagram for cast 2 
(high superheat). 
 
For analyzing the as-cast structure of the whole slab thickness, slab samples of 100 mm x 20 mm 
(casting direction x width) x strand thickness were cut from the center of the transverse direction of 
the slabs. From these pieces, nine smaller samples of 50 mm x 40 mm x 20 mm were cut for 
macrosegregation analyses as shown in Virhe. Viitteen lähdettä ei löytynyt. 
The slab samples were ground and etched with HCl to reveal the primary macrostructure of the 
slabs. An analysis matrix of 30 analysis points was applied as shown in Figure 2, using an optical 
emission spectrometer (OES, OBLF QSG 750, OBLF, Witten, Germany). Each analyzed point was 
6 mm in diameter and by staggering the points as shown in Figure 2 it was possible to obtain mean 
values for the composition every 1 mm through the slab thickness. 
 

 
Figure 2. Schematic illustration of OES measurements. Each numbered circle represents one 
OES measurement point. 
 
Hardness was measured through the thickness of the hot-rolled and quenched plates with 0.5 mm 
intervals using a Duramin-A300 (Struers) under a 50 N load (HV5). Microstructural examinations 
were performed using a light optical microscope (Nikon Eclipse MA100), a laser scanning confocal 
microscope (LSCM) (VK-X200, Keyence Ltd) and a field emission scanning electron microscope 
(FESEM, Zeiss Sigma). To characterize the inclusion structure, energy dispersive spectrometer 
(EDS) analysis was performed at 15 kV and 3.5 nA (FESEM-EDS; Jeol JSM 7000F). The data 
were acquired and analyzed using Oxford INCA software. The working distance was 10 mm and 



each inclusion was measured for 1 s live time. The inclusions were analyzed on the RD-ND surface 
of the polished cross-sectional specimen. The measured area extended from the top surface to the 
bottom surface of the plates and it was estimated to be sufficiently large for reliable inclusion 
feature analysis. Also InterDendritic Solidification (IDS) software [13] was used for solidification 
and microsegregation predictions. 
 
 
3 RESULTS 
 
3.1 As-cast structures 
 
The macrostructures of each sample are shown in Figure 3. Samples A, B and C are from cast 1 
with the extremely low superheat and samples D and E are from cast 2 with the extremely high 
superheat. Three types of macrostructure could be identified: columnar dendritic, equiaxed dendritic 
and globular. Samples A and D had a fully columnar dendritic as-cast structure, while C had a fully 
equiaxed dendritic structure. Sample B contained a mostly columnar dendritic structure with about 
20 % equiaxed dendritic and a columnar-to-equiaxed transition (CET) zone between them. In 
sample E, 30 % of the structure was columnar dendritic and 70 % equiaxed dendritic structure with 
some globular structure near the centerline. In sample E, the CET was more clearly defined than in 
sample B, as a result of the high superheat in sample E and the consequently large temperature 
gradient in the slab.  
 

 
Figure 3. The macrostructures of the investigated minislabs before laboratory rolling as seen 
on the TD/ND plane. Images a – c) are samples A – C from cast 1 and d – e) are samples D 
and E from cast 2. Numbers on the left show distances from the top surface of the slab. 
Etched with Oberhoffer’s reagent. 
 



Table 1. Macrostructure percentages of investigated slabs. 
Sample Superheat Columnar (%) Equiaxed (%) 

A Low 100 0 
B Low 80 20 
C Low 0 100 
D High 100 0 
E High 30 70 

 
3.2 Segregation in as-cast structures 
 
The gross titanium contents were 0.017 wt.% and 0.018 wt.% in slabs 1 and 2, respectively (Figure 
4a and 4b). These values are measured near the surface of the slab, but 50 mm from the upper 
surface of the slabs, the titanium content started to increase gradually and fluctuate until reaching 
local peak values at the location of the upper CET of the slab. When moving further towards the 
centerline of the slab, the titanium content declined and reached a local minimum at midway 
between the upper CET and the centerline of the slab. Titanium content peaked again at the 
centerline. It is evident from Figure 4 that the positive segregation of titanium coincides with the 
CET boundaries and the centerline of the slab. 
 

 
Figure 4. Macrographs and OES titanium content profiles of a) slab 1 and b) 2. The locations 
of samples A – C from cast 1 and samples D and E from cast 2 are marked on the titanium 
concentration profiles. (The U-shaped contrast in the corners of the macrographs are caused 
by the plasma cutting used to extract the slab sample). 
 
The variation in the local chemical compositions is presented in Table 2. It can be seen that all 
chemical components except for aluminum acted similarly in the cast 1. The highest percentage 
change occurred with nitrogen, titanium and carbon (53, 40 and 32 percentage points, respectively). 
The maximum carbon content in cast 2 with high superheat was 0.32 wt.% at near center of sample 
E and minimum 0.20 wt.% at bottom of sample E. The most negatively and positively segregated 
elements were carbon, nitrogen and titanium with 47, 46 and 34 percentage points difference 
between them. The above observations are as expected from the partitioning coefficients of the 
elements between the liquid and solid ferrite and austenite phases: the partition coefficients for all 
elements other than aluminum are less than unity, while that for aluminum is greater than unity for 
the low aluminum concentrations present in these steels. [14] 



Table 2. The contents of certain elements in the negatively and positively segregated zones as 
percentages of the overall mean contents for the slabs (OES measurements). 

