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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical 

sciences scientific journal has been accepted for indexing in the Emerging Sources Citation 
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate 
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation 
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of 
Science offers to researchers, authors, publishers, and institutions sets it apart from other 
research databases. The inclusion of News of NAS RK. Series of geology and technical 
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the 
most relevant and influential content of geology and engineering sciences to our community. 

 
 
Қазақстан Республикасы Ұлттық ғылым академиясы "ҚР ҰҒА Хабарлары. Геология жəне 

техникалық ғылымдар сериясы" ғылыми журналының Web of Science-тің жаңаланған нұсқасы 
Emerging Sources Citation Index-те индекстелуге қабылданғанын хабарлайды. Бұл индекстелу 
барысында Clarivate Analytics компаниясы журналды одан əрі the Science Citation Index Expanded, 
the Social Sciences Citation Index жəне the Arts & Humanities Citation Index-ке қабылдау мəселесін 
қарастыруда. Webof Science зерттеушілер, авторлар, баспашылар мен мекемелерге контент 
тереңдігі мен сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология жəне техникалық ғылымдар 
сериясы Emerging Sources Citation Index-ке енуі біздің қоғамдастық үшін ең өзекті жəне беделді 
геология жəне техникалық ғылымдар бойынша контентке адалдығымызды білдіреді.  

 
 
НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и технических 

наук» был принят для индексирования в Emerging Sources Citation Index, обновленной версии Web 
of Science. Содержание в этом индексировании находится в стадии рассмотрения компанией 
Clarivate Analytics для дальнейшего принятия журнала в the Science Citation Index Expanded, the 
Social Sciences Citation Index и the Arts & Humanities Citation Index. Web of Science предлагает 
качество и глубину контента для исследователей, авторов, издателей и учреждений. 
Включение Известия НАН РК. Серия геологии и технических наук в Emerging Sources Citation 
Index демонстрирует нашу приверженность к наиболее актуальному и влиятельному контенту 
по геологии и техническим наукам для нашего сообщества. 
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INFLUENCE OF THE GEOMETRIC SHAPE OF THE MOLD  
ON THE CAST BILLET STRUCTURE FOR FORMING PROCESSES 

 
Abstract. The article shows the effectiveness of system analysis based on Shubnikov-Curie symmetry 

principle, in solving problems of thermal effect on the molten liquid metal when it is solidified in a mold. It has been 
suggested that a binary axis, relative to the lateral surface, appears in the ingot structure. In accordance with the 
generalized structure of the billet, geometric structure of crystallites and crystallographic texture are determined by 
the influence of the thermal field during the crystallization of the melt. The thermal field is determined by the 
geometry of the mold and the structural features of its sprue and bottom parts. 

Analysis of the generalized structure of the field of physical activity allows us to optimize the properties of the 
cast billet for subsequent forming processes of semi-finished products for mechanical engineering. This is important 
for the performance characteristics of the finished products. 

It has been experimentally proved that the structure of the cast billet (distribution of grains in the material) 
undergoes changes in accordance with Shubnikov-Curie principles of symmetry, during the crystallization process in 
the molds of various sections. It affects the physico-mechanical properties of the cast billet, including the plastic 
deformation during further forming processes. 

Key words: forming processes, crystallization, symmetry, heat flux, texture, Shubnikov-Curie principle, mold. 
 

Introduction. The production of metallurgical billets consists of two main technological processes: 
1) obtaining a cast ingot by pouring the molten metal into the casting mold; 2) pressure treatment of the 
ingot, mainly rolling. As a result, the billet acquires certain mechanical and crystallographic texture – the 
predominant orientation of its internal components. The crystallographic texture determines the anisotropy 
of the polycrystalline materials properties. 

Formation of properties in the cast billet (i.e. casting) depends on heat removal from the melt into the 
mold during its solidification. The crystallographic texture is responsible for the formation of the physico-
mechanical properties. 

