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ABSTRACT

MINIMIZATION OF BANDED STRUCTURE IN SPRING STEELS BY THE
OPTIMIZATION OF CONTINUOUS CASTING MACHINE PARAMETERS

Akpinar, Mehmet
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Ali Kalkanli

June 2019, 95 pages

Leaf springs are one of the important components of suspension systems especially of
light and heavy commercial vehicles. The plate products produced by spring steel
qualities such as 51CrV4, 55Cr3, and 52CrMoV4 are often preferred by the leaf spring
manufacturers. In continuous casting steelmaking, the segregation of the alloying
elements such as C, Mn, Si into inter-dendritic regions during solidification causes
different chemical composition in these regions compared to others. Depending on the
chemical composition of the steel, different phases may form in these regions which
are elongated parallel to the rolling direction after hot rolling. This phenomenon is
called microstructural banding. The martensite bands with high hardness in
52CrMoV4 steel negatively impact the cold sawing and drilling of materials.
Consequently, production rate and tool life decrease during cutting and hole-making
operations in the leaf spring manufacturing process. This thesis investigates the effects
of secondary cooling intensity and electro-magnetic stirring on the distribution of
alloying elements in billet, and the martensite band intensity in the hot rolled product.
As a result, by the optimization of continuous casting parameters, the area ratio of
martensite bands was reduced to about 15% from 40% without any additional
operation and cost. Accordingly, the center hardness of the products was decreased by
15 HRC. Also, it was provided that the tool life of band saws used in cutting operation



was increased by about 2.5 times and that of drilling heads used in the hole-making
operation was doubled.

Keywords: Continuous Casting, Segregation, Microstructural Banding, Electro-
Magnetic Stirring, Secondary Cooling
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0z

SUREKLI DOKUM MAKINESIi PARAMETRELERININ OPTIMIZASYONU
ILE YAY CELIKLERINDE GORULEN BANTLASMANIN AZALTILMASI

Akpinar, Mehmet
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Danmismani: Prof. Dr. Ali Kalkanh

Haziran 2019, 95 sayfa

Makas yaylar1 6zellikle hafif ve agir ticari araglarin siispansiyon sistemlerinin en
onemli parcalarinin basinda gelmektedir. 51CrV4, 55Cr3 ve 52CrMoV4 gibi standart
yay celik kalitelerinden iiretilen lama malzemeler makas yay1 lireten bir¢cok firma
tarafindan yaygin olarak tercih edilmektedir. Siirekli dokiim ile g¢elik tiretiminde C,
Mn, Si gibi alasim elementlerinin katilasma esnasinda dendritler arasi bolgelere
segregasyonu, bu bolgelerde diger bolgelere gore farkli bir kimyasal kompozisyon
olusmasina neden olmaktadir. Haddeleme sonrasinda, deformasyon yoniine paralel
olarak uzayan bu bolgelerde celigin kimyasal kompozisyonuna bagli olarak farkl
fazlar olusabilmektedir. Bu olay celikte mikro yapisal bantlasma olarak
adlandirilmaktadir. 52CrMoV4 celik kalitesinde goriilen yliksek sertlige sahip
martenzit bantlar1 malzemelerin soguk kesilebilirligini ve islenebilirligini olduk¢a
olumsuz etkilemektedir. Bu durum, malzemelerin makas yay1 {liretim prosesine gore
belirlenen boylara kesilmesi ve merkez deliklerinin iglenmesi sirasinda hem iiretim
hizin1 diisiirmekte hem de kullanilan ekipman sarfiyatini oldukc¢a arttirmaktadir. Bu
caligmada; stirekli dokiimde ikincil sogutma yogunlugu ile elektro-manyetik karigtirict
parametrelerinin  kiitiik icerisinde alasim elementlerinin dagilimma ve sicak
haddelenmis iiriinlerdeki martensit bantlarinin miktarina olan etkisi aragtirilmistir.

Sonug olarak, siirekli dokiim parametrelerinin optimizasyonu ile mikro yapida goriilen

vii



martensit bantlarinin miktart hi¢gbir ek islem ve maliyet olmadan %40 seviyesinden
%15 civarina diisiiriilmiistiir. Buna paralel olarak, malzemelerin merkez sertligi
yaklasik olarak 15 HRC azaltilmistir. Ayn1 zamanda, malzemelerin boy katlarina
kesim iglemlerinde kullanilan serit testere Omiirlerinde yaklasik 3.5, merkez
deliklerinin iglenmesinde kullanilan delme takim u¢ Omiirlerinde ise yaklasik 2 kat

art1s saglanmistir.

Anahtar Kelimeler: Siirekli Dokiim, Segregasyon, Mikroyapisal Bantlasma, Elektro-
Manyetik Karistirma, Ikincil Sogutma
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CHAPTER 1

INTRODUCTION

Leaf springs are one of the important components in suspension systems of heavy and
light commercial vehicles. By absorbing energy due to road irregularities, leaf springs
make driving more comfortable and safer. Monoleafs and multileafs are two main
groups of leaf springs. Monoleafs are composed of only one plate product whereas
multileafs are produced by assembling several plate products to a master plate.
Depending on the required strength, different grades of steel can be used in leaf spring
manufacturing. However, the most used steel grades are 55Cr3, 51CrV4 and
52CrMoV4 according to DIN EN 10089 steel standard. In general, continuously cast
billets are hot rolled to plate products with various dimensions to produce raw
materials of leaf springs. Afterwards, these products are cut into specified length by
band saws according to the drawing of the part. Then, center holes are drilled for
multileafs to stick the plate products together. After these operations, eye-rolling of
the master plate is performed and leaf springs are quenched and tempered to achieve

required strength and toughness.

Cold sawing of hot rolled materials is very important because the first step of the leaf
spring production is cutting them to product length by band saws. In conjunction with
this, machinability is also one of the essential properties for the raw materials of leaf
springs since the next step is center hole-making. Therefore, it can be deduced that if
raw materials cannot be easily machined, production time and loss increases, which

reduces total efficiency.

When the cutting operation of plate products produced with 52CrMoV4 steel was

examined, it was seen that center regions of the cutting surfaces of the products were



uneven as seen in Figure 1.1. In other words, it was not smooth and proper unlike that

of other steel grades.

Figure 1-1. Uneven cutting surface of the plate products after cold sawing, 52CrMoV4, 90x45 mm

In addition to this, production records showed that cutting and drilling operations were
too long, tool life was very short, and production losses due to improper cutting and

drilling were very high for 52CrMoV4 steel comparing to the other steel grades.

Micro examinations of the samples taken from the products were carried out to find
out the origin of the problem. These examinations showed that banded phases exist in
the microstructures of hot rolled products of 52CrMoV4 steel and this banded
structure becomes more intense at the centers of the products. Also, micro hardness
measurements on the phases were conducted. The micro hardness of the white bands
in Figure 1.2 was measured as 737 HV (~61.7 HRC) which is a very high value for
cutting and drilling tools. On the other hand, micro hardness value of the matrix was
measured as 350 HV (~35.5 HRC).



Figure 1-2. Microstructure of the sample taken from center of the product (LM, Nital, 15 seconds,

100X) and micro hardness measurement on white band (737 HV 0.1)

Characterization studies showed that these white bands are martensitic and the matrix
Is pearlite with dispersed bainite. Therefore, it was understood that the origin of the
problem in cutting and center hole-making operations of the 52CrMoV4 steel is the
high hardness of the martensite bands. The banded martensite phase also causes
heterogeneous hardness distribution, which can affect the mechanical properties of the

products.

This study was carried out to reduce the amount of these bands, and therefore, to
provide improvement in the performance of plate products produced with 52CrMoV4
steel in cutting and drilling operations. By this way, it is possible to increase the
production rate and to decrease the production losses, which increases the efficiency

of total production.

Microstructural banding results from micro segregation of alloying elements during
solidification. Hence, the main purpose of this study is to minimize segregation of
alloying elements by the optimization of continuous casting machine (CCM)
parameters. In this thesis, the flow rate of secondary cooling water, final electro-
magnetic stirring (F-EMS) frequency and current were tried to optimize for reducing
segregation of alloying elements in billets, and this way, decreasing the banding

intensity in the hot rolled products. For this purpose, 18 experimental castings with



different parameters were produced, and then, these were hot rolled to plate products
with the dimensions of 90x45 mm. Firstly, chemical composition measurements were
conducted in billets to see how the parameters affect the homogeneity of the billets in
terms of the distribution of alloying elements. Then, the effect of rolling more
homogenous billets on the banding intensity of the hot rolled products was researched
by microstructural examinations. Also, center hardness measurements were done to
see the changing of hardness with a decreasing amount of martensite bands. Finally,
how the cutting and drilling performances of the products are improved by producing

more homogenous products with lower martensitic band intensity was investigated.



CHAPTER 2

LITERATURE REVIEW

Microstructural banding is simply defined as a microstructural condition in which
alternating bands of quite different phases are aligned parallel to each other and rolling
direction. This type of banded structure consists of two or more different phases in hot
rolled steels depending on the chemical composition of the steel. Although ferrite-
pearlite banding is the most common, ferrite-martensite, ferrite-bainite, pearlite-

martensite and carbide banding are well-known types of this structure [1-5].

Figure 2-1. Ferrite-pearlite banding in a wrought 1018 steels (Nital, LM, 100X) [1]

Naturally, different phases are formed in hot rolled 52CrMoV4 steel which is the
subject of this thesis. For microstructural characterization of 52CrMoV4 steel, Hou et
al. [6] have carried out a study. In their study, the microstructures of 52CrMoV4 steel
austenitized at 950 "C and then cooled at different cooling rates between 0.05 “C/sec
and 5 "C/sec were examined. The results showed that the martensite phase can exist
together with bainite and pearlite for the cooling rates from 0.5 “C/sec to 1.5 “C/sec.
As the cooling rate increases, microstructure becomes finer, and only the martensite

phase exists for cooling rate higher than 5 ‘C/sec. It is known that industrial cooling



rate after hot rolling is about 1 °C/sec. Therefore, it can be said that martensite, bainite,
and pearlite can be found at room temperature in the microstructure of 52CrMoV4

steel according to this study.

Figure 2-2. Microstructures of 52CrMoV4 steel for different cooling rates a) 0.05 °C/sec b) 0.2
°C/sec ¢) 0.5 °C/sec d) 0.8 °C/sec €) 1 °C/sec f) 1.5 °C/sec g) 2 °C/sec h) 3 °C/sec i) 5 °C/sec [6]

Some studies in the literature [2,7,8] have proposed that there is a great negative effect
of microstructural banding on the ductility and the impact energy of the steel. In
addition to this, the fact that anisotropy of these properties is worsened as banding
intensity increases has been revealed. On the other hand, it has been seen that
microstructural banding does not affect the strength properties of the material. If the
martensite bands exist in the microstructure, it negatively affects machinability and
cold formability of the steel [4,5].