 C  Si  Mn  S Cr  Ni  Mo  Ti  N  Al 

ca
st

 1
 Low C 80.1 % 94.4 % 93.7 % 98.1 % 96.3 % 95.5 % 91.7 % 78.5 % 60.1 % 103.9 % 

Overall 
mean 

composition 
0.269 0.504 1.055 0.0008 0.396 0.398 0.206 0.017 0.004 0.036 

High C 112.5 % 104.0 % 106.3 % 100.0 % 103.7 % 105.5 % 109.8 % 128.4 % 113.5 % 95.4 % 

ca
st

 2
 Low C 79.3 % 97.9 % 96.3 % 87.8 % 98.8 % 96.6 % 95.7 % 83.9 % 94.9 % 105.1 % 

Overall 
mean 

composition 
0.256 0.494 1.051 0.0004 0.401 0.394 0.196 0.018 0.005 0.040 

High C 126.3 % 103.5 % 105.0 % 80.6 % 102.1 % 105.2 % 105.5 % 118.4 % 141.3 % 92.5 % 
 
3.3 Hardness of rolled plates 
 
From the macrographs in Figure 5 it is clear that the distance between the dark segregation bands 
and their intensity gradually increases with distance from the upper surface of the original slab 
through the rolled plates. This can also be seen from the carbon content profiles, which show 
increasing fluctuations as well as an increasing mean value closer to the centerline of the slab. The 
carbon concentration fluctuations affected local hardness values, as can be seen for example around 
the CET of cast 2, Figure 5b. It is clear that the finished hot rolled and quenched plates inherit the 
effects of the slab segregation. The effects are visible for example in the hardness profiles, 
microstructure and the variation in the carbon content. Hot rolling parameters, i.e. finish rolling 
temperature, did not have a significant effect on the hardness values. However, the less segregated 
cast 1 had as a result more uniform hardness values from top of the slab to the centerline, which is 
of course the desirable outcome. 
 

  
Figure 5. Vickers hardness profiles (HV5) and LSCM macrographs from RD-ND sections of 
laboratory hot rolled and direct-quenched samples together with OES carbon content profiles 
from the slabs. The macrographs are from FRT 975 °C samples. Carbon concentration 
profiles, hardness profiles and the macrographs have been scaled to produce matching 
between the slabs and plates in a) cast 1 and b) cast 2.



3.4 Inclusions 
 
Inclusions in each of the investigated samples were analyzed using FESEM-EDS. The INCA 
software identifies and counts the particles in a given area and provides a multitude of information 
on each inclusion e.g. dimensions, location within the investigated area and chemical composition. 
The size of a particular inclusion was defined as the longest length in any direction.  
On the basis of their chemical composition, inclusions were classified into the following categories: 
manganese sulfides (MnS), calcium sulfides (CaS), alumina (Al2O3), titanium nitrides (TiN), 
calcium aluminates (CaO-Al2O3) and calcium modified manganese sulfides ((Mn, Ca)S).  
Figure 6 shows the feature area of each inclusion type in the studied samples. In the three samples 
of cast 1 (A, B and C) the inclusion structure consisted mainly of TiN, CaO-Al2O3 and CaS. Pure 
MnS and Al2O3 were only present to any significant extent in sample C. A small number of (Mn, 
Ca)S inclusions were also detected in all samples. The feature area of TiN was noticed to increase 
from sample A to B and further to C, i.e. from the top of the slab to the centerline. In the two 
samples of cast 2 (D and E) the inclusion structure did not differ remarkably from that of the cast 1. 
However, MnS and Al2O3 were not detected in the samples of cast 2.  
 

 
 

 
 
 
 
 
 
 
 
 
Figure 6. Feature area of different types of 
inclusions detected in samples A-E.

FESEM pictures of the typical TiN and MnS inclusions in cast 1 are presented in Figure 7. EDS 
analyses of the inclusions were taken in order to confirm their chemical composition. TiN 
inclusions in Figure 7a have a square or triangular shape with sharp edges as is typical for TiN 
inclusions. Also, the elongated shape of MnS in Figure 7b can be considered typical as MnS tends 
to elongate during hot rolling due to its lower hardness compared to the austenitic steel matrix. 
 

    

Figure 7. SEM-pictures and EDS elemental maps of a) TiN and b) MnS inclusions from cast 1. 



The locations of different size classes of MnS and TiN inclusions, i.e. the inclusions that were the 
main focus of this study, are presented in Figures 8-10. Figure 8 shows the distribution of MnS 
inclusions in cast 1. It can be seen that in sample A there were only small MnS inclusions and they 
were relatively evenly distributed. In sample B, the MnS inclusions were almost completely absent 
apart from one large inclusion in the size class 8-10 μm. In sample C, a higher number of MnS was 
detected than in samples A and B. Further, the MnS inclusions were not distributed evenly in the 
structure but were concentrated at certain depths in the sample. In the samples of cast 2 no MnS 
inclusions were detected. 
 

