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INFLUENCE OF CONDITIONS OF LOW-ALLOY BAINITE
GRADE STEEL COOLING ON THE DENDRITIC STRUCTURE
PARAMETERS AND SPHERICITY OF GRANULAR BAINITE

Introduction. Crystallization of metals and alloys typically results in the formation of branched dendritic crystals.

Problem Statement. Understanding how crystallization conditions affect the formation of the primary dend-
ritic structure in carbon steels is crucial to comprehending the overall process of structure formation.

Purpose. This study aims to investigate the effect of varying cooling rates across the cross section of a bainite
steel ingot (composition: 0.378% C, 1.02% Si, 1.38% Mn, 0.77% Cr, 0.192% Mo, 0.095% V) on the primary
dendpritic structure, dispersion, and sphericity of the structural components.

Materials and Methods. Metallographic analysis of the steel samples has been made with the use of Neophot 32
and Axiovert 200 M MAT light microscopes. Microstructure and chemical heterogeneity have been analyzed with
a 2—3% alcoholic nitric acid (IINO,) solution and an aqueous solution derived from the reaction between trinit-
rophenol (picric acid) and sodium hydroxide (NaOH ). The dimensions of the primary dendritic structure and final
structure have been measured by the image] software. Brinell hardness tests have been performed on a TB5004
testing machine. Specialized software such as CalPhad and Qform has been employed for further analysis.

Results. Microstructural analysis has shown that as the density of the dendritic structure varies across the
cross section of the ingot, there is a corresponding change in sphericity. Sphericity, defined as the ratio of the
maximum to minimum diagonals of granular bainite, ranges from 0.1539 to 0.3673. Additionally, the lamellae of
granular bainite grow approximately 2.4 times as the cooling rate decreases across the cross section of the billet,
Jfrom 60 °C/min to 7 °C/min.

Conclusions. The study has established an inverse relationship between the density of the dendritic structure
and the sphericity of the final granular bainite structure. The dispersion of structural components is promising for
enhancing the overall mechanical properties, including both strength and plasticity.
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Fig. 1. Measurement of dendritic branches
of the first and second order

The characteristics of the initial cast structure are
partially retained during subsequent stages of hot
plastic deformation and heat treatment, influen-
cing the development of the final structure and me-
chanical properties of metal products. Therefore,
understanding how crystallization conditions af-
fect the formation of the primary dendritic structu-
re in carbon steels is a critical aspect of studying
structure formation processes [1].

During the crystallization of metals and al-
loys, branched dendritic crystals commonly form.
Among the factors influencing dendrite branching
and the average distance between branches, the
cooling rate of the crystallizing metal is particu-
larly significant. The more rapid is cooling, the
shorter is the distance between branches [1, 2].

The temperature gradient, crystallization ra-
te, and concentration of alloying and impurity
elements in the melt are the primary factors de-
termining the crystal (dendrite) growth [3]. The
temperature gradient at the crystallization front
and the crystallization rate are associated with
external factors and define the physical kine-
tics at the growth front. The ratio of the gradi-

Table 1. The Chemical Composition of the Trial Melt, % wt.

Length
243.469
288.613
228.058
92.616
19.315
12.877
9.982
8.423
16.608
9 10 14117
| 11 9.616
4 12 7681
13 7.198
14 9.322
15 14.644

o Co N TR W

ent magnitude to the cooling rate determines
the type of crystal structure formed, while the
product of these factors, represented by the cool-
ing rate, determines the dispersion of the alloy’s
structural components [4].

As established in previous studies [1, 5—11],
the thermokinetic conditions of solidification re-
sult in the billet structure cast in a foundry ha-
ving a finer dispersion of primary crystals and a
more uniform distribution of chemical elements
at both macro and micro levels, as compared with
a continuously cast billet [12, 13].

Based on the discussion, it has been established
that variations in thermokinetic solidification con-
ditions, particularly due to changes in the cooling
rate across the billet, influence the initial dend-
ritic structure across the cross section. This varia-
tion, in turn, affects the dispersion of structural
components in Fe—C alloys, thereby impacting
the final microstructure.