2.1. Mechanism of Microstructural Banding Formation

The origin of microstructural banding is the inter-dendritic segregation of the alloying
elements during solidification. If it is assumed liquid steel in which manganese is only
alloying element with carbon, Mn is depleted in the first solidified dendrites since it
lowers the melting point of iron. Then, Mn is rejected by growing dendrites to inter-
dendritic regions [2]. As the liquid steel solidifies from the surface to the center,
rejection of Mn increasingly continues since the solubility of Mn is lower in solidified
dendrites than inter-dendritic liquid region. The alloying elements having partition
coefficient less than unity (e.g. Mn, Si, S and P) are very prone to be rejected from
first formed &-ferrite dendrites to the inter-dendritic regions during solidification of

steel [9]. This can result in microstructural banding in hot rolled products.

Yetkin [10], in his study, has examined manganese segregation. As it can be seen in
Figure 2.3, at 1529 °C, which is close to pouring temperature for steels, the solubility
of manganese in delta ferrite is 10% in mass. The red line in the diagram indicates that
mass percent of manganese (1.5%) in steel examined in his study. In the diagram, it is
also seen that manganese solubility of the delta ferrite decreases to 0 at 1394 °C.
During solidification of steel, manganese is rejected from solidified dendrites to inter-
dendritic liquid regions. By this way, these regions become enriched by manganese
elements at the end of the solidification.
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Figure 2-3. The Fe-Mn phase diagram [10]

Rejection of solutes from the solidified dendrites into the inter-dendritic liquid regions
is called as micro segregation and it causes differences in chemical composition
between dendrite arms. Micro segregation distances are typically on the order of 10 to
100 um. So it can be removed by homogenizing heat treatment since diffusion distance
is very small in this type of segregation. By the movement of micro segregated regions
due to the motion of liquid and free crystals, they extend to macroscopic distances. By

this way, macro segregation takes places on the order of 500 to 1000 pum [11].

After solidification, a concentration profile with positive and negative segregation
regions is obtained. Before hot rolling, billets are heated to elevated temperatures
(1250 °C) and kept at this temperature for 2.5 hours in an annealing furnace. In this
step, segregated regions can be partially homogenized, the extent of this
homogenization will be detailed later. After annealing treatment, billets are hot rolled
to final products having different sections and dimensions. Because of the plastic
deformation during hot rolling, the concentration profile is altered. In this profile,
positive and negative segregation regions are aligned parallel to each other and rolling



direction. At the end of the rolling process, the temperature of the material is about
900 °C. Through cooling of products on cooling bed, the phase transformation from
austenite to room temperature phases occurs and different phases are formed in

positive and negative segregation regions, which leads banded microstructure [2].

Nagode et al. [4] have investigated development of banded microstructure in
34CrNiMo6 steel by using SEM/EDS analysis and a computer programme, JMatPro
7.0. In Figure 2.4, microstructure of 34CrNiMo6 steel under light microscope and
SEM can be seen.

WMARTENSITE BAND

NTF Ot LT

Figure 2-4. Banded microstructure in 34CrNiMo6 steel a) LM and b) SEM [4]

Results of EDS analysis show that site 1 is positive segregation region whereas site 2

is negative segregation region.

Table 2-1. Results of EDS analysis (wt%) of Site 1 and Site 2 [4]

Element Si Cr Mn Ni Mo Cu Fe
Site 1 0.37 1.92 0.67 1.68 0.61 0.32 Balance
Site 2 0.21 1.08 0.42 1.34 0.18 0.27 Balance

By using JMatPro 7.0, CCT diagrams were calculated for site 1 and site 2. Figure 2.5
shows that under the same cooling conditions different phases can form since the CCT

behaviors of two regions next to each other are different.
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Figure 2-5. CCT diagrams of a) Site 1 and b) Site 2 [4]

2.2. Factors Affecting Formation of Microstructural Banding

There is a strong relationship between the morphology of the cast structure and
segregation phenomena. As described in Figure 2.6, billets produced by continuous
casting have distinctly three macrostructural zones: the chill zone, the columnar zone
and the equiaxed zone [12].

chill zone

columnar
zone

equiaxed
zone

Figure 2-6. Sketch of continuous casting billet structure [13]

The formation of these zones is strictly dependent upon the cooling conditions of the

casting. Chill zone consisting of equiaxed crystals and randomly oriented dendrites is

formed near the billet surface as a result of rapid heat transfer occurring when the

liquid steel is into contact with the mould wall. As the heat transfer rate is decreased,
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the grains start to grow towards the center in parallel with heat flow. Such growth
causes the formation of the columnar zone which is undesirable because of its
anisotropic behaviors. On the other hand, the equiaxed zone which is observed at the
center has isotropic behaviors since all crystals and dendrites in this region are oriented
at random [12,13]. In other words, there is no specific growth direction in the equiaxed
zone. By this means, rejected impure liquid by the solidifying dendrites is distributed
more uniformly in the equiaxed zone, which reduces the segregation of alloying
elements. Therefore, promotion of early columnar-to-equiaxed transition forming a
wider equiaxed zone is very important to minimize segregation [14-16]. Choudhary et
al. [14] have demonstrated that the center segregation index of carbon decreases as
equiaxed zone ratio increases. Center carbon segregation index can be defined as the
ratio of carbon content at the center of the semi-finished of continuous casting product
which can be billet, bloom or slab to the carbon content of liquid steel in tundish before

pouring.
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Figure 2-7. Variation of maximum degree of center carbon segregation index with equiaxed zone
ratio [14]
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In addition to the promotion of equiaxed grain ratio in the macrostructure of billets,
reducing secondary dendrite arm spacing (SDAS) is considered to be one of the
important parameters for removing segregation of alloying elements. Reducing SDAS
decreases the diffusion distance for alloying elements and provides shorter
homogenization time according to the below equation [17].

(SDAS)?
Ds

1)

Homogenization time = c

where Ds is the rate of diffusion of the solute, and ¢ is a constant.

In order to decrease SDAS, the local cooling rate around dendrite tips should be
accelerated. Local solidification time (LST) is the time duration for the removal of
only heat of fusion at a particular location in the casting [18]. This has an important
role in determining SDAS, however, it is hard to find out its exact value. Then, Gao
et. al. [19] have used effective solidification time (EST) representing the time from
the pouring temperature to the solidus temperature instead of LST. Their studies
showed that EST and SDAS are directly proportional.

A study [20] has been carried out to explain the relationship between homogenization
time and SDAS. Figure 2.8 shows that for the 90% reduction in degree of segregation
which indicated with red line on the diagram, the homogenization times for nickel are
2280, 206, 2.06 and 0.23 hours for different dendrite arm spacings which are 1000,
300, 30 and 10 microns, respectively. Dendrite arm spacing is represented with “d” in

the diagram.
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Figure 2-8. Degree of homogenization versus time at 1200 °C for nickel and carbon for different
dendrite arm spacings [20]

To sum up, the enrichment of the inter-dendritic regions with alloying elements during
solidification can be reduced by increasing ratio of the equiaxed zone and the
homogenization of segregation can be improved by shortening SDAS. Thus, it
becomes possible to minimize micro segregation induced microstructural banding.

The production parameters affecting equiaxed grain ratio and SDAS are listed below.

e Micro alloying elements

e Continuous casting machine (CCM) parameters
o Primary and secondary cooling intensity
o Superheat
o Strand velocity

o Electro-magnetic stirring

Furthermore, hot rolling parameters which are listed below affect the development of

banded microstructure. Unlike CCM parameters, hot rolling parameters cannot

13



remove the main reason for microstructural banding which is segregation of alloying

elements.

Annealing treatment before hot rolling

[ ]
Reduction ratio

Cooling rate after hot rolling

2.2.1. Micro Alloying Elements

As the content of micro alloying elements such as Nb, Ti and V increases, liquid steel
becomes more conductive thermally. The increase in thermal conductivity of liquid
steel lowers the EST. In Figure 2.9, it is seen that as Nb mass fraction is increased

from 100 ppm to 300 ppm, the EST decreases by approximately 61 seconds.
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Figure 2-9. EST (sec) with different mass fractions of Nb (%) [19]

In line with this, the average SDAS also decreases from 116.2 pm to 82.1 um if the

Nb mass fraction /%

amount of Nb added to the liquid steel is increased by 200 ppm.
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Figure 2-10. Average SDAS (um) with different mass fractions of Nb (%) [19]

2.2.2. Continuous Casting Parameters
2.2.2.1. Primary and secondary cooling intensity

In the steel production with continuous casting, molten steel which is produced by
melting of scraps in the electric arc furnace is transported to the ladle furnace. After
secondary metallurgical operations such as alloying, adjusting of temperature and
vacuum degassing, molten steel is tapped from the ladle into the mould through a
tundish via a refractory shroud. There is a closed circuit cooling system around the
mould to extract heat from liquid metal, which is primary cooling. When the molten
metal is in contact with water-cooled mould, it starts to solidify and a thin solid shell
at the interface between molten metal and mould wall forms. Heat conduction across
this interface is the first stage of primary cooling. When the solid shell is thick enough
to contract away from the mould wall, air gap at steel-mould interface forms and then
air gap cooling starts. At this stage of primary cooling, heat transfer rate dramatically
decreases [21,22].
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Figure 2-11. Schematic cooling process for continuous casting of steel [21]

Primary cooling is very important for both the macrostructure of billets and surface
quality of the last products. If the heat transfer rate is too fast, the risk of crack
formation on the billet surface increases, which naturally have a negative effect on the
surface quality of the last products. On the other hand, if the heat transfer is not enough
in the mould, solid shell thickness is insufficient to prevent bleeding which is flowing
of molten metal out from the solid shell because of ferro-static pressure of liquid

within the strand.

After the strand exits the mould, it passes through a spray chamber in which hot metal
surface and cooling water are in direct contact. This is called secondary cooling. In
this region, there are rolls which are needed to support the strand against bulging due
to the ferro-static pressure. In addition to cooling due to spray water, another
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mechanism operating in this region is roll contact cooling at the contact point of rolls

and strand surface [21].
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Figure 2-12. Different cooling mechanisms in the secondary cooling region [21]

In the literature, there are several studies which have reported that SDAS decreases
with increase in secondary cooling rate. As the secondary cooling becomes more
intense, the local cooling rate around dendrite tips also increases, which reduces
SDAS, and thereby, homogenization time [20, 23]. Equation 2 [14] shows the
relationship between the secondary cooling rate and SDAS.