   
Figure 8. The size and location of MnS inclusion in the samples A, B and C of cast 1. 
"Distance ND" is the distance from the bottom of the rolled plate. 
 
A similar analysis was also performed for TiN inclusions (Figure 9). It can be seen that TiN 
inclusions in sample A were for the most part small and evenly distributed throughout the sample. 
In sample B, there were also a couple of larger TiN inclusions, concentrated mainly on the upper ¾ 
thickness, in the size classes up to over 14 μm. In sample C, the number of the large inclusions 
increased even further.  
 



 
Figure 9. The size and location of TiN inclusion distribution in the samples A, B and C of cast 
1. "Distance ND" is the distance from the bottom of the rolled plate. 
 
The inclusion structure of samples E and D of cast 2 (Figure 10) was distinctively different. In 
sample D, mainly quite small TiN inclusions were present with a slight concentration of inclusions 
in the size class 8-10 μm in the ½ thickness. The number of coarse TiN was significantly higher in 
sample E compared to sample D. The coarsest of these inclusions with the length of 10-14 μm and 
over 14 μm were concentrated mainly in the ½ thickness of sample E. 
 

 
Figure 10. The size and location of TiN inclusions in samples D and E of the cast 2. "Distance 
ND" is the distance from the bottom of the rolled plate. 



4 DISCUSSION 
 
The emphasis of this study was on clarifying the effect of segregation on the formation of those 
MnS and TiN inclusions formed during solidification of the continuously cast steel slab or earlier if 
the content of inclusion forming elements is sufficiently high [15]. The results have showed that 
high superheat created greater composition fluctuations and segregation patterns than low 
superheat, which is understandable because a columnar dendritic structure and high thermal 
gradients are associated with a less uniform structure and a higher degree of segregation [16]. 
Taking local variations in the composition into account and using the formulas given in Ref. [17] 
gives the formation temperatures for TiN inclusions presented in Figure 11, which shows the results 
concerning the formation temperatures of TiN inclusions. The figure also shows the temperature 
range of the mushy zone of the solidifying steel slab as estimated using the IDS software. It can be 
seen that according the calculations, TiN inclusions formed mainly during the solidification of 
austenite, but at a few depths, also already in higher than nominal liquidus temperature. However, it 
is good to keep in mind that the formation of TiN inclusions depends on the composition of the 
liquid interdendritic regions, even though in this study the formation temperatures of TiN inclusions 
were calculated using nominal compositions, similarly as in Ref. [17]. It should be kept in mind that 
the currently used formulas are not valid in liquid steel. However, it can be assumed that inclusions 
in these locations started to form in the temperatures very close to the liquidus temperature. The 
higher the temperature is where the TiN inclusions are formed, the more time the inclusions have to 
grow. In cast 1, the concentration of the largest inclusions was seen for example in the ¼ thickness 
of the sample C, which corresponds to the thickness of 110 mm in the slab. In that thickness there is 
also a peak in the TiN formation temperature. However, there are large TiN inclusions also in the 
centerline of the slab, where the formation temperature of the TiN appears to be low. This can be 
explained by the temperature gradient i.e. the steel slab cools slower in the centerline thus giving 
nitrides more time to grow. The concentration of large TiN inclusions in cast 2 was seen in the 
centerline of sample E, which equals to the CET of the slab. Also, a high peak in TiN formation 
temperature appears to be in that same location. 
In practice, these results implicated that low superheat were the more desirable option, which 
generated smaller TiN inclusions and more uniform hardness profile for the studied steels. Also, 
lower content of N resulted in lower formation temperatures of TiN and therefore smaller sized 
inclusions. 
 

 
Figure 11. Formation temperatures of TiN calculated according the formulas described in 
Ref. [17]. Red lines are calculated formation temperatures in cast 1 and black lines in cast 2. 



5 SUMMARY 
 
Superheat has an effect on the as-cast structure of continuous cast steel and determines the cooling 
rate and the percentage of columnar dendritic and equiaxed dendritic structure. In this study this 
phenomenon has been used to create two different scenarios. OES analyses were made through the 
whole slab thickness and the results were compared with as-cast slab structure and the hardness 
profiles through the thickness of hot-rolled plates direct quenched to martensite. Also the inclusion 
characteristics of the hot-rolled plates were compared to macrosegregation patterns and as-cast 
structure. The study leads to the conclusions presented below. 
 
1.) Superheat has affects as-cast structure and segregation patterns, and the hot-rolled plate inherits 
slab macrosegregation. 
2.) Carbon, nitrogen and titanium were the most segregated elements. Carbon segregation is seen in 
local hardness values and both carbon content and hardness are highest in the CET zone. 
3.) The main inclusion classes detected in the samples were CaO-Al2O3, TiN and CaS. Also MnS 
was present in the case of high S content. The spatial distribution of TiN and MnS inclusions was 
clearly related to segregation patterns. 
4.) When formed, large TiN inclusions were located near the CET.  
5.) The segregation of Ti and N causes TiN inclusions to form at higher temperatures giving them 
more time to grow. 
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