The objective of this study is to determine the
effect of the primary dendritic structure on the
dispersion and sphericity of structural compo-
nents, specifically in relation to changes in the

C Si Mn P S

Mo Ni Al Cu \Y%

0.378 1.02 1.38 0.027 0.02

0.77

0.192 0.037 0.018 0.028 0.095
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Fig. 2. Modeling of hot plastic deformation of a sample from a laboratory billet made of steel with 0.378% C (a), the tem-
perature of the workpiece at the end of the HPD of the trial steel (b) in the QForm workspace

cooling rate across the cross section of a bainitic
steel billet containing 0.37% C and alloyed with
Cr—Mo—V.

The material used for this research consists of
samples of bainitic-grade carbon test steel pro-
duced under laboratory conditions. The chemical

40

composition of the steel is detailed in Table 1.
The chemical analysis has been conducted with an
arc/spark Optical Emission Spectrometry (OES)
metal analyzer, SPECTROMAXx. Additional car-
bon content analysis has been performed by an
AN-7529 analyzer. The trial billet, weighing up to
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10 kg, is melted in a laboratory induction melting
furnace, comprising a melting module (ITPE-0.01)
and a VTG-20-22 generator. The trial steel is cast
in a coarse-grained graphite crucible, and the
cooling rate is monitored with pyrometric equip-
ment, capturing the temperature-time curve on
the billet’s surface.

The sampling process involves cutting a trans-
verse template from the bottom part of the billet,
followed by a comprehensive microstructural ana-
lysis across the entire cross section, from the side
surface to the center, to thoroughly investigate
the steel crystallization process across varying
cooling rates.

Metallographic analysis of the trial steel has
been made with Carl Zeiss light microscopes, spe-
cifically the Neophot 32 and Axiovert 200 M MAT
models. The metallographic sections are pre-
pared mechanically; microstructural detection,
along with the assessment of chemical heteroge-
neity, has been conducted with the use of a 2—3%
alcoholic solution of nitric acid (HNO3) and
an aqueous salt solution formed by the reaction
of trinitrophenol (picric acid) and caustic soda
(NaOH).

The areas corresponding to the former primary
dendritic structure and the final microstructure
are measured with the image/ software. The den-
sity of the dendritic structure is calculated by de-
termining the ratio of the average width of the
second-order dendrite branches to the size of the
first-order branches (as illustrated in Fig. 1). The
sphericity of the granular bainite is assessed by
calculating the ratio of the lamellae diameters.
Additionally, the structural diagram is based on
the actual cooling rate curve, obtained via ther-
mocouple, and the phase fraction is automatically
calculated with Axiovert 200 M MAT optical mic-
roscope that accounts for the color spectra of the
photomicrographs.

From the obtained results and data [1], the
temperature of the liquidus, solidus, and liquid
steel with 0.37%C have been determined based
on the known expression (1):

d=a(GR)™,
ISSN 2409-9066. Sci. innov. 2024. 20 (6)

(1)
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Fig. 3. Phase composition of the studied steel

where a is the coeflicient proportional to the crys-
tallization period ~AT, G is the temperature gra-
dient at the growth front, °C/mm, R is the growth
rate of crystallization front, mm/min, n is the
power exponent varying from 1/4 to 1/2 for the
second-order branch distances and typically very
close to 1/2 for the first-order branch distances.

Brinell hardness is controlled by TB5004 ma-
chine with a graduated magnifier MPB 2.

Specialized software, including CalPhad and
QForm, has been employed in the research. The
study involves developing a model to calculate the
distribution of physical and mechanical properties
of trial steel during hot plastic deformation (HPD)
by 50% on the cross section of cubic samples, using
the QForm program, as well as conducting actual
deformation tests on a universal testing machine.
The initial conditions are set to the Deformation
operation type, with parameters accounting for
thermal processes and elastic-plastic deformation.

The sample geometry is constructed by Solid-
Works and then exported in *.stp format to QForm.
The deformation temperature is 1250 °C. The
process of temperature variation in the material
during HPD is illustrated (Fig. 2, a), along with
a histogram revealing the temperature changes
during HPD (Fig. 2, b).

The heat treatment of the trial steel is conduc-
ted in a SNOL60-1300 laboratory furnace. The
samples heat to a temperature of 900 £ 5 °C and
subsequently cool at a rate ranging from 0.2 to
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Fig. 5. Microstructure of the trial steel, based on the cooling rate across the cross section of the billet, X800

3.0 0.40
[<5]
Zo5th 1035 2
g 10.30 2
—
g 20 102572
S5t 10.20 E}J
Z 1S
2 10F 015 &
. 40.10 £
8 0.5 —®— Dendritic structure —o— Granular bainite | 0.05 f;
. . ) ) ) ) 0 Fig. 6. Dependence of dendritic structure den-
0 10 20 30 40 50 60 sity and granular bainite sphericity on the coo-

Cooling rate, °C/min

5.1 °C/s. The cooling rate is monitored by a chro-
mel-alumel thermocouple fixed within the sample.

