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Systematic studies of the influence and interrelation of the temperature and
physicotechnological factors on the crystallization and formation of structural
zones in steel castings are carried out. Therefore, research aimed at determining
the boundaries of the optimal influence of the thermal and technological factors
on the processes of crystallization and structural formation of steels is im-
portant for further use of the regularities of the formation of structural zones in
castings to optimize their macro- and microstructures and physical and mechan-
ical properties. Changing the temperature—time conditions of crystallization
and post-crystallization cooling allows for regulating the processes of forming
the structure of steel castings. The phase-structural state and properties of steel
in different structural zones of castings depend not only on the technological
parameters of casting and crystallization, but can also be intentionally modified
by regulating the conditions of solidification and structure formation. The study
investigates the patterns of forming the main macrostructural zones across the
section of castings of carbon hypoeutectoid steels and the quantitative changes
of their length depending on the thermokinetic conditions of crystallization.

Key words: steel, crystallization, structure, structural zones, cooling, melt,
castings.

IIpoBemero cucTeMHi JOCTiAKEHHSA ITO/I0 BILIMBY Ta B3A€MO3B’ I3KY TEeMIIepaTy-
pHUX i (GiBWMKO-TEXHOJOTIUHMUX UMHHUKIB Ha KpuUcTajngisariro Ta (OopMyBaHHIA
CTPYKTYPHHUX 30H KPUIEBUX BUJIMUBKiB. B 3B’A3KYy 3 MM Ba)KJIUBUMU € JOCJIi-
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JIPKEeHHSA CTOCOBHO BU3HAYEHHSA I'PAHUIH ONITUMAJIBHOTO BILINBY TeIIohisnyHIX
i TeXHOJOTIUHNX YMHHUKIB Ha IIPOIIECH KPUCTAIi3aIlil Ta CTPYKTYPOYTBOPEHH A
KpHIIb i3 MOJAJBIINM BUKOPHUCTAHHAM 3aKOHOMipHOCTeil (pOpMyBaHHS CTPYK-
TYPHUX 30H Y BUJIMBKAX JJd ONTHUMIi3arii ixHix Makpo- i MiKpoCTPpyKTYyp i ¢i-
3UKO-MeXaHIYHUX BJIACTHUBOCTeli. 3MiHA TeMIIepaTypPHO-YaCOBUX YMOB KPUCTA-
Jigarii Ta micIAKPHUCTAIi3aIliiHOTO OXOJIOMKEHHS YMOJKJIMBIIIOE PEeryJII0oBaTH
mporecu (popMyBaHHS CTPYKTYPHU KPUIEBUX BUJIUBKIiB. Bim TexHOMOTiUHIX Ta-
paMeTpiB JUTTA Ta KPUCTATizallii s3ajekaTh He TiJIbKH (pasoBO-CTPYKTYPHUMI
CTaH, ajie ¥ BJIAaCTUBOCTI KPHUIIl Y PiSHUX CTPYKTYPHUX 30HAX BUJIMBKIiB, AKi
MOKHA 3MiHIOBATHU, ITiJIECTIPSIMOBAHO PEIJIaMEeHTYIOUM YMOBU TBEPAHEHHS Ta
CTPYKTYPOYTBOpPeHHA. B poboTi mociimixeHo 3aKOHOMIpHOCTI (hopMyBaHHSA OC-
HOBHUX MaKPOCTPYKTYPHUX 30H IIO IePepisy BUIUBKIB ByTJIeIIeBUX JOEBTEKTO-
ITHUX KPHUIIH i KIMBKICHUX 3MiH iXHBOI IIPOTAKHOCTH 3aJIe;KHO BiJ TepMOKiHe-
TUYHUX YMOB KPHUCTATi3aIii.

KarouoBi ciaoBa: Kpuiisi, Kpucrajisalisi, CTpyKTypa, CTPYKTYPHI 30HH, 0XO-
JIOI)KEHHSA, PO3TON, BUJIUBKU.
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1.INTRODUCTION

During the production of cast engineering products, the formation of
macrostructural zones of different morphology, dispersion, and length
is observed in steel castings as the distance from the surface of the cast
product increases.

Despite the usual attempts to ensure the formation of a homogene-
ous fine-grained structure throughout the volume of castings, similar
to products made of rolled steel, in some cases, it is expedient to create
differentiated (gradient) structures in castings to enhance special
properties and working lifespan of cast products. The gradient nature
of the structure of castings and its changes, depending on the thermo-
kinetic conditions of crystallization, determine corresponding changes
in mechanical properties in different sections of the castings, opening
up new possibilities for engineering the structure and properties of
cast products and increasing the competitive capacity of foundry tech-
nologies in engineering [1-6].

Based on the absence of systematic studies in this area, the aim of
this work was to establish the patterns of formation of the main macro-
structural zones across the section of castings of carbon hypoeutectoid
steels and quantify changes in their length depending on the thermo-
kinetic conditions of crystallization.