SDAS = a ™" 2

where a and n are constants and € represents secondary cooling rate which is expressed
in K / sec. Jacobi and Schwerdtfeger [24] have performed experiments to calculate

these constants and they modified above equation as:

SDAS = 109.2 g~ 044 ©))
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2.2.2.2. Strand Velocity

Strand velocity is one of the important CCM parameters affecting the segregation of
alloying elements which is the main reason for microstructural banding. When the
strand velocity is decreased, the cooling intensity increases since strand passes slower
through the spray chamber on condition that the flow rate of cooling water is constant.
Zeng et al. [25] have found that the grain compactness in equiaxed grain zone
increases because more intense cooling promotes breaking dendrite tips and create
nucleating sites for new grain formation. In addition to this, they have reported that
SDAS is reduced from 190 microns to 140 microns when strand velocity is decreased
1.35 m/min to 1.25 m/min. Consequently, center carbon segregation remarkably

removed with decreasing strand velocity as shown in Figure 2.13.
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Figure 2-13. The effect of casting speed (strand velocity) on the degree of center segregation for
carbon [25]

It should be also noted that strand velocity affects the efficiency of electro-magnetic

stirring, which will be mentioned later.
2.2.2.3. Casting Superheat

Casting superheat is defined as the amount of difference between tundish temperature

and liquidus temperature of the steel. There is a proportionality between casting
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superheat and EST which is an important factor for SDAS, as previously mentioned.

Figure 2.14 shows how SDAS changes with increasing superheat. If the superheat

value exceeds 35 °C, a sharp increase in average SDAS is seen.

Average SDAS /fum

Figure 2-14. SDAS (um) with different superheat [19]
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In addition to this, it has been shown that in several researches as the casting superheat

is reduced, the ratio of equiaxed grain zone and homogeneity of steel increases. As a

result of these, central segregation of alloying elements is reduced which is the best
way for minimizing of microstructural banding [14,26,27].
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Figure 2-15. Variation of equiaxed zone ratio with the casting superheat [14]
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2.2.2.4. Electro-Magnetic Stirring

Electro-magnetic stirring (EMS) is another method to solve the segregation problem
in continuous casting of steel. EMS can be defined as stirring the liquid steel by
electro-magnetic forces which are created by electromagnetic stirrers at different

positions of CCM.

As it is seen in Figure 2.16, there are different zones in a dendrite according to its
mechanical properties. The dendrite tip is surrounded by alloying enriched molten
steel and this region is called zero strength zone. Between the dendrite tip and the main
body of the dendrite which is called zero ductility zone, there is liquid impenetrable
zone which can resist ferro-static pressure of liquid steel. By applying EMS, dendrite
tips are broken from zero strength zone to liquid impenetrable zone. By broken
dendrite arms, it is possible to promote wider equiaxed zone and to provide more

uniform distribution of alloying elements [10,28,29].
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Figure 2-16. Mechanical properties of dendrites in mushy zone [28]
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There are two common types of EMS which are Mould-EMS (M-EMS) and Final-
EMS (F-EMS) as shown in Figure 2.17.
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Figure 2-17. Position of M-EMS and F-EMS on a CCM [30]

M-EMS is located at the bottom part of the mould at the position where 85-90% of
strand interior is liquid. In addition to increase in the ratio of the equiaxed zone by
breaking dendrite tips, M-EMS also provides shell homogenization and reduces
subcutaneous inclusions and pinholes. When the intensity of M-EMS is too high,
however, some casting defects such as white band and mould powder entrapment can
be seen. The second electro-magnetic stirrer, F-EMS, is located at the final
solidification zone where the mushy interior of strand has a liquid fraction of 30-40%
and it is very effective in reducing central segregation by refining equiaxed grains and

breaking columnar bridges in the mushy zone [31,32].

White band is a negative segregation region in which content of alloying elements is
low and its formation is inevitable for both M-EMS and F-EMS. Although white band
formation mechanism cannot be exactly explained, there are several studies to
determine which mechanism leads to its formation. For example, “solute washing”

mechanism proposes that the turbulence induced by EMS sweeps out enriched inter-
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dendritic liquid from leading edge of solidifying strand. Additionally, one of the
alternative explanations states that the formation of white band is a result of changes
in growth rate at the start and end of the EMS [33,34]. Figure 2.18 shows the difference
between carbon distributions in billets produced with and without EMS. It is seen that
width of the white band can be 7-8 mm. Macro etching of billet surfaces with
hydrochloric acid makes it visible with naked eye. Width of white band, its location
and severity of negative segregation in this region depend on intensity of EMS as well

as strand velocity and secondary cooling intensity.
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Figure 2-18. Carbon distribution in 120x120 mm billets with and without EMS [34]

Determination of suitable stirring velocity of F-EMS is very important for reducing
central segregation with an acceptable white band. The stirring velocity of the molten

metal, U (cm/sec), is given by below equation [35].
U=KXBX.fXR"X ,Jo/px p~ 04 4)

where K is constant depending on rotary type, B is the magnetic flux density (Gauss),
f is the frequency (Hz), R is the radius of molten metal pool stirred, ¢ is the electric

conductivity (Q/cm), p is the density of molten metal (g/cm®) and p is the viscosity of
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molten metal (c.p.). Equation 4 indicates that if the current intensity and frequency of

F-EMS is increased, more effective stirring can be obtained.

In addition to current intensity and frequency, the efficiency of EMS in the final zone
also depends on the secondary cooling intensity and strand velocity. This is because
these parameters affect metallurgical length which can be defined as the distance from
the meniscus level to the point at which the strand becomes completely solid [36].
F-EMS should be located before the metallurgical length ends otherwise its

metallurgical effect decreases.

Meniscus
level

Solid

Metallurgical
MUSHY AREA length
Only mushy (two phases) (20-30m)
in the center of slab q /

LT ——

Casting direction s————p

Figure 2-19. Sketch of inner structure of continuously casted billet [37]

Excessive secondary cooling intensity shortens the metallurgical length and causes
that the mushy interior of the strand has a high fraction of solid. In such a case, F-
EMS cannot function properly because it cannot create liquid turbulence. On the
contrary, when the secondary cooling is not enough, the liquid fraction in the strand
can be high. The stirring efficiency of F-EMS decreases in this situation. To overcome
this problem, it is very important to adjust the solid-liquid ratio of the strand correctly
at the F-EMS position [26,38]. Strand velocity can have both positive and negative
effects on F-EMS efficiency. When the strand velocity is high, stirring becomes more
effective because of the turbulence [10]. However, high casting rate also causes that
the strand passes through F-EMS region more rapidly, so the stirring time decreases.
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As a consequence, the optimization of secondary cooling intensity and strand velocity
is necessary to maximize the efficiency of electromagnetic stirring which has a

significant effect on segregation of alloying elements.

2.2.3. Hot Rolling Parameters

Billets which are produced at CCM as semi-finished products are annealed at about
1250 °C for 2.5 hours before hot rolling, which is typical industrial annealing heat
treatment. Even after this annealing treatment, it is seen that the distribution of
alloying elements cannot be homogenized. Longer annealing treatments are needed
for removing segregation of alloying elements completely. For complete
homogenization of segregated regions and complete disappearing of microstructural
banding, an annealing treatment at 1225 °C for 8 hours has been reported by Beguinot
[39] in his study because substitutional alloying elements (Mn, Cr, etc.) have low
diffusivity. Furthermore, in the same study, it has been found that micro segregation
rates of the same element in the similar areas of the billet and hot rolled plate are very
close after an annealing treatment at 1300 °C for 4 hours, which proves that the effect
of typical annealing treatment before hot rolling on inter-dendritic segregation is very
low because of longer diffusion distances. In a similar study, Jatczak et al. [40] have
focused on pearlite-martensite banding in 4340 steel. They have still observed
microstructural banding even after annealing treatments at 1200 °C for 200 hours. This
type of long annealing treatments are not economically (energy, production rate) and
metallurgically (decarburization, scale formation) feasible.

Although the diffusion coefficient of carbon is much higher than that of substitutional
alloying elements, manganese and chromium prevent homogenization of carbon by
heat treatment because they lower the activity of carbon [4,41]. Bode et al. [38] have
demonstrated a relationship between center segregation indexes of carbon and that of

manganese and chromium as in Figure 2.20.
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Figure 2-20. The relationship between center segregation indexes of carbon, chromium and
manganese [38]

The second important hot rolling parameter is the cooling rate applied to the products
after rolling which is very important for the development of microstructural banding.
Studies show that increasing the cooling rate after hot rolling reduces the
microstructural banding intensity in the products. However, although microstructural
banding can be suppressed by this way, segregation of alloying elements which is the
main reason of the banding cannot be removed by fast cooling. In other words, bands

can reappear if the product is reheated and cooled for subsequent operations of the

manufacturing process [2,4,8].
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Additionally, the ratio between cross-section areas of the billet and product is also one
of the important hot rolling parameters affecting microstructural banding. This ratio
is called as reduction ratio. Simply, as the reduction ratio increases, the thickness of
microstructural bands decreases as in other discontinuities such as voids and

inclusions.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. Production of the Experimental Castings

The 52CrMoV4 steel grade was used in this study. The nominal composition of this
steel grade according to DIN EN 10089 and target analysis of experimental castings
are given in Table 3.1. Experimental castings were produced by this target analysis

with the admissible deviations.

Table 3-1. Nominal composition of 52CrMoV4 steel and target analysis of experimental castings

Element C | Si [ Mn] Ccr [ Mo | V | P | s
52CrMoV4 Wt. %

Nominal | 048 [ Max. [ 0.70- [ 090- [ 0,15- [ 0,10- | Max. | Max.

056 | 0.40 | 1.10 | 1.20 | 0,30 | 0,20 | 0,025 | 0,025
Target | oo | 028 | 084 | 110 | 018 | 012 | 0,005 | 0,005
Analysis

The experimental billets were produced by the continuous casting process at
CEMTAS Steel Plant. Continuous casting machine (SMS CONCAST) has 2 strands
in CEMTAS. To eliminate the effect of strand variability, all experimental castings
were produced in one particular strand. In Table 3.2, 18 different experimental
castings produced with different parameters are listed. In the first 6 experiments, the
flow rate of secondary cooling water is 34 L/min. called as mild cooling. The
experiments from 7 to 12 are in group of medium cooling in which the flow rate of
secondary cooling water is 40 L/min. The last six experiments have the highest flow
rate, 51 L/min, which was called as intense cooling. Additionally, each of these 3 main
groups has the combinations of 2 F-EMS frequencies (7 Hz and 10 Hz) and 3 F-EMS
currents (350 A, 400 A, 450 A).
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Table 3-2. Experimental matrix

Experiment F-EMS F-EMS Flow rate of Carbon
No. Frequency Current secondary amount
(Hz2) (A) cooling in

water tundish

(L/min) (Wt%)

1 10 350 34 o> 0.55
2 10 400 34 = 0.55
3 10 450 34 1 0.54
4 7 350 34 2 0.54
5 7 400 34 § 0.54
6 7 450 34 0.54
7 10 350 40 0.54
8 10 400 40 c o 0.54
9 10 450 40 3= 0.55
10 7 350 40 38 0.54
11 7 400 40 20 0.54
12 7 450 40 0.54
13 10 350 51 0.55
14 10 400 51 - = 0.55
15 10 450 51 2 .= 0.55
16 7 350 51 28 0.54
17 7 400 51 - © 0.55
18 7 450 51 0.55

Although the F-EMS and flow rate of secondary cooling water are variables of this
thesis study, other CCM parameters such as primary cooling intensity, strand velocity,
and M-EMS also affect inter-dendritic segregation of alloying elements during
continuous casting of steels. The liquidus temperature of 52CrMoV4 steel is 1474 °C.
The superheat was kept about 50 °C, meaning that the temperature of the liquid steel
in tundish was around 1524 °C. The same flow rate for primary cooling water was set
to the experimental castings. In addition to these, the strand velocity and M-EMS

parameters were also exact same with the normal production practice.