It has been determined that the cooling rate
during the solidification of the metal in the billet
varies between 60 °C/min and 7 °C/min. The re-
sults from the chemical composition analysis and
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ling rate across the billet cross section

cooling rates have been used as input data for mo-
deling phase transformations (Fig. 3) during the
cooling process after crystallization. Additional-
ly, non-metallic inclusions are controlled.

When examining the dendritic structure (Fig. 4)
in relation to the cooling rates, it has been obser-
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60 °C/min 29 °C/min 7 °C/min

Fig. 7. Microstructure of the trial steel after heat treatment at different cooling rates, based on the cooling rate along the
cross section of the billet, X500

ved that the density of the dendritic structure in | let, from the side surface to the center, within the
the trial steel varies between 2.7 and 1.5. This in- | range of 60 °C/min to 7 °C/min. At lower cooling
dicates that the density of the dendritic structure | rates, the secondary dendrite branches are wider,
increases approximately 1.75 times as the cooling | occupy a larger area, and the interdendritic re-
rate decreases along the cross section of the bil- | gions between these secondary branches are re-
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duced. When comparing these results with data
for carbon steel [1], we see that this relationship
is inversed.

After cooling at rate of 60 °C/min, 29 °C/min,
and 7 °C/min — corresponding to the cooling ra-
tes near the side surface, at half the radius, and
at the center of the billet, respectively — the trial
steel consists of a microhardness structure rang-
ing from 3687 to 4069 MPa. According to litera-
ture [14], this structure is identified as granular
bainite. The microstructural studies (Fig. 5) have
shown that as the density of the dendritic struc-
ture varies across the cross section of the trial bil-
let, the sphericity of granular bainite also chang-
es, ranging from 0.15 to 0.36. Additionally, the
lamellae of granular bainite increase approxima-
tely 2.4 times as the cooling rate decreases along
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the cross section of the billet, within the range of
60 °C/min to 7 °C/min.

The changes in the dendritic structure density
and in the sphericity of granular bainite, depen-
ding on the cooling rate along the trial steel cross
section, is shown in Fig. 6.

When investigating the effect of hot plastic de-
formation, we have determined through both
mathematical modeling and the actual HPD pro-
cess measurements that the temperature reaches
862 °C, on the surface, and 964 °C, at the center
of the workpiece. The experimental results have
shown that the cooling rate on the surface of the
trial steels after HPD is approximately 0.43 °C/s.

The microstructural analysis (Fig. 7) has dem-
onstrated that the structure of the steel after
cooling at a rate of 0.2 °C/s exhibits a ferrite-

ISSN 2409-9066. Sci. innov. 2024. 20 (6)
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pearlite structure, with ferrite forming a grid
along the grain boundaries. As the cooling rate
increases to 0.52 °C/s, the structure transitions
to predominantly bainite. At a cooling rate of
1.3 °C/s, a bainitic structure with minor amount
of martensite and retained austenite is formed,
while at 5.1 °C/s, the structure is mainly marten-
sitic with residual austenite.

Based on these findings, a structural diagram
for the trial steel has been developed (Fig. 8). It
has been concluded that while cooling in air, the
steel has primarily a bainitic structure. This con-
firms that the trial steel belongs to the bainite class.

It has been found that after heat treatment at
a cooling rate of 0.2 °C/s, the microstructure pri-
marily consists of ferrite and pearlite. When the
cooling rate of the billet after crystallization rea-
ches 29 °C/min, the ferrite content in the steel inc-
reases to 25.0%, with the development of coarse
plate pearlite regions. At a cooling rate of 7 °C/min,
the ferrite content further increases to 32.5%, with
the pearlite regions and the interlamellar spacing
of coarse-lamellar pearlite expanding, as compa-
red with those at a cooling rate of 29 °C/min.