2. EXPERIMENTAL/THEORETICAL DETAILS

The study was conducted on rectangular castings of 20JI, 45JI, and
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TABLE 1. The chemical composition of steels.

Weight fraction of elements, %
Steel
C Mn Si P S
20J1 0.21 0.52 0.25 0.025-0.030 0.028-0.032
45J1 0.46 0.60 0.23 0.025-0.030 0.028-0.032
VIl 0.69 0.45 0.31 0.025-0.030 0.028-0.032

V7JI steels (Table 1) with dimensions of 115x130x200 mm and a weight
of over 25 kg. The castings were designed to ensure one-sided predom-
inant cooling of the end part of the castings with different intensity of
heat removal V during solidification: 5°C/s (sand mould), 60°C/s (cast
iron mould), 300°C/s (copper water-cooled mould). The steels were
melted in an induction furnace with acidic lining using the same tech-
nically clean raw materials (ISO 4990:2015). The steel was poured at
standard temperatures (T + 50°C). The investigated castings were re-
moved from the moulds after cooling to room temperature.

The liquidus and solidus temperatures in the work were determined
by a calculation method based on the chemical composition of the steels
[7]. The critical points of the investigated steels were also determined
by a calculation method [8] (Table 2).

When choosing the steels for experimental castings, the aim was to
investigate the influence of not only the heat transfer conditions (V,
°C/s) but also the temperature interval of steel crystallization (AT, °C)
in a wide range of its changes, on the processes of structure formation,
as determining parameters (Table 2).

The studies were carried out on specimens taken from the central
longitudinal part of the castings, which were crystallized under condi-
tions of directed one-sided heat transfer.

Interpolation models and their graphical representations were at-
tained through the processing of experimental data using linear re-
gression analysis [9, 10] and software (Statgraphics, Mathcad), allow-
ing for a quantitative assessment of the established patterns of struc-
tural gradient of the studied steels dependent on the temperature
range of crystallization (AT, °C) and cooling rate (V, °C/s) during crys-

TABLE 2. Temperature characteristics of the studied steels.

Steel Ty, °C Ts, °C AT, °C Acy, °C Acs, °C
20J1 1510 1470 40 726 841
45J1 1485 1415 70 724 768

Y11 1470 1357 115 735 746
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tallization and structure formation.

3. RESULTS

Metallographic analysis (Fiig. 1) revealed that the macrostructure of
the investigated castings consists of four main structural zones: a chill
zone of small equiaxed grains, a zone of columnar grains formed by
transcrystallization oriented in the direction of the main prevailing
heat removal, a transition zone of branched dendritic-like grains, and a
zone of large equiaxed grains in the central volumes of the castings.
The chill zone, which is formed under the conditions of a significant
temperature gradient and rapid cooling during the very short period of
the beginning of solidification, up to the formation of the casting gap,
changes according to the increase in carbon content in steels and rang-
es from 0.25-0.35 mm (for sand moulds) and 0.5—1.0 mm (for copper
water-cooled moulds), and is not considered in our further research.
The zone of columnar crystals during solidification in the sand
mould (V=5°C/s) is most developed in the casting of low-carbon steel

Fig. 1. Structural changes across the cross section of steel ingots under dif-
ferent conditions of crystallization: normal cooling, 20JI (a), intensive cool-
ing 20JI (b), normal cooling, ¥Y7JI (¢), intensive cooling Y7JI (d).
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20JI and is of 64 mm; for steel 45J1, it is of 49 mm; for steel ¥Y7JI, it is
of 31 mm (Fig. 2). Under conditions of more intense heat removal in
the cast iron mould (V=60°C/s), the zone of columnar crystals increas-
es to 75 mm (steel 20JI). When the cooling rate increases to 300°C/s,
the columnar zone reaches maximum values for steel 20JI 90 mm, steel
45J1 and steel Y7JI, of 85 and 72 mm, respectively.

The transition structural zone of branched dendrite growth during
solidification in sand form has a maximum length of 88 mm in the cast-
ing of steel 20JI, of 79 mm in steel casting 45JI and of 38 mm in steel
casting V7JI. Increasing the cooling rate of the melt to 60°C/s and
300°C/s leads to a reduction in the length of this zone to 80 and 70 mm,
respectively (steel 20JI), to 70 and 48 mm (steel 45JI), to 35 and 32 mm
(steel Y7JI).

The length of the zone of equiaxed crystals in the deeper volumes of
castings is mainly determined by the thermal conductivity of the
steels, which is associated with their carbon content, as well as the
width of their temperature interval of crystallization. It changes dur-
ing solidification in a sand mould from 48 mm to 72 mm and 131 mm in
the castings of steels 20JI, 45J1 and Y 7JI, respectively, and during so-
lidification in ironmould, it changes from 45mm to 70mm and
121 mm. Under conditions of high-speed heat removal (copper water-
cooled mould), the length of this zone increases with the increase in
carbon content in the studied steels and amounts to 40 mm, 67 mm and
96 mm, respectively.