In the known technological metal forming processes, the results of transcrystallization have a 
significant impact on the macro- and microstructure of semi-finished products, as well as their quality. 
This is primarily due to the presence of both globular and axial textures in the ingot [1-3]. Consequently, 
one of the promising ways to improve the physico-mechanical properties of polycrystalline materials is a 
comprehensive consideration of the natural anisotropy of the polycrystalline grains properties (crystallo-
graphic texture) and their geometric shape texture at all stages of technological processing. 

Researches considering texture in wrought alloys are non-systematic and are aimed at solving parti-
cular problems. For example, in 1994, an application was filed and a patent for an invention to improve 
the ingot technology for the production of multilayer rolling was obtained [4]. The results did not attract 
wide scientific attention, apparently due to the lack of a systematic approach.  
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Possible ways to control the crystallization process in order to obtain a given crystal structure of 
ingots and castings are usually limited to the analysis of the methods of grinding crystalline grains in 
conventional casting molds [5,6,7]. 

Methods for obtaining shaped castings with a directional crystal structure (texture) are based on con-
trolling the relation of macrostructural zones in the system: peripheral fine-grained zone – columnar 
crystals – equiaxed crystals. 

The question concerning the microstructure of ingots of wrought alloys (texture) is not considered 
properly. Here, the ingot texture will be understood as features of the structure due to crystallographic 
directions and planes, related by symmetry characteristics to the structure of the thermal field (created by 
the mold during the process of crystallization), as well as the structure of the melt before it is cast into the 
mold. 

The formulation of the research objective and the physical essence of the process. This research 
is carried out with the help of the system analysis, which is based on the generalized Shubnikov-Curie 
symmetry principle [8,9]. The work investigates how the thermal field structure of a casting mold 
influences on the macrostructure of the cast billet. 

The formation of the crystallographic texture of the castings can be studied at thermal and heat-
kinetic levels simultaneously. The study at thermal level is based on the heat-transfer process between the 
boundary surface of the melt and the relatively cold wall of the mold. The basis of heat-kinetic research is 
analysis of crystallization processes.  

Heat-transfer processes will be determined by the generalized structure of the thermal field, which 
can be identified on the basis of the Curie symmetry principle for heterogeneous systems. In this case, the 
heterogeneous system is represented, on the one hand, by the symmetry characteristic of the crystallo-
graphic texture of the anisotropic metal sheet from which the wall of the mold is made. On the other hand, 
it is represented by the symmetry characteristic of the thermal field structure of the melt (due to the cross-
sectional shape and geometric relations of the limiting surfaces of the mold), as well as the influence of 
the pouring conditions and the difference in the heat removal conditions between the bottom and the sprue 
parts of the mold. 

Symmetry of the crystallographic texture of the metal sheet (which is obtained by the method of 
lengthwise rolling and is used for manufacturing of the walls and bottom of the mold) can be represented 
by the following formula. It includes the generating elements of symmetry of the generalized structure of 
the physical field of rolling, characterized by the relation of kinematic and geometric parameters of the 
dynamic system. This system determines the set of generating elements of symmetry and their relative 
position: 

   Gпр = m m 2,                                                                       (1) 
where G is a symmetry group; m – plane of symmetry; 2 – binary axis. 

The structure of the thermal field of the melt relative to the normal of the side surface can be 
represented by an expression that includes the plane of symmetry m relative to the side surface of the melt, 
passing through the axis of the mold, aligned with the Z axis in an orthogonal coordinate system. It 
coincides with one of the symmetry planes (which belong to the symmetry group, describing the structure 
of the thermal field relative to the axis of the mold). In this case, the generalized structure of thermal field 
for the side surface of the ‘melt-mold’ system can be represented in the following way:  

   Gсис = Gпр  Gрасп. = m.                                                            (2) 
According to the Curie principle, the symmetry group of a system is the highest subgroup of 

intersection groups of a system. Thus, the generalized structure of the side surface of the thermal field can 
be described by a single symmetry plane, which is common to the structure of the thermal field and the 
structure describing crystallographic texture of the anisotropic sheet. 