200x200 mm square sectioned billets were hot rolled to the plate products with
dimensions of 90x45 mm. The reduction ratio for them is 9.9 which is constant
because all experimental billets and plate products were also in the same size.

Annealing temperature and time were kept almost constant for all experimental

28



castings. The cooling rate after hot rolling affects directly the amount and type of
banded phases in the final microstructure although it cannot remove micro segregation
of alloying elements. To eliminate the effect of cooling rate on results, specimens
prepared for micro examinations were austenitized at 850 °C for 10 minutes and then
they were cooled by air cooling as similar to the method defined in SEP 1520 standard.

3.2. Sampling and Investigations

To investigate the effects of CCM parameters on the segregation pattern of billets, the
chemical composition analyses were conducted by Test Master Pro mobile
spectrometer. For this purpose, about 15 mm thick transverse slice was cut from the

billets with a cross-section area of 20x20 cm and divided 169 regions as shown in

Figure 3.1.
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Figure 3-1. Test Master Pro mobile spectrometer and chemical composition measurements on
transverse billet slice

For micro examinations, samples with the dimensions of 15x10x25 mm were taken

from the middle of the 90x45 mm plate products. From each experiment, 4 samples
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were examined with a digital microscope which is Keyence VHX-5000. As defined
above, samples were heat treated before they were grinded and polished. Then, the
samples were etched by using 4% Picral solution containing 4% picric acid in ethanol
for 60 seconds. 200X microstructure figures were taken to examine the structure of
martensite bands at the center of the samples. In addition to this, the area ratios of the
banded phases were calculated by using image analysis software of the digital
microscope. After 4 samples from all experiments were examined, only the region

with highest microstructural banding intensity was reported.

Figure 3-2. Sampling for micro examinations

After micro examinations, micro and macro hardness measurements were carried out.
Micro hardness measurements were done on each phase existing in the microstructures

of the samples by using Emco Test Durascan 20.
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Figure 3-3. Emco Test Durascan 20 micro hardness test device and Emco Test M5C hardness test
device

Hardness measurements in the Rockwell scale were also conducted at the middle of
the 90x45 mm plate products. Hardness measurement points are shown in Figure 3.4.
The hardness test device is Emco Test M5C.
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Figure 3-4. Hardness measurement points
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Lastly, to evaluate the effect of microstructural banding on cutting and drilling
performance of the materials, 25 tons of cast were produced with the parameters used
in the experiment which have best results in terms of banding intensity and center
hardness. Hot rolled products from this cast were cut by band saws which are EBERLE
— M51 and center holes were drilled by TiN coated drilling heads as in normal
production route. Then, usage capacities of these tools in this cast were compared with

that in products produced with the parameters used in normal production practice.
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CHAPTER 4

RESULTS AND DISCUSSION

The main objective of this thesis is to minimize the fraction of micro segregation
induced banded martensite phase in 52CrMoV4 steel grade by optimizing F-EMS
frequency, F-EMS current, and secondary cooling intensity. Initially, chemical
composition measurements were conducted to clarify the effect of changing these
parameters on the distribution of alloying elements in experimental billets. Then, the
banding intensities at the center of the products hot rolled from these billets were
measured. Furthermore, how the center hardness of the material is affected by banding
intensity were investigated. Finally, the capability of cold sawing and center hole
making of the products were compared by considering equipment life used for these

operations to see the effect of banding intensity.

4.1. Characterization of the Microstructural Banding in 52CrMoV4 Steel

Firstly, LePera solution was used as etchant to characterize phases existing in
52CrMoV4 steel. It was prepared by mixing an equal amount of 1% NazS20s in
aqueous dilution and 4% picric acid in ethanol. It is known that 4-minute etching by
LePera forms on martensite a white, on pearlite a light brown and on bainite a dark
structured surface layer [42,43]. In the light of this information, banded phases in hot
rolled 52CrMoV4 steel were identified as in Figure 4.1.
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Y

Martensite Pearlite Bainite

Figure 4-1. Microstructure of the sample taken from center of the plate product, 52CrMoV4, 90x45
mm (LM, LePera, 4 minutes, 100X)

In addition, EDS analysis was also performed to support this finding. As shown in
Figure 4.2, the first spectrum was measured on martensite band (site 1), the second

spectrum was measured on bainite (site 2), and the third spectrum was measured on

pearlite (site 3).

!Oown

Figure 4-2. SEM micrograph of banded microstructure of 52CrMoV4 steel
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EDS analysis showed that the contents of alloying elements in Site 1 and Site 2 were
higher than target analysis given in Table 3.1. On the contrary, the content of alloying

elements in Site 3 was lower than the target analysis.

Table 4-1. Results of EDS analysis (wt%) of different phases in 52CrMoV4 steel

Element Si Mn Cr Mo \/ Fe
Site 1 0.38 1.65 1.87 0.49 0.33 | Balance
Site 2 0.30 1.10 1.29 0.25 0.17 | Balance
Site 3 0.21 0.67 094 | 0.13 0.10 | Balance

To see the effect of the change in the content of the alloying elements, the continuous
cooling transformation (CCT) diagrams of each site were calculated by using JMatPro
software. It should be noted that the content of light elements like carbon cannot be
measured properly by the EDS method [4]. For this reason, the change in carbon

content was ignored for these calculations.
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Figure 4-3. CCT of Site 1 calculated by JMatPro software
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Figure 4-5. CCT of Site 3 calculated by JMatPro software

Calculated CCT diagrams showed that martensite formation becomes favorable in Site
1 even in industrial cooling rate which is about 1 °C/sec. Due to decrease in the content
of alloying elements in other sites, the noses of bainite and pearlite curves shift to left.

Therefore, different phases can form in alternate regions at the same cooling rate.
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4.2. The Amount of Heat Extracted by Primary Cooling in Mould

As referred in the literature review, heat transfer at the mold/metal interface affects
directly the quality of both semi-finished and last products. The flow rate of the water
circulating around the mould is main responsible for heat transfer at liquid metal —
mould interface. To calculate the flow rate of primary cooling water, the following
calculation should be done carefully by considering heat conduction in the mould

[10,21,44].

First of all, a ThermoCalc analysis was carried out to find thermal properties of

52CrMoV4 steel according to target analysis in Table 3.2.

COMPOSITION (A1%)
Fe: 96,93

R

Mn: 0.84

101 Mo 0.18
ol Si: 0.28
I V012
ol ©:0.55

20501

47 [ Grain size: 500.0 microns

Specific heat (J/(g K))

11 -y L__ N A — |

200 400 =1ali] 00 1000 1200 1400 1600 1800 2000
Temperature (K)

Figure 4-6. Specific heat of 52CrMoV4 steel at various temperatures

According to this analysis;

e Heat capacity of 52CrMoV4 steel at 298 K is 0.47 J/g K,
e Heat capacity of 52CrMoV4 steel at 1797 K is 0.82 J/g K,
e Latent heat of fusion for this steel grade is 250 J/g.
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By using these values, the effective latent heat of fusion can be calculated as below.
Hf = Hp + C,(T, — Tp) (5)
where Cp is the liquid heat capacity of 52CrMoV4 steel,

Tpis the tundish temperature (1797 K if it is assumed that super heat is 50 K),
Tmis the liquidus temperature (1747 K for 52CrMoV4).

Then,
I __ 5 ] ] _ —_ ]
Hy = 2.5x10 P + 820—kgK x (1797 K — 1747 K) = 291000 P (6)

Figure 4.7 was used to calculate the heat removal rate at the various positions of the
mould when the mould temperature is maintained at To, Lines in the diagram represent

dimensionless variable:

Hy B 291000 B
Cp(Tn —To) 470 x (1747 —303)

0.43 (7)

where T, is the mould inlet temperature of the cooing water (303 K) which was taken
from SMS concast programme and Cp in this equation is the solid heat capacity of

52CrMoV4 steel. X-axis of this diagram represents another dimensionless parameter.

h2y _ 1700% x 0.64
ukpC, ~0.013 x 44 x 7800 x 470

=0.78 (8)

where h is the heat transfer coefficient and it is assumed that h is 1700 W/m? K,
y is the mould length which is 0.64 m,
u is the casting speed which is 0.8 m/min. (0.013 m/sec),
k is the solid thermal conductivity of 52CrMoV4 steel which is 44 W/m K
p is the density of 52CrMoV4 steel which is 7800 kg/m®
Cyp is the solid steel heat capacity which is 470 J/kg K.
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Figure 4-7. Rate of heat removal by mould cooling water versus mould length [44]

According to Figure 4.7,

Q -
L(Ty, — TyJTupCyk 0.62 ©)
Q = (0.62)(0.64)(1747-303),/(0.64) (0.013) (7800) (470) (44) (10)
Q = 663778.4 W (11)

According to SMS Concast programme, the temperature difference between inlet and

outlet cooling water is 4.6 K. So,

J kg K
Flow rate = 6637784 x — x

sec  a184 4K S>Skg/sec (12)

where 4184 J/kg K is the specific heat of water.

39



Flow rate = 2069 kg/min = 2069 L/min (13)

The minimum and maximum flow rates are 2066 L/min and 2080 L/min for this heat

conduction according to SMS Concast software program. It is seen that the calculated

flow rate is consistent with actual value so the assumption of the heat transfer

coefficient is reasonable regarding these values.

It is also possible to calculate the shell thickness associated with the primary cooling

by this approach. Figure 4.8 shows how the solidified thickness of the strand is

changed within the mould.
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Figure 4-8. Thickness solidified, M, versus distance down the mould [44]

According to this figure,
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1700M
44

~ 0.895 (15)

Thickness of solid shell when the strand exits from mould,
M =0.023 m =23 mm (16)

When the carbon distribution in the billet slices which will be detailed in the next part
is considered, it is seen that the value of solidified thickness is coherent with the M-
EMS region. In addition to this, thickness of 23 mm which is about 10% of billet’s
full thickness is enough to resist hydrostatic pressure of liquid metal in the strand
against bleeding.