At a cooling rate of 0.52 °C /s, the microstructure
is predominantly carbide-free bainite. At a cooling
rate between 29 °C /min and 7 °C /min, the residual
austenite content increases. As the cooling rate
goes up to 1.3 °C/s, the structure comprises mainly
carbide-free bainite, with a small amount of acicular
martensite. At a cooling rate of 60 °C/min, the
structure contains a significant amount of acicular
martensite (34.9%) and residual austenite (6.1%).

For the billets crystallized at a cooling rate of
29 °C/min, the volume fraction of martensite and
austenite decreases to 28.0% and 2.2%, respec-
tively. At a cooling rate of 7 °C/min, these values
further decrease to 11.8% for martensite and 0.8%
for austenite. When the cooling rate is 5.1 °C/s,
the structure predominantly consists of acicular
martensite.

The study has shown that different cooling ra-
tes after crystallization — 60 °C/min, 29 °C/min,
and 7 °C/min — followed by heat treatment at a
cooling rate of 5.1 °C/s, result in different volume

ISSN 2409-9066. Sci. innov. 2024. 20 (6)

fractions of residual austenite of 7.8%, 8.9%, and
11.3%, respectively. These findings have highligh-
ted the direct influence of the cooling rate after
billet crystallization on the final microstructure
of the trial steel both on the surface and in the
center of the billet after heat treatment at various
cooling rates in the range of 0.2—5.1 °C/s. The
hardness of the trial samples has been measured,
revealing the effect of the post-treatment cooling
rate on both the microstructure and the mechani-
cal properties, specifically hardness (Fig. 9).

The results of the research have shown a pat-
tern of changes in the hardness and microstruc-
ture depending on the cooling rate after crystal-
lization at 60 °C/min, 29 °C/min, and 7 °C/min
across the cross section of the trial billet and after
heat treatment at different cooling rates in the
range of 0.2—5.1 °C/s. It has been found that the
microstructure of the trial steel after heat treat-
ment at different cooling rates in the range of
0.2—5.1 °C/s retains a hereditary influence de-
pending on the cooling rate after crystallization
at 60 °C/min, 29 °C/min, and 7 °C/min along the
cross section of the trial billet.

Dispersion of structural components is promi-
sing from the point of view of increasing the level
of values and homogeneity of a complex of me-
chanical properties, simultaneously increasing
the characteristics of strength and plasticity.

CONCLUSIONS

1. The research has established an inverse rela-
tionship between the density of the dendritic
structure and the sphericity of the final granular
bainite structure. It has been observed that the
formation of the dendritic structure in alloyed
bainitic steels differs from that in carbon steels.
Specifically, the density of the dendritic structu-
re varies between 2.7 and 1.5, while the spherici-
ty of granular bainite ranges from 0.15 to 0.36,
depending on the cooling rate, which has been
found to be between 60 °C/min and 7 °C/min
across the cross section of trial steel containing
0.37% carbon.
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2. A direct relationship between the initial
cooling rate after crystallization across the cross
section and the final volume fraction of structural
components in the trial steel has been demon-
strated. At a cooling rate of 0.2 °C /s, the resulting
structure consists of ferrite and pearlite. At a crys-
tallization cooling rate of 29 °C/min, the ferrite
content in the steel increases to 25.0%. In this ca-
se, ferrite is accompanied by coarse lamellar pe-
arlite. When the cooling rate drops to 7 °C/min,
the ferrite content rises to 32.5%, and there is a
corresponding increase in the volume and interla-
mellar distance of coarse-lamellar pearlite, as com-
pared with those at a cooling rate of 29 °C/min.
At a cooling rate of 1.3 °C/s, it has been observed
that a high cooling rate of 60 °C/min results
in a significant amount of acicular martensite
(34.9%) and residual austenite (6.1%). When the
cooling rate after crystallization is 29 °C/min,
the volume fractions of martensite and austenite
decrease to 28.0% and 2.2%, respectively. At a
cooling rate of 7 °C/min, these fractions further
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BIINB YMOB OXOJIO/PKEHHS EKOHOMHOJETOBAHOT CTAJIT BEUHITHOTO KJIACY
HA IIAPAMETPU JEHAPUTHOI CTPYKTYPU TA COEPUYHICTD ITPAHYJIAPHOTO BEMHITY

Beryn. Haituacrinme kpucrasmisariiss MeTasiB i CIJIaBiB IPU3BOAUTH 0 YTBOPEHHS PO3TATYKEHUX JAeHAPUTHUX KPUCTAIB.