The generalized structure of the thermal field relative to the normal, combined with the axis of the 
mold, is determined by the cross-sectional shape and geometric relationships of the bounding surfaces of 
the mold, as well as the influence of the pouring conditions and the difference in the heat removal condi-
tions between the bottom and the sprue parts of the mold. However, in this case, the structure of the ther-
mal field must be considered for three-dimensional space. It is necessary to take into account the structure 
of the heat removal of the total lateral surface in the volume of the entire melt. The geometrically connec-
ted lateral surfaces are the system-forming elements of the generalized structure of the thermal field. 
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Thermal field isotherms will be determined by the anisotropy of the mold wall. They can be described 
based on the symmetry characteristics of the geometric and crystalline textures, as a response of previous 
methods of processing the materials from which the wall of the mold is made. 

For thin-walled molds, the temperature field can be considered like for two-dimensional space, 
neglecting the direction perpendicular to the plane, which coincides with the plane of the mold wall. In 
this case, the distribution pattern of the thermal field isotherms in the system “side wall of the mold – 
external environment” will be determined by the temperature field of the side surface of the melt in the 
system “side wall of the mold – melt”. 

The physical nature of the isotherms distribution on the wall of the mold is determined by the thermal 
conductivity k [V·m-1·К-1], linking the heat flux h [V/m2] with the temperature gradient dT/dZ via a well-
known formula:  

   dZ

dT
kh  .                                                                       (3) 

In case of real anisotropic materials, the heat flux is not parallel to the temperature gradient; 
therefore, the thermal conductivity is described by the polar tensor of the second rank (which is considered 
to be symmetric for this process). In this case, the symmetry of the polar tensor of the second rank is 
expressed by Neumann’s principle (the main postulate in crystallography) and thermodynamic relations, 
which describe the irreversibility of these processes for heat transfer. So, for the symmetric polar tensor of 
the second rank, the following equality can be created: 

    jiij kk  .                                                                          (4) 

The polar tensor of the second rank, which describes the thermal conductivity, is symmetric relative 
to the main diagonal. Only six independent coefficients have to be determined for the further calculations. 

The value kij is considered in two directions: the direction in which we measure the temperature 
gradient, and the direction in which we measure the heat flux. In general, these directions do not coincide, 
and the analytical form of the relation is:  

    j
iji dZ

dT
kh  .                                                                      (5) 

The minus sign shows that the heat is always directed opposite to the direction of the temperature gradient. 
Based on (1), the components of the thermal conductivity of the symmetric tensor of the second rank 

are calculated as follows: 

    j

i
ij

dZ

dT
h

k  .                                                                        (6) 

They can be presented in the following matrix form:  

    


















321

321

321

333

222

111

kkk
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kij .                                                               (7) 

Considering the influence of anisotropy on the distribution of properties, it is important to accurately 
determine the measured values at the stage of designing the shape and volume of the mold. 

Since metallic materials are mainly used in polycrystalline state, the mechanism of their texture 
formation depends on the structure of the original billet. The distribution of the texture intensity is deter-
mined by the initial crystallographic texture, as a response of the last technological process. In the known 
technological metal forming processes, during the first hot rolling of ingots, the results of crystallization 
have a significant impact on the macro- and microstructure of the billet, as well as its quality. This is 
primarily due to the presence of both the globular an axial texture in the ingot [1]. 