4.3. Carbon Segregation Pattern in Transverse Billet Slices

As the first step of evaluating the project’s results, distribution of carbon which is the
main alloying element in steel was investigated. Then, carbon segregation indexes at
the center of the experimental billets were calculated. By this way, the effects of F-
EMS frequency, F-EMS current and secondary cooling intensity on the distribution of
alloying elements in semi-products, in this case these are billets, were revealed. As
previously mentioned, transverse billet slices with 20x20 cm cross-section area taken
from all 18 experimental castings were divided 169 regions and chemical analyses
were performed in each region. Figure 4.9 shows the carbon distribution of
Experiment 8 produced by using the normal production parameters of 52CrMoV4
steel at CEMTAS steel plant.

Carbon amount of Experiment 8 in tundish is 0,54%. Measurements show that average
carbon amount in billet is 0,55% although carbon content varies from region to region.
As previously defined in literature review, there exists a concentration profile
consisting of both positive and negative segregation region in billets. However, the

ratio between them can be different in each region. Since segregation of alloying
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elements becomes more severe towards the center of the billet resulting in more
positive segregated regions, the carbon content increases at center region. On the other
hand, carbon content decreases at white band regions which are caused by M-EMS
and F-EMS. White band caused by M-EMS is seen 1.5 - 3 cm below the surface. This
also proves that shell thickness calculation regarding the conduction method which
was 2.3 cm. Decreasing of carbon content due to F-EMS is about 6 - 7.5 cm below the
surface in the Experiment 8. It is noted that chemical composition analysis of billets
showed that the other alloying elements such as chromium and manganese have
similar distribution with carbon as stated in literature review part. This distribution
pattern is almost same for other experimental castings. However, the severities of
change in the amount of alloying elements differ greatly depending on parameters

used in experiments.
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Figure 4-9. Carbon distribution of Experiment 8

Especially, the increase in the amount of alloying elements at the center of the billets
causes the banded martensitic structure to become more intense in this region. To
estimate the effects of parameters used in experimental castings on the severity of
segregation, the center carbon segregation indexes were calculated by using center
carbon distribution. It was generated by averaging carbon content at equivalent
regions of billet throughout vertical and horizontal centerlines shown in Figure 4.9.
Then, the center carbon segregation index was calculated by dividing the average

carbon amount at the center region to tundish carbon amount of casting. The example
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calculation for Experiment 8 is shown below. Calculations of center carbon

segregation indexes for other experiments can be seen in Appendix B.

Table 4-2. Carbon distribution through vertical and horizontal centerline for Experiment 8

E |l || || |E |5 |5 |58 |8 |5 |5
. o [} o =) o [} o ~ 0 0 ) © 0
Position | ® 0 © 0 Q ok N ™ - © - o
b |9 T v |v v |[S |v [ |9 |5 |v |
o — o < © ~ o o N ™ o] © [ee]
- i i - i —
vertical 1 55 | 052 | 0.56 | 0.56 | 0.49 | 058 | 059 | 0.58 | 0.50 | 0.58 | 057 | 0.53 | 0.56
centerline
Horizontal | 5 | 53 | 056 | 0.56 | 0.49 | 0.58 | 0.59 | 0.58 | 0.50 | 055 | 0.56 | 052 | 0.55
centerline
Average | 0.55 | 0.53 | 0.56 | 0.56 | 0.49 | 0.58 | 0.59 | 0.58 | 0.50 | 0.57 | 0.57 | 0.53 | 0.55
c 5 c 5 c
[ c
S| e B 9 2 o B 213
£l 2 < o ) g o v | &
q% e gei o o e gei o qg
7 %2] [} 7s) - [7s) [} [52] 7
a | 2 = S et S = = | o
i I L 3 5B 23
C L L C
P 5 o 5 >
o Average carbon content at center
Center carbon segregation index = - - 17)
Carbon content in tundish
Then, for experiment 8:
0.58 + 0.59 + 0.58
Center carbon segregation index = 0 3;4 (18)
Center carbon segregation index = 1.08 (19)

In Table 4.3, average carbon distributions through centerline and center carbon

segregation indexes for all 18 experimental castings are seen.
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Table 4-3. Center carbon distributions of experimental billets and center carbon segregation indexes
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When the experimental castings produced by medium cooling are examined, it is seen
that center carbon segregation indexes decrease as the F-EMS current is increased. In
addition to this, when 7 Hz F-EMS frequency is used instead of 10 Hz center carbon
segregation in billets become worse as shown in Figure 4.10. In the experiments
produced with mild cooling, this tendency is almost the same. These results are
expected because as the intensity of electro-magnetic stirring increases, the ratio of
equiaxed zone increases and also secondary dendrites are broken resulting in smaller
SDAS. These provide a more uniform distribution of alloying elements. Therefore,

billets become more homogenous as F-EMS frequency and current increase.

Medium Cooling (Experiments 7 - 12)
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Figure 4-10. Center carbon segregation indexes for experiments with medium secondary cooling

On the other hand, when the flow rate of secondary cooling water is increased to 51
L/min, the effect of F-EMS disappears as shown in Figure 4.11. It is seen that
increasing of F-EMS current and frequency has no remarkable effect on center carbon
segregation indexes for experimental castings in which intense cooling regime was

used. As stated in the literature review part, the efficiency of electromagnetic stirring
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depends on the liquid-solid ratio in the mushy interior of the billet when it passes
through F-EMS. Intense cooling naturally causes that billets are cooled more rapidly.
Therefore, metallurgical length becomes smaller for these experiments, which lowers
the efficiency of electro-magnetic stirring. Carbon distributions in Table 4.3 also
showed that there is no distinct decreasing of carbon content in billets produced with
intense cooling due to F-EMS although the white band formation is signally seen in
experiments in which mild and medium cooling are used. This can be also evidence

of the above phenomena.

Intense Cooling (Experiments 13 - 18)

1.20
1.15
1.10

1.05

1.02 1.01 1.02 1.02 1.01 1.01
1.00
0.9
0.9
0.85

10Hz-350A 10Hz-400A 10Hz-450A 7Hz-350A 7 Hz - 400 A 7Hz-450A
F-EMS Frequency and Current

Center Carbon Segregation Index
(03]

o

Figure 4-11. Center carbon segregation indexes for experiments with intense secondary cooling

After the secondary cooling region at the exit of the CCM, surface temperatures of the
billets were measured by pyrometer device. These measurements show that when the
medium cooling regime is used, the average temperature of the billets is 1075 °C. In
the experiments having mild cooling regime, the flow rate of secondary cooling water
decreases from 40 L/min to 34 L/min, and it is seen that the average surface

temperature of billets slightly increases to 1090 °C. When intense cooling is used
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instead of medium cooling, the flow rate of secondary cooling water increases by 11
L/min, and in this case, the average surface temperature of billets significantly
decreases to 1010 °C.
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Figure 4-12. Average billet exit temperatures for different flow rates of secondary cooling water

Figure 4.13 shows the effect of the flow rate of secondary cooling water on center
carbon segregation index for experiments in which 350 — 400 — 450 A with 10 Hz are
used as F-EMS parameters. It should be also noted that results are similar for the
experiments produced with 7 Hz of F-EMS frequency.
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Figure 4-13. The effect of cooling intensity on center carbon segregation index

It is seen that when the flow rate of secondary cooling water is 34 L/min, center carbon
segregation indexes have the highest values. If the flow rate is increased from 34
L/min to 40 L/min, center carbon segregation indexes slightly decrease. There exists
a 15 °C difference between the average billet exit temperatures of the billets which
were produced with mild cooling regime and medium cooling regime since flow rates
of these regimes are close each other. Therefore, there is very small difference between
their homogeneity according to center carbon segregation indexes. However, there is
a sharp decrease in center carbon segregation indexes for experimental castings in
which flow rate of secondary cooling water is 51 L/min. Temperature difference
between medium cooling and intense cooling is 65 °C. As a result of this, the
experiments produced with intense cooling regime have the most homogeneous

carbon distribution and the smallest carbon segregation indexes.

The importance of secondary cooling rate due to its effect on SDAS, thereby on

homogenization time, was emphasized in the literature review. According to SMS
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Concast software program, the surface temperature of the billets at the exit of the
mould is approximately 1300 °C. The distance between the mould exit and
measurement point is 10 meters. Since the strand velocity is 0.8 m/min, the time period
between them is 12.5 min. According to the pyrometer measurements after secondary
cooling zone, cooling rates are 0.28 °C/sec, 0.30 °C/sec and 0.39 °C/sec for mild,

medium and intense cooling regimes, respectively.

Table 4-4. Secondary cooling rate and theoretical SDAS values for mild, medium and intense
secondary cooling regimes

Secondary Cooling Regime | Secondary Cooling Rate Theoretical SDAS
Mild 0.28 °C / sec 191.2 um
Medium 0.30 °C / sec 185.5 um
Intense 0.39 °C / sec 165.2 um

Theoretical SDAS values calculated by equation 3 show that SDAS value reduces by
26 microns when the intense cooling regime is used. As a result of this, it is seen that
center carbon segregation indexes significantly decrease since an increase in the flow

rate of secondary cooling water decreases SDAS.

Figure 4.14 summarizes the effect of CCM parameters on center carbon segregation

indexes for all experiments.
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Figure 4-14. Center carbon segregation indexes for all experiments

4.4. Microstructure Examination Results

All experimental billets were hot rolled to 90x45 mm plate products. After the hot
rolling process, the samples were taken from the center of these products and area
ratio of martensite and bainite bands were measured to see the effect of homogeneity
of billets on banding intensity in last products. In the following figures, there are
microstructures of experiments having best and worst results in terms of
microstructural banding for three main experiment groups; mild, medium and intense
cooling experiments. Rest of the microstructures and image analysis for measuring

area ratios of the banded phases can be found in Appendix C.
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Figure 4-15. Microstructure of Experiment 1 having the highest banding intensity among the mild
cooling experiments (200X, 4% Picral, 60 sec.)

Figure 4-16. Microstructure of Experiment 2 having the lowest banding intensity among the mild
cooling experiments (200X, 4% Picral, 60 sec.)
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Figure 4-17. Microstructure of Experiment 10 having the highest banding intensity among the
medium cooling experiments (200X, 4% Picral, 60 sec.)

Figure 4-18. Microstructure of Experiment 8 having the lowest banding intensity among the medium
cooling experiments (200X, 4% Picral, 60 sec.)
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Figure 4-19. Microstructure of Experiment 13 having the highest banding intensity among the intense
cooling experiments (200X, 4% Picral, 60 sec.)