Interpolation equations and their graphical interpretations (Fig. 2)
were obtained using regression analysis of experimental results, which
allows for a quantitative assessment of the influence of the investigated
thermokinetic parameters on the gradient of the structure across the
cross-sections of steel castings. The dependence of the length of struc-
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Fig. 2. Changes in the length of the macrostructural zones in castings of car-
bon steels depending on the temperature—kinetic conditions of casting: co-
lumnar zone (a), transition zone (b), equiaxed crystal zone (¢).
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tural zones (L, mm) on the surface cooling rate of castings (V, °C/s) and
the width of the temperature interval of crystallization (AT, °C) for car-
bon hypo-eutectoid steels is described by Eqgs. (1)—(3):

L, =103.6345517681 - 0.1824172167V —0.1975353794AT +
+0.0002461051V? + 0.0006027768V AT — (1)
-0.0030123457AT?, R* = 0.97,
L, =103.6345517681 - 0.1824172167V — 0.19753537T94AT +
+0.0002461051V> + 0.0006027 768V AT — (2)
-0.0030128457AT?, R* = 0.97,

L, =13.4093769999 — 0.0058261552V + 0.7269747596AT +
+0.0001527992V?* — 0.0012668651V AT + 3)
+0.0024691358AT?, R* = 0.99,

where L; is length of the columnar zone (mm), L. is length of the tran-
sition zone (mm), Ls is length of the equiaxed zone (mm), V is surface
cooling rate of castings (°C/c), AT is temperature interval of crystalli-
zation (°C), R?is correlation coefficient.

4. DISCUSSION

The experimental results indicate systematic changes in the morpholo-
gy and extent of macrostructural zones in castings depending on the
determining parameters of crystallization such as cooling intensity
and temperature range of solid-liquid state of the melt.

The maximum values of the columnar zone length (Fig. 1, a) and the
transition zone length (Fig. 1, b) are observed in low carbon steel
(0.21% C) with the smallest temperature range of crystallization
(40°C) during solidification under conditions of rapid melt cooling
(V=300°C/s). When crystallizing at a low cooling rate of the melt
(V=5°C/s), the transition zones in 20JI steel and equiaxed crystal
zones in Y7JI steel show the greatest development, respectively, with a
narrow (AT =40°C) and wide (AT =115°C) temperature range of crys-
tallization.

Graphic interpretations of the obtained regression equations (Fig. 2)
allow estimating the degree of influence of the main parameters of
crystallization (the cooling rate of the melt and the temperature range
of steel crystallization) on the length of the investigated macrostruc-
tural zones in castings.

Thus, an increase in the length of the columnar zone is associated
with a decisive influence of the increase in the cooling rate of the melt,
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while the widening of the temperature range of steel crystallization
leads to a predictable reduction in this zone in castings.

The zone of transition crystals acquires the greatest length under
conditions of slow cooling of the melt in steels with a narrow tempera-
ture range of crystallization. The widening of the crystallization inter-
val in high-carbon steels leads to a significant reduction in the length of
this zone and a weakening of the influence of the cooling rate on it.

The formation of a zone of equiaxed crystals is associated with a deci-
sive influence of the temperature range of steel crystallization on its
length for all investigated modes of cooling the melt during the solidifi-
cation of castings. The widening of the crystallization interval in the
given range of its changes (40—115°C) leads to a significant increase in
this macrostructural zone in the central volumes of carbon steel castings.

5. CONCLUSION

Formation of macrostructural zones in steel castings is an integral
part of the crystallization process and is mainly determined by cooling
conditions. Although the formation of macrostructural zones in steel
castings is an undesirable phenomenon, and many scientific studies are
devoted to combating it and striving to create a homogeneous cast
structure, we have demonstrated the possibility of controlling the pro-
cess of gradient structure formation in order to enhance the special
properties across the cross-section of steel castings.

As part of the research, the influence of thermokinetic parameters
on the gradient structure across the cross-section of steel castings has
been established. It has been shown that the length of the columnar
zone is mainly determined by the rate of cooling of the melt, while the
zones of transition and equiaxed crystals are determined by the tem-
perature interval of crystallization. Moreover, the zone of equiaxed
crystals is almost independent of the degree of heat dissipation from
the surface of the casting.

Our study proposes both qualitative and quantitative methods for
controlling the gradient structure and requires further research to de-
termine the properties across the cross-section of castings depending on
the cooling conditions. Overall, the obtained results of the study regard-
ing the influence of thermokinetic parameters on the processes of crys-
tallization and formation of gradient structures in steel castings open
up new possibilities for predicting and purposefully influencing the
structure formation and mechanical properties of cast steel castings.
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