In determining the effect of symmetry on the physico-mechanical properties of semi-finished and 
finished products, four types of symmetry are studied: the symmetry of the original billet, the symmetry of 
the external field effects, the symmetry of the resulting change and the symmetry of the physical proper-
ties of the product [4]. 
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The definition of the symmetry of physical properties is based on the Neumann’s principle: the 
symmetry group of any physical property Gсв should include all the elements of a point group (crystallo-
graphic class) of a crystal Gк. In other words, the group Gк either coincides with the group Gсв, or is its 
subgroup. This statement can be presented, using the elements of the theory of groups: 

    Gк  Gсв.                                                                          (8) 
Mathematically, this condition is expressed by the equality of the tensors T: 

    ܶ….
ᇱ ൌ ܶ…..                                                                     (9) 

Nowadays the idea that the final physico-mechanical properties of semi-finished products and 
operating characteristics of finished products are formed at the process stage has become widely accepted 
[15]. Thus, it is important not only to consider the initial structure of the cast billet, but also to set it when 
designing the specified operational properties of the finished product. 

Based on Shubnikov-Curie principle of symmetry, a technology of directional crystallization in ingots 
was developed, in order to consider their physico-mechanical properties. This is possible due to the specified 
temperature gradient in the considered directions of the heat flux during the ingot crystallization [16-23]. 

Experimental research and discussion of the results. The current paper presents the results of an 
experiment to obtain a casting in a mold of a pentagonal cross section, a physical system for creating a 
controlled heat flux (figure 1 a, b). 

 

  

а) b) 
 

Figure 1 – Pentagonal casting (а) and mold (b) 
 

The source material is an aluminum bar AD 1 (1.5 kg) and an aluminum ingot (1.5 kg). The metal 
was heated in the furnace up to 820°С. 

A steel plate (5 mm thick) was used as the substrate for the metal mold, in order to create directional 
solidification. The lower part of the mold was filled with sandy-clay mixture and placed on a plate (figure 1, b). 

Before being poured, the melt was cooled to the temperature Тfill. = 700° С (controlled by the thermo-
couple). After that, the metal was poured into the prepared mold (unheated, at room temperature). The 
cooling of the casting (60 min) was carried out in the open air. 

The results of the metallographic study of the obtained samples are shown in figure 2. 
 

   
a) b) c) 

 

Magnification: a) 100x; b) 200x; c) 500x 
Figure 2 – Microstructure of aluminum-copper alloy, pentagon casting, pouring at 700 °С,  

unheated mold, cooling outdoors, etching with hydrofluoric acid solution 
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Figure 2 shows that the grain boundaries are viewed weakly, due to the short duration of etching. The 
shape of grains is also very remarkable. They are identical with the geometry of the casting mold. 
However, as it has been mentioned, the heat transfer in different directions is not the same for each point, 
and therefore the grains grow in the shape of irregular pentagons. Nevertheless, extraordinary polycrystal-
lites can also be observed. Their shape coincides almost perfectly with the geometric shape of the mold. 
This fact can be explained by the Curie dyssymmetrization principle. 
 

  

Figure 3 – Macrostructure of an aluminum alloy ingot with the response of the generalized structure of the thermal field 
 

Figure 3 shows the macrostructure of the aluminum alloy ingot, with the response of the generalized 
structure of the thermal field. Geometric texture is clearly expressed there, due to the geometric para-
meters of the heat removal. 

Conclusion. 
1. In order to study the crystallographic texture of the ingot, it is necessary to consider the generalized 

structure of the thermal field as a heterogeneous system. This system is formed by different relations of 
geometrically connected lateral surfaces of the mold and the symmetry characteristics of the melt at heat 
kinetic level. 

2. The effectiveness of system analysis (based on the Shubnikov-Curie principle of symmetrization-
dissymmetrization) in solving problems of thermal effect on the molten liquid metal, is experimentally 
proved. 

3. Based on the system analysis, it can be argued that the billet, obtained by casting into a mold with 
a pentagonal cross-sectional shape according to the presented technology, has reduced ductility and 
elasticity properties and cannot be recommended for further forming processes. 