Figure 4-20. Microstructure of Experiment 14 having the lowest banding intensity among the intense
cooling experiments (200X, 4% Picral, 60 sec.)
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Figure 4.21 shows the area ratios of martensite bands are close to each other in the
experiments produced with mild cooling and it is about 40%. However, the amounts
of bainite bands are higher in Experiment 1 and Experiment 4 than other experiments.
In terms of center carbon segregation indexes, the worst results also were belong to
Experiment 1 and Experiment 4 in which F-EMS current is 350 A. Calculated center
carbon segregation indexes also have shown that billets become more homogeneous
as F-EMS current is increased from 350 A to 450 A. Therefore, it is expected that the
products rolled from billets of experiments in which F-EMS current is 450 A have
lower banding intensities. Nevertheless, the total banding intensities are minimum for
Experiment 2 and Experiment 5 in which 400 A is used as F-EMS current. Although
the area ratios of martensite bands of these experiments are not different from other

experiments, the amount of banded bainite is very small in these two experiments.

Mild Cooling (Experiments 1 - 6)
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Figure 4-21. The area ratio of the phases for mild cooling experiments
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In terms of the area ratio of the banded martensite phase, it is seen that the best results
for medium cooling experiments belong to Experiment 9 and Experiment 12 in which
F-EMS current is 450 A in Figure 4.22. However, if the bainite is also considered, it
Is seen that Experiment 8 and Experiment 11 have the lowest banding intensity since
the banded bainite amounts are low in these experiments. Nevertheless, micro
examinations show that martensite bands are the loosest in the microstructure of the
sample taken from Experiment 9 among the experiments produced with the medium
cooling regime. It should be noted that Experiment 9 has also the lowest center carbon

segregation index in this group of experiments.

In addition to these, the effect of F-EMS frequency on the microstructural banding

intensity is very little for both mild and medium cooling experiments.

Medium Cooling (Experiments 7 -12)
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Figure 4-22. The area ratio of the phases for medium cooling experiments
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In the previous part, carbon distributions showed that the efficiency of the F-EMS
decreases when the intense cooling regime is used due to a high solid fraction in the
strand. This finding was also supported by the amounts of banded phases in the
samples taken from experiments produced with the intense cooling regime. As it can
be seen in Figure 4.23, the amounts of banded phases are almost the same for all

experiments in which intense cooling regime is used.

Intense Cooling (Experiments 13-18)
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Figure 4-23. The area ratio of the phases for intense cooling experiments

Figure 4.24 shows the effect of rolling more homogeneous billets on the area ratio of
the banded phases in the last products for experiments in which 350 — 400 — 450 A
with 10 Hz are used as F-EMS parameters. It is seen that area ratios of both martensite
and bainite bands decrease considerably for the experiments produced with the intense
cooling regime. On the other hand, the experiments with the mild cooling regime have
the highest amount of banded structure in parallel with the homogeneity of the billets.
In addition to this, micro examinations also show that martensite and bainite bands are
more compact in the experiments with the mild cooling. Although the samples of

experiments with the medium cooling consist of a remarkable amount of banded

57



phases, band structures are more scattered for these comparing the samples of
experiments with the mild cooling regime. According to the literature, the products
which are hot rolled from more homogeneous billets have less banding intensity.
Figure 4.24 also shows that the amounts of banded phases decrease as the center
carbon segregation indexes decrease.
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Figure 4-24. The effect of flow rate of secondary cooling water on microstructural banding intensity

4.5. Micro and Macro Hardness Measurements

Firstly, micro hardness measurements were done on the phases existing at the center
of the samples taken from all experiments. These measurements showed that micro
hardness values of the phases were similar for all different experiments although their
amount varies. The micro hardness value of the martensite phase was between 750
HV (~62.1 HRC) and 850 HV (~65.6 HRC). In leaf spring manufacturing, bi-metal

band saws and TiN coated drilling heads are used for cutting and hole-making
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operations. These tools are suitable for use in materials having hardness up to 50 HRC
according to product’s catalogs. The micro hardness value of the banded martensite
phase is higher than this value. Therefore, it can be said that banded martensite phase

Is detrimental for machinability of the leaf springs.

788 HV 0,1
Cap 1: 15.5 ym
Cap 2: 15.2 ym

Figure 4-25.Micro hardness measurements on martensite bands (843 HV 0.1 and 788 HV 0.1)

In addition to this, micro hardness measurements carried out on the bainite and
pearlite. According to these, the micro hardness of the bainite was between 450 HV
(~43.3 HRC) and 500 HV (~49.1 HRC), which is also high for machining tools.
However, on the pearlite micro hardness was measured between 350 HV (~35.5 HRC)

and 400 HV (~40.8 HRC).

470HV 0,05 " i e 464HV 0,1
Cap 1: 14.1 pm . Y Cap 1220 pm
Cap 2: 14 ym ! Cap 2: 20 ym

Figure 4-26. Micro hardness measurements on bainite (470 HV 0.05 and 464 HV 0.1)
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353 HV 0,1
Cap 1: 23.3 ym
Gap 2: 22.6 um

Figure 4-27.Micro hardness measurements on pearlite (353 HV 0.1 and 361 HV 0.05)

After micro hardness measurements, macro hardness measurements were carried out
to clarify the effect of banding intensity on hardness distribution in the last products.
The hardness values at the center of the samples were almost completely in parallel
with the area ratio of the martensite phase. The average center hardness was 55.9 HRC
in Experiment 6 which have the highest area ratio of the banded martensite phase. In
Experiment 14 in which the area ratio of the banded martensite phase is only 12%, it
was seen that the center hardness decreases to 39.8 HRC. Hardness measurements also
showed that hardness values at 2 mm below the center are still proportional to the area
ratio of the martensite phase. However, hardness values became stable in the range of
32 — 34 HRC beyond this point.
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Table 4-5. Hardness values (in HRC) at the center, 2 mm, 4 mm, 6 mm below the center

Hardness Values (Average of 6 Measurements)

Experiment o%Martensite | Center 2 mm below | 4 mm below |6 mm below
No. the center | the center | the center
1 39 55.6+3.1| 39.5+£35 328+19 | 341+18
2 43 55.2+33| 39.1+34 34.2+2.0 33.1+23
3 40 545+3.2| 38.2+£3.7 328+1.6 324+19
4 37 55.2+29| 39.4+37 33.7+2.2 31.9+1.6
5 40 55.1+3.2| 395+34 325+2.1 33.8+1.7
6 43 559+3.0| 38.9+35 33.2+1.8 341+1.8
7 30 48.1+3.1| 36.2+3.3 341+15 34.3+2.2
8 29 46.9+28| 365+3.2 33.9+2.3 33.6+1.9
9 26 464+32| 375+34 33.5+1.6 33.8+1.6
10 30 485+2.7| 36.8+3.7 329+19 32.7+1.7
11 30 477+28| 37.9+3.9 33.4+23 328+1.8
12 25 471+32| 36.2+3.8 33.7+24 32.1+20
13 16 405+3.1| 345+33 341+1.8 33.6+2.0
14 12 39.8+£3.3| 33.7+35 33.7+20 329+1.38
15 14 412+31| 348+3.8 328+ 1.7 344+1.6
16 14 414+32| 33.6+3.2 33.9+20 325+1.8
17 16 408+3.0| 33.2+3.6 33.6+19 339+21
18 14 409+3.3| 345+33 325+1.7 341+19
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4.6. The Effect of Banding Intensity on the Cutting and Drilling Operations

As aresult of the microstructure examinations and hardness measurements, it was seen
that best results belong to Experiment 14 in terms of microstructural banding. In order
to reveal the effect of banding intensity on the capability of cold sawing and center
hole-making of the products, 25 tons of plate products were produced with the same
parameters used in Experiment 14 and with the parameters used in Experiment 8
which are used in normal production practice. Firstly, cutting surfaces of these
materials after cold sawing were compared. In Figure 4.28, it is seen that the cutting

surface of Experiment 14 is much smoother than that of Experiment 8.

Figure 4-28. Comparison of cutting surfaces of the Experiment 14 (smooth) and Experiment 8
(uneven)

62



In addition, the consumption amounts of band saws and drilling heads during cutting

and hole-making operations were recorded.

Table 4-6. Tool life in cutting and hole-making operations of Experiment 14 and Experiment 8

Tool life
Experiment | Band Saw D””'”g He?d
No (m?) (number o
' drillings)
14 0.90-1.20 55-65
8 0.21-0.35 30-40

Results showed that in cutting operation of plate products from Experiment 8, one
band saw is capable of cutting 0.21-0.35 m? area. On the other hand, this value was
increased by about 2.5 times for Experiment 14. In other words, one firsthand band
saw could complete cutting operation of about 75 plate products from Experiment 8
whereas it could complete cutting operation of about 260 plate products from
Experiment 14. It is also seen that the usage capacity of drilling heads used in center

hole-making was doubled in Experiment 14.
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CHAPTER 5

CONCLUSION

The main purpose of this thesis study is reducing of martensite band intensity in plate

products of 52CrMoV4 steel which is produced as the raw material of leaf springs to

increase the cutting and drilling performance of these products. Without any additional

operation and cost, the main reason for microstructural banding, segregation of

alloying elements during solidification, was tried to be removed by the optimization

of some important CCM parameters. Consequently, the following major conclusions

have been drawn;

The characterization studies with etching by LePera solution showed that
martensite-pearlite banding exists in 52CrMoV4 steel. There is also dispersed
bainite in pearlite. These results also supported by JMatPro calculations by
using chemical compositions of the different phases obtained by EDS analysis.
The flow rate of the primary cooling water regarding conduction method is
2069 L/min by assuming that the heat transfer coefficient in the mould is 1700
W/m?K. According to SMS Concast program, the actual flow rate is between
2066 L/min and 2080 L/min. So, it was seen that the assumption of the heat
transfer coefficient is correct. By this way, the thickness of solidified shell at
the exit of the mould was also calculated as 23 mm. This was confirmed with
considering position of the white band region due to M-EMS.

Electro-magnetic stirring with higher currents and frequencies in the final
region is an effective way to decrease segregation of alloying elements when

mild and medium cooling is used as secondary cooling regime. However, the
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efficiency of F-EMS is considerably decreased when secondary cooling
intensity increased because of the liquid-solid ratio of the strand.

Increase in the flow rate of secondary cooling water is much more effective
than electro-magnetic stirring in reducing segregation of alloying elements.
Although F-EMS efficiency is decreased in the intense cooling experiments,
the center carbon segregation indexes are sharply decreased when the
secondary cooling intensity is increased.

Rolling more homogeneous billets is very beneficial to produce last products
with less microstructural banding.