IIpoGaemaTuka. BeraHoBIIeHHsI 3aKOHOMIPHOCTEN BIUIMBY YMOB KpHCTa/Ii3alii Ha (hoOpMyBaHHsI IIEPBUHHOI JIEHAPUTHOI
CTPYKTYPH BYTJICLIEBUX CTaJIell € OJJHUM 3 OCHOBHUX 3aB/laHb JOCJIIKEHHS M1POIeCy CTPYKTYPOYTBOPEHHS.

Mera. BeranoBuTy BILUIMB 3MiHU HIBHIKOCTI OXOJIOKEHHST 110 TIepepi3y 3iuBKa craii GeitnitTaoro xiacy 3 0,378 % C,
1,02 % Si, 1,38 % Mn, 0,77 % Cr, 0,192 % Mo, 0,095 % V Ha riepBuiiy AeHAPUTHY CTPYKTYPY, IUCIEPCHICTD Ta c(hepIIHICTh
CTPYKTYPHOI CKJIa/I0BOI.

Marepiamm i meroau. Metanorpadiunuii anasnis A0CHiIHUX CcTalell BUKOHAHO Ha CBITJIOBOMY MiKPOCKOI Mojeseit
«Neophot 32> 1 «Axiovert 200 M MAT>. BusnaueHHst MiIKPOCTPYKTYPH Ta XapaKTepy XiMiuHOI HEOAHOPIAHOCTI 31liCHEHO i3
3aCTOCYBaHHAM 2—3 % CIMPTOBOro po3unHy asorHoi kuciotu (HNO,) Ta BoaHoro posunny coti, o yTBOPIOEThCS HPU PeaK-
i TpuHiTpodenoy (mikpuHoBOi Krcaotn) i izkoro Hatpy (NaOH). IlizpaxyHok po3mipiB MiJITHOK KOJIUIIHBOI IIEPBUHHOL
JIEHAPUTHOI CTPYKTYPHU Ta KiHIIEBOI CTPYKTYPHU 3p00JIEHO METOIOM BUMIPIOBaHHS JOBKUH B Iporpami «imagef». KontpoJb
TBepocTi 3a BpunesieM poseeHo Ha BunpoOyBasibHiil Mamuti «TB5004». ¥ N0CTiIKeHHSIX 3aCTOCOBAHO Clielliai3oBaHe
nporpamte 3abesneuerns: CalPhad ta Qform.

Pe3yabrati. MikpocTpyKTYpHi [OCIIZKEHHS TTOKA3aJH, IO TIPU 3MiHi HIIJIbHOCTI ACHAPUTHOI CTPYKTYPHU IO TIepepisy
JOCJIIHOTO 3JIMBKY BiIOYyBa€ThCsI 3MiHA CPEPUUYHOCTI, sTKa BU3HAYAETHCS SIK CIIIBBIIHOLIEHHI MaKCUMAIBHOI Ta MiHIMaIbHOT
niaronasiei, rpanyJsipaoro 6eiinity B mianasoni 0,1539—0,3673, mamedti rpanyasipHoro 6eiiHiTy 36iabIIyIOThCS Y ~2,4 pa3u
TIpU 3MEHIIEeHH] MMBU/IKOCTI OXOJIO/KEHHSI TI0 TIepepi3y 3JnuBKY B Aiamazoni 60—7 °C/xs.

BucHoBku. Becranosieno 3BopoTHil 3B’ 130K MIIJIBHOCTI IEHAPUTHOI CTPYKTYPH Ta c(HepUIHOCTI KiHIIEBOI CTPYKTYPH Tpa-
HyJIsIpHOTO O¢iiHiTy. JIuciepryBatHs CTPYKTYPHUX CKJIAJ0BUX € HEPCICKTUBHUM 3 TOUKH 30Dy IIIBUICHHS PIBHSI 3HAYECHb I
OJIHOPIZTHOCTI KOMILIEKCY MEXaHIUHUX BJIACTUBOCTEN, O/IHOYACHOTO TiAIBUIIIEHHSA XapaKTePUCTUK MIITTHOCTI Ta MJIACTUYHOCTI.

Kmouosi crosa: GeliHit, sanisHudna peiika, AeHapuT, chepudHicTh, 3a1€KHICTh, IMBUAKICTD OXOJTOZKEHHS,
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