4. Based on theoretical studies and experimental data, it can be argued that the management of cry-
stallographic texture in casting processes and its consideration in the design of metal forming technologies 
will optimize the properties of semi-finished and finished products for mechanical engineering. 
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ИЗЛОЖНИЦАНЫҢ ГЕОМЕТРИЯЛЫҚ ПІШІНІНІҢ ҚЫСЫММЕН  

ӨҢДЕУГЕ АРНАЛҒАН ҚҰЙЫЛҒАН ДАЙЫНДАМА ҚҰРЫЛЫМЫНА ƏСЕРІ 
 

Аннотация. Металлургиялық дайындама құйып алып кейін қысыммен өңдеу процесінде белгілі меха-
никалық жəне кристаллографикалық текстураға, яғни оның ішкі элементерінің (кристалиттерінің) айрықша 
бағытына ие болады. Біртекті металдың кристаллиттері бір кристалдық құрылысына ие болып кристалло-
графиялық текстурасымен басқаша айтқанда, кристаллографиялық остерінің өзара бағыттарымен айыры-
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лады. Дəл осы кристаллографиялық текстурасы физика-механикалық қасиеттерінің пайда болуына жауапты 
жəне көпкристалдық материалдың қасиеттері анизотропиясын анықтайды. 

Текстура жəне, демек, қасиеттердің пайда болу процесі балқыма қатаю кезінде жылуды балқымадаң 
қалыпқа (изложницаға) беру құбылысына байланысты. Жылу беру процестері жылу өрісінің Кюридің гете-
рогенді жүйелер үшін симметрия принципі негізінде айқындалатын жалпыланған құрылымымен анықта-
лады. Бұл сəтте гетерогенді жүйе бір жағынан қалып қабырғасы жасалған анизотропты металл парағының 
кристаллографиялық текстурасының симметриялық сипаттамасымен білінеді. Екінші жақтан балқыманың 
жылу өрісі құрылымының симметриялық сипаттамасымен көрсетіледі. Ал сол құрылым қалыптың көлденең 
қимасы пішінімен жəне беттерін шектейтін геометриялық қатынастармен, сонымен бірге балқыма құю жағ-
дайларының əсерімен жəне қалыптың (изложницаның) түбі мен құю жақтарындағы жылуды əкету жағдай-
ларының айырмашылығымен анықталады. 

Мақалада изложницада қатайғанда сұйық металл балқымасына жылу əсері есептерін шешу үшін Шуб-
ников-Кюри симметризация-диссимметризация принципі негізінде жүйелің талдау қолданудың тиімділігі 
көрсетіледі. Сығымдама құрылымында бүйірлік жағы бойынша екінші реттік симметрия осі пайда болу 
туралы болжам ұсынады. Дайындаманың жалпыланған құрылымына тиісті, кристаллиттердің геометриялық 
құрылымы жəне кристаллографиялық текстурасы балқыма кристалданған кезіңдегі жылу өрісінің əсерімен 
анықталады. Жылу өрісі изложницаның геометриясымен жəне оның құю мен түп бөліктері құрылысының 
ерекшеліктерімең анықталады. 

Сығымдаманың кристаллографиялық құрылымын зерттеу үшін жылу өрісінің жалпыланған құрылымын 
қалыптың (изложницаның) геометриялық байланған бүйір беттерінің жəне балқыманың жылу-кинетикалық 
деңгейіндегі симметриялы сипаттамаларының əртүрлі қатынастарымен түзілген гетерогенді жүйе ретінде 
қарастыру қажет. 

Физикалық əсер ететін өрісінің жалпыланған құрылымын талдау машина жасауда пайдаланатын жар-
тылай өнімдерді қысыммен өңдеу процестерімен алу үшін құйылған дайындаманың қасиеттерін тиімді етуге 
мүмкіндік туғызады. Осыны дайын бұйымның пайдаланушылық қасиеттерін есепке алу үшін білу қажет. 