In the products which were hot rolled from experimental castings produced
with intense cooling, the area ratio of the banded phases is very low. On the
other hand, the experiments with the mild cooling regime have the highest
amount of banded phases. Although there is a remarkable amount of banded
phases in samples taken from medium cooling experiments, martensite bands
are more scattered in these experiments.

Center hardness values are almost parallel with the area ratio of the banded
martensite phase.

In terms of microstructural banding intensity and center hardness, best results
were obtained when the flow rate of secondary cooling water is 51 L/min, F-
EMS current is 400 A and F-EMS frequency is 10 Hz. It was seen that the area
ratio of the martensite phase is decreased to only 12% by using these CCM
parameters. In parallel with this, center hardness is also decreased to 39.8
HRC.

Comparing the products produced with parameters used in normal production
practice, the tool life of band saw used in cutting operations was increased by
about 2.5 times and tool life of drilling head used in hole-making operations
was doubled when the area ratio of the martensite phase was minimized. By

this way, it was provided that raw products of the leaf springs can be sawed
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and drilled easier, which increases total production efficiency by reducing

significantly production time and consumption of cutting and drilling tools.
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CHAPTER 6

SUGGESTIONS FOR FUTURE WORK

1) The location of the F-EMS can be changed to increase the stirring efficiency. In
addition, the clockwise — counterclockwise rotating mode of F-EMS can be tried

instead of rotating in the same direction.

2) Other CCM parameters affecting segregation of alloying elements such as strand
velocity, M-EMS and superheat can be changed to see their effects on microstructural

banding.

3) The effect of microstructural banding intensity on the fatigue life of the leaf springs

can be investigated because fatigue life is an important property for them.

4) The SDAS and equiaxed grain ratio in the billets can be measured.
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APPENDICES

A. SMS Concast Mould Flow Graph
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Figure A-1. Actual flow rate of mould cooling water
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B. Calculations of Center Carbon Segregation Indexes

Table B-1. Carbon distribution through vertical and horizontal centerline for Experiment 1

§ g |g ||| |8 |5 |68 |6 |6 |6 |5
Positon |2 |® |w |© |w |o |2 [3 |& |9 |& |3 |3
P N T s N O o N S - S S (N O B - T
S |- | s e |~ |3 g |& |9 |8 |9 |4
Vertical | oo | 053 | 058 | 0.58 | 0.46 | 0.60 | 0.65 | 0.61 | 0.48 | 057 | 0.58 | 0.54 | 0.57
centerline
Horizontal | o oo | oy | 058 | 058 | 0.47 | 0.62 | 0.65 | 0.61 | 0.45 | 0.59 | 058 | 054 | 0.57
centerline
Average | 0.56 | 0.54 | 0.58 | 0.58 | 0.47 | 0.61 | 0.65 | 0.61 | 0.47 | 0.58 | 0.58 | 0.54 | 0.56
0.61 + 0.65 + 0.61
Center carbon segregation index = 0 5;5 = 1.13

Table B-2. Carbon distribution through vertical and horizontal centerline for Experiment 2

§ g ||| | |85 |5 |68 |6 |6 |6 |5
Position |2 |® |w |© |w |o |w [ |2 |38 |8 |2 |3
NP T T I N S I - S I A T S B S I T A T By
S |- | || |~ |3 |g |&|ag |8 |9 |4
Vertical | o ool 053 | 056 | 056 | 0.47 | 0.61 | 0.62 | 059 | 048 | 057 | 056 | 0.53 | 0.55
centerline
Horizontal | o . | 55 | 056 | 0.55 | 048 | 0.60 | 0.62 | 0.61 | 0.46 | 0.56 | 056 | 053 | 055
centerline
Average | 0.56 | 0.53 | 0.56 | 0.56 | 0.48 | 0.61 | 0.62 | 0.60 | 0.47 | 0.57 | 056 | 0.53 | 0.55

0.61 + 0.62 + 0.60

Center carbon segregation index = 0 5;5 =1.11
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Table B-3. Carbon distribution through vertical and horizontal centerline for Experiment 3

E|le || || |E |5 |5 |5 |8 |6 |5
. o S G 5] S =} o ~ 0 o 0 © 0
Position | D 0 © 0 Q ok i ™ - © - o
O Y S L S e I S = T Y A Y O =T IRV
S| e s e |~ |3 g |8 g |8 |g |4
Vertical | oo | 053 | 057 | 057 | 051 | 0.50 | 0.60 | 0.57 | 0.49 | 057 | 0.57 | 0.53 | 0.54
centerline
Horizontal | o o) | 55 | 058 | 0553 | 0.49 | 0.59 | 0.60 | 058 | 0.45 | 0.53 | 057 | 054 | 055
centerline
Average | 0.55 | 0.53 | 0.58 | 0.55 | 0.50 | 0.59 | 0.60 | 0.58 | 0.47 | 0.55 | 0.57 | 0.54 | 0.55
0.59 + 0.60 + 0.58
Center carbon segregation index = 0 5;4 = 1.09

Table B-4. Carbon distribution through vertical and horizontal centerline for Experiment 4

E |l || || | |5 |5 |5 |8 |5 |5
. o 3] (=) [3) (=) 3] ~ 0 o 0 © 0
Position o ™ 10 © 0 =3 ot B ™ - o o o
o 6 ¥ 0 ~ r:) =] T < ) < 0 <
S|~ ||~ e |~ |3 |5 |s | |8 g |3
Vertical | oo/ | 051 | 055 | 0.55 | 0.50 | 0.60 | 0.64 | 0.60 | 0.47 | 053 | 0.55 | 0.51 | 0.54
centerline
Horizontal | o o0 | 5 | 055 | 054 | 050 | 0.59 | 0.64 | 0.60 | 0.51 | 0.53 | 055 | 050 | 0.54
centerline
Average | 0.54 | 051 | 0.55 | 0.55 | 0.50 | 0.60 | 0.64 | 0.60 | 0.49 | 0.53 | 0.55 | 0.51 | 0.54
0.60 + 0.64 + 0.60
Center carbon segregation index = 0 5;4 = 1.14
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Table B-5. Carbon distribution through vertical and horizontal centerline for Experiment 5

§ g |g ||| |8 |5 |68 |6 |6 |6 |5
Positon |2 | @ |w |© |w |o |2 [3 |& |9 |& |3 |3
& 0 5 0 ~ 6 = T < 0 < 0 N
S| ||~ e |~ |3 s | | |8 g |3
vertical | o oo es | 057 | 057 | 048 | 058 | 063 | 0.62 | 0.48 | 057 | 0.56 | 054 | 0.56
centerline
Horizontal | ool 54 | 057 | 057 | 0.46 | 059 | 0.63 | 0.60 | 0.47 | 056 | 0.56 | 0.53 | 0.56
centerline
Average | 0.56 | 0.54 | 0.57 | 0.57 | 0.47 | 0.59 | 0.63 | 0.61 | 0.48 | 0.57 | 0.56 | 0.54 | 0.56
0.59 + 0.63 + 0.61
Center carbon segregation index = 0 5;4 = 1.13

Table B-6. Carbon distribution through vertical and horizontal centerline for Experiment 6

E | |g || | | |5 |5 |5 |5 |5 |5
. o © © © © < ° o~ 1o 0 [Te} ] To)
Position | S ® 0 © 0 o 2 < o < S < o
O S = Y S B Y S = A O - N R R
S|~ |® |~ [e |~ |3 |s || |8 |9 |3
Vertical | oo | 055 | 056 | 057 | 0.49 | 0.50 | 0.61 | 0.58 | 046 | 056 | 0.56 | 0.53 | 0.56
centerline
Horizontal | o oo | o) | 056 | 054 | 0.47 | 0.61 | 0.61 | 058 | 0.50 | 0.56 | 0.56 | 053 | 055
centerline
Average | 0.55 | 0.52 | 0.56 | 0.56 | 0.48 | 0.60 | 0.61 | 0.58 | 0.48 | 0.56 | 0.56 | 0.53 | 0.56
0.60 + 0.61 + 0.58
Center carbon segregation index = 0 5;4 = 1.10
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Table B-7. Carbon distribution through vertical and horizontal centerline for Experiment 7

E | |g || || |5 |5 |5 |5 |5 |5
.. o o o o o o < o~ 7o) 0 [Te} e To)
Positon | o | @ |@w |¢ |w |9 |8 |9 |o |F |e |9 |o
O Y S L S e I S = T R A I S =T IRV
S |- || ||~ |3 |s | |2 |8 |9 |2
Vertical | oo | 050 | 056 | 057 | 0.49 | 0.60 | 0.60 | 0.59 | 0.49 | 057 | 0.56 | 0.53 | 0.55
centerline
Horizontal | o oo | ) | 056 | 054 | 0.49 | 0.58 | 0.60 | 058 | 0.48 | 0.56 | 0.56 | 052 | 0.56
centerline
Average | 055 | 0.52 | 0.56 | 0.56 | 0.49 | 0.59 | 0.60 | 0.59 | 0.49 | 0.57 | 0.56 | 0.53 | 0.56
0.59 + 0.60 + 0.59
Center carbon segregation index = 0 5;4 = 1.10

Table B-8. Carbon distribution through vertical and horizontal centerline for Experiment 8

E | || || | |5 |5 |5 |5 |B |5
L. o © © © © © ~ [Te) Lo [Te) [ee) Te)
Position | 5 ™ 0 © 0 =% ot e o - S S o
b 0 ¥ ) ~ re) = T < ) < 10 <
S|~ ||~ e |~ |3 |5 |s | |8 g |3
Vertical | oo | 55 | 056 | 0.56 | 049 | 058 | 059 | 0.58 | 050 | 058 | 057 | 053 | 0.56
centerline
Horizontal | o oo | 55 | 056 | 056 | 0.49 | 0.58 | 0.59 | 058 | 0.50 | 0.55 | 0.56 | 052 | 055
centerline
Average | 0.55 | 053 | 056 | 0.56 | 0.49 | 0.58 | 0.59 | 0.58 | 0.50 | 0.57 | 0.57 | 0.53 | 0.55
0.58 + 0.59 + 0.58
Center carbon segregation index = 0 3;4 = 1.08
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Table B-9. Carbon distribution through vertical and horizontal centerline for Experiment 9

§ g |g ||| |8 |5 |68 |6 |6 |6 |5
Positon |2 | @ |w |© |w |o |2 [3 |& |9 |& |3 |3
& 0 5 0 ~ 6 = T < 0 < 0 N
S| ||~ e |~ |3 s | | |8 g |3
vertical | g oo o c1 | 057 | 057 | 048 | 057 | 050 | 059 | 0.46 | 057 | 0.56 | 052 | 0.55
centerline
Horizontal | ool 53 | 056 | 0.57 | 0.46 | 058 | 059 | 0.58 | 0.48 | 06 | 056 | 0.51 | 0.56
centerline
Average | 0.55 | 052 | 0.57 | 0.57 | 0.47 | 0.58 | 0.59 | 0.59 | 0.47 | 057 | 0.56 | 0.52 | 0.56
0.58 + 0.59 + 0.59
Center carbon segregation index = 0 5;5 = 1.07

Table B-10. Carbon distribution through vertical and horizontal centerline for Experiment 10

E | |g || | | |5 |5 |5 |5 |5 |5
. o © © © © < ° o~ 1o 0 [Te} ] To)
Position | S ® 0 © 0 o 2 < o < S < o
O Y S L S e I S = R I Y O = T
S |- | s e |~ |3 g |&|a |8 |g |4
Vertical | oo | 050 | 056 | 0.56 | 0.46 | 0.50 | 0.61 | 0.60 | 0.48 | 057 | 0.56 | 0.51 | 0.55
centerline
Horizontal | o o\ | ) | 055 | 056 | 050 | 0.60 | 0.61 | 058 | 0.47 | 0.55 | 055 | 052 | 055
centerline
Average | 0.55 | 0.52 | 0.56 | 0.56 | 0.48 | 0.60 | 0.61 | 0.59 | 0.48 | 0.56 | 0.56 | 0.52 | 0.55
0.60 + 0.61 + 0.59
Center carbon segregation index = 0 5;4 =1.11
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Table B-11. Carbon distribution through vertical and horizontal centerline for Experiment 11

E | || || |E |5 |5 |5 |5 |5 |5
. o S (=) [3) (=) G o ~ 0 o 0 o 0
Position | J 0 ) © 0 Q pk N I i © < )
O T S Y I - S =T R S A O = R I
S| ||~ e |~ |3 |5 | |a |8 g |3
vertical | g oo 0 ea | 057 | 058 | 046 | 050 | 0.60 | 059 | 0.48 | 0.56 | 0.57 | 053 | 0.56
centerline
Horizontal | o) | 53 | 057 | 057 | 0.47 | 0.60 | 0.60 | 059 | 0.47 | 057 | 0.56 | 053 | 0.56
centerline
Average | 0.55 | 0.53 | 0.57 | 0.58 | 0.47 | 0.60 | 0.60 | 0.59 | 0.48 | 057 | 0.57 | 0.53 | 0.56
0.60 + 0.60 + 0.59
Center carbon segregation index = 0 5;4 = 1.10

Table B-12. Carbon distribution through vertical and horizontal centerline for Experiment 12

E|le || || |E |5 |5 |5 |8 |5 |5
. iy S ] S S S o ~ 0 IS 0 © 0
Position | o e n © 0 o 2 i = S P - o
O Y S e N I O = T T < T S = T P
— — — — — —
vertical | o oo | 051 | 054 | 056 | 0.47 | 0.60 | 0.60 | 0.58 | 0.49 | 0.56 | 0.56 | 0.52 | 0.55
centerline
Horizontal | o o\ | ) | 056 | 0555 | 0.47 | 0.58 | 0.60 | 058 | 0.47 | 0.56 | 0.57 | 051 | 054
centerline
Average | 0.55 | 0.51 | 0.55 | 0.56 | 0.47 | 0.59 | 0.60 | 0.58 | 0.47 | 0.56 | 0.57 | 0.52 | 0.55
0.59 + 0.60 + 0.58
Center carbon segregation index = 0 5;4 = 1.09
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Table B-13. Carbon distribution through vertical and horizontal centerline for Experiment 13

E |l || || |E |5 |5 |58 |8 |5 |5
. o S 5] 5] S =} 3 ~ P o 0 o n
Position | @ 0 © 0 o 2 e o B S — o
O Y S L Y S R I S = Y A Y O =T IRV
S| e s |e |~ |3 |g | |3 |8 |g |4
Vertical | oo/ | 052 | 056 | 055 | 0.55 | 0.56 | 057 | 0.57 | 0.55 | 0.54 | 0.55 | 0.51 | 0.54
centerline
Horizontal | o oo | o | 056 | 057 | 054 | 0.55 | 0.57 | 054 | 0.55 | 0.55 | 055 | 052 | 055
centerline
Average | 055 | 052 | 056 | 0.56 | 0.55 | 0.56 | 0.57 | 0.56 | 0.55 | 0.55 | 0.55 | 0.52 | 0.55
0.56 + 0.57 + 0.56
Center carbon segregation index = 0 5;5 = 1.02

Table B-14. Carbon distribution through vertical and horizontal centerline for Experiment 14

E | || || | |5 |5 |5 |5 |B |5
L. o © © © © © ~ [Te) Lo [Te) [ee] Te)
Position | 5 ™ 0 © 0 =% L2 e o - S - o
b e ¥ ) ~ re) =] T < ) < ) <
S|~ ||~ e |~ |3 |5 | | |8 g |3
Vertical | oo | 51 | 053 | 0.56 | 054 | 055 | 056 | 0.53 | 053 | 057 | 057 | 052 | 0.55
centerline
Horizontal | o oo | ) | 056 | 057 | 054 | 0.56 | 0.56 | 057 | 0.53 | 0.56 | 0.56 | 052 | 055
centerline
Average | 0.56 | 052 | 055 | 0.57 | 0.54 | 0.56 | 0.56 | 0.55 | 0.53 | 0.57 | 0.57 | 0.52 | 0.55
0.56 + 0.56 + 0.55
Center carbon segregation index = 0 5;5 = 1.01
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Table B-15. Carbon distribution through vertical and horizontal centerline for Experiment 15

E | || || |E |5 |5 |5 |5 |5 |5
. o G S S S 3] o ~ 0 o 0 © 0
Position o ® 0 © o) o 2 e P e < b o
Py Lo < 0 ~ 0 =1 0 s 0 < Lo -
S| e s |e |~ |3 |2 |8 |3 |8 |g |4
Vertical | 0.56 0. 056 | 0.52 | 0.56
centerline
Horizontal | oo 0.55 057 | 053 | 0.56
centerline
Average | 0.56 0.56 057 | 053 | 0.56
0.56 + 0.57 + 0.56
= 1.02

Center carbon segregation index =

Table B-16. Carbon distribution through vertical and horizontal centerline for Experiment 16

E|le || || |E |5 |5 |5 |8 |5 |5
. o © © © © < o~ [Te) 0 [Te} ] To)
Position | S % o © 0 o 2 < o < S < o
Py L] 5 L0 ~ ] = 0 o ] NN Lo s
— — — — — —
Vertical 0.55 0. 055 | 0.51 | 0.54
centerline
Horizontal 0.55 055 | 0.50 | 0.53
centerline
Average 0.55 0.55 | 0.51 | 0.54
0.55+ 0.56 + 0.55
=1.02

Center carbon segregation index =




Table B-17. Carbon distribution through vertical and horizontal centerline for Experiment 17

§ g |g ||| |8 |5 |68 |6 |6 |6 |5
Position |2 |® |w |© |w |o |w |[S |Z |3 |8 |2 |
- 0 < ) ~ w0 2 o < ) < o) N
S |- | |s e |~ |3 |g |& |9 |8 |9 |4
Vertical | o 057 | 057 | 054 | 0.56 | 056 | 0.54 | 0.55 | 0.57 | 0.57 | 0.53 | 0.56
centerline ' ' ) ' ’ ’ ' ’ ’ ' ’ ’
Horizontal
entorling | 054 057 | 056 | 0.53 | 0.55 | 0.56 | 0.55 | 0.50 | 0.56 | 0.56 | 0.51 | 0.55
Average | 0.55 057 | 057 | 054 | 0.56 | 056 | 0.55 | 053 | 057 | 057 | 0.52 | 0.56
0.56 + 0.56 + 0.55
= 1.01

Center carbon segregation index =

0.55

Table B-18. Carbon distribution through vertical and horizontal centerline for Experiment 18

E |l | ||| |E |5 |5 |5 |5 |§ |5§

. o © © © © < ° o~ 1o 0 [Te} ] To)

Position | o D n © 0 o 2 o P < < - o

W 0 ¥ n ~ 2 = Lo i 0 NN ol by

o | | TY |9 |~ ] |8 |8 |3 |8 &8 |83

Vertical
centerline 0.55 | 0.56 | 0.54 | 0.54 | 0.56 052 | 0.56 | 0.55 | 0.52 | 0.54
Horizontal
centerline 0.55 | 0.57 | 0.56 | 0.55 | 0.56 053 | 0.53 | 0.55 | 0.51 | 0.54
Average 0.55 | 0.57 | 0.55 | 0.55 | 0.56 0.53 | 0.55 | 0.55 | 0.52 | 0.54
0.55 + 0.56 + 0.56
Center carbon segregation index = 0 5;5 =1.01
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C. Microstructures and Area Ratio Analyses

Figure C-1. Microstructure of Experiment 1 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 39%

and bainite (black region) is 37%.

Figure C-2. Microstructure of Experiment 2 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 43%

and bainite (black region) is 7%.

87



Figure C-3. Microstructure of Experiment 3 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 40%

and bainite (black region) is 25%.

Figure C-4. Microstructure of Experiment 4 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 37%
and bainite (black region) is 36%.
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Figure C-5. Microstructure of Experiment 5 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 43%

and bainite (black region) is 11%.

Figure C-6. Microstructure of Experiment 6 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 43%
and bainite (black region) is 16%.
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Figure C-7. Microstructure of Experiment 7 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 30%

and bainite (black region) is 19%.

Figure C-8. Microstructure of Experiment 8 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 29%

and bainite (black region) is 8%.
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Figure C-9. Microstructure of Experiment 9 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 26%

and bainite (black region) is 18%.

Figure C-10. Microstructure of Experiment 10 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 30%
and bainite (black region) is 21%.
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Figure C-11. Microstructure of Experiment 11 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 30%

and bainite (black region) is 16%.

Figure C-12. Microstructure of Experiment 12 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 25%
and bainite (black region) is 26%.
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Figure C-13. Microstructure of Experiment 13 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 16%

and bainite (black region) is 4%.

Figure C-14. Microstructure of Experiment 14 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 12%
and bainite (black region) is 8%.
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Figure C-15. Microstructure of Experiment 15 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 14%

and bainite (black region) is 6%.

Figure C-16. Microstructure of Experiment 16 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 14%

and bainite (black region) is 5%.
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Figure C-17. Microstructure of Experiment 17 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 16%

and bainite (black region) is 3%.

-

Figure C-18. Microstructure of Experiment 18 (200X, 4% Picral, 60 sec.) and area ratio analysis

Image analysis show that the area ratio of the martensite phase (red region) is 14%

and bainite (black region) is 5%.
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