Қимасы əртүрлі изложницаларда кристалдану процесінде құйылған дайындаманың құрылымы (мате-
риал көлемінде дəндер таралуы) Шубников-Кюри симметризация-диссимметризация принципіне сəйкес 
өзгеретіндігі эксперименталды көрсетілген. Құрылым өзгеруі өз ретінде құйылған дайындаманың физика-
механикалық қасиеттеріне əсер етеді. 

Түйін сөздер: қысыммен өңдеу, кристалдану, симметрия, жылу ағыны, текстура, Шубников-Кюри 
принципі, изложница. 
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ВЛИЯНИЕ ГЕОМЕТРИЧЕСКОЙ ФОРМЫ ИЗЛОЖНИЦЫ  

НА СТРУКТУРУ ЛИТОЙ ЗАГОТОВКИ ДЛЯ ОБРАБОТКИ ДАВЛЕНИЕМ 
 

Аннотация. Металлургическая заготовка в процессе литья и последующей обработки ее давлением 
приобретает определенную механическую и кристаллографическую текстуру – преимущественную ориен-
тацию составляющих ее внутренних элементов (кристаллитов). В однородных металлах кристаллиты обла-
дают одинаковым кристаллическим строением, но отличаются взаимной ориентацией кристаллографических 
осей – кристаллографической текстурой. Именно кристаллографическая текстура ответственна за формиро-
вание физико-механических свойств и определяет анизотропию свойств поликристаллических материалов. 

Процесс формирования текстуры и, соответственно, свойств зависит от отвода теплоты от расплава в 
форму (изложницу) при затвердевании расплава. Процессы теплопередачи будут определяться обобщенной 
структурой теплового поля, которая может быть выявлена на основе принципа симметрии Кюри для 
гетерогенных систем. В данном случае гетерогенная система представлена, с одной стороны, симметрийной 
характеристикой кристаллографической текстуры анизотропного металлического листа, из которого изго-
товлена стенка изложницы. С другой стороны – симметрийной характеристикой структуры теплового поля 
расплава, обусловленной формой поперечного сечения и геометрическими соотношениями ограничивающих 
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поверхностей изложницы, а также влиянием условий заливки и различием условий теплоотвода между дон-
ной и литниковой частью изложницы. 

Показана эффективность применения системного анализа на основе принципа симметризации-диссим-
метризации Шубникова-Кюри при решении задач теплового воздействия на расплав жидкого металла при 
его затвердевании в изложнице. Выдвинуто предположение о появлении в структуре слитка оси симметрии 
второго порядка относительно боковой поверхности. В соответствии с обобщенной структурой заготовки, 
геометрическая структура кристаллитов и кристаллографическая текстура определяются воздействием теп-
лого поля при кристаллизации расплава. Тепловое поле определяется геометрией изложницы и особен-
ностями строения ее литниковой и донной частей. 

Для исследования кристаллографической текстуры слитка необходимо рассматривать обобщенную 
структура теплового поля как гетерогенную систему, образованную различными соотношениями геометри-
чески связанных боковых поверхностей изложницы и симметрийными характеристиками расплава на 
теплокинетическом уровне. 

Анализ обобщенной структуры поля физического воздействия позволяет оптимизировать свойства 
литой заготовки для последующих процессов обработки давлением полуфабрикатов для машиностроения. 
Это необходимо для учета эксплуатационных свойств готового изделия. 

Экспериментально показано, что структура литой заготовки (распределение зерен в объеме материала) в 
процессе кристаллизации в изложницах различного сечения претерпевает изменения в соответствии с 
принципами симметрии Шубникова-Кюри, что, в свою очередь, оказывает влияние на физико-механические 
свойства литой заготовки, в том числе и на характер пластической деформации в процессе дальнейшей ее 
обработки давлением. 

Ключевые слова: обработка давлением, кристаллизация, симметрия, тепловой поток, текстура, прин-
цип Шубникова-Кюри, изложница. 
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