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Abstract. The development of modern science and technology has shown that ensuring high product quality depends not
only on the operational characteristics of materials, but also on their technological properties. In the production of aluminum
alloys, ingots are most commonly used as the initial material for wrought alloys, while shaped castings are used for casting
alloys. One of the most widespread defects occurring during the production of castings and ingots is hot cracking, which is the
tendency of a material to form crystallization cracks during solidification. The problem of hot cracking is particularly relevant
in the development and production of new high-strength and heat-resistant aluminum alloys, since the ranges of their chemical
compositions often coincide with regions of increased hot cracking susceptibility. A pronounced tendency of alloys to hot
cracking during casting and fusion welding significantly complicates, and in many cases makes practically impossible, their
introduction into mass production despite their valuable service properties. As a rule, reducing hot cracking susceptibility in
the development of new alloys is achieved through lengthy and labor-intensive experimental studies. This paper considers a
method for evaluating the hot cracking susceptibility of aluminum alloys using the pencil test. The physical nature of the hot
cracking phenomenon is described, the principle of the method is presented, and the testing procedure and analysis of the re-
sults are outlined. In addition, a schematic representation of the hot cracking test according to the pencil test method and a list
of references are provided.
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1. Introduction

Aluminum alloys are rightfully regarded as among the
most significant materials in modern engineering. This is
o0yciosed by the possibility of achieving a unique combina-
tion of key service properties, including strength, ductility,
corrosion resistance, and others. The development of eco-
nomically alloyed compositions requires precise control of
alloying element concentrations. Improper dosing or the
inability to regulate the composition of secondary aluminum
significantly complicates the production of secondary eco-
nomically alloyed aluminum alloys.

Depending on the alloy system, alloying elements are
classified as principal elements, minor additions, and impuri-
ties. In most cases, strengthening is achieved through solid-
solution hardening and precipitation hardening. Furthermore,
the content of alloying elements influences the casting prop-
erties of the alloy, which in turn determine its processability
and suitability for industrial applications [1, 2].

An analysis of research findings on alloying elements in-
dicates a broad spectrum of their influence on alloy charac-
teristics, depending on processing conditions. Aluminum
alloys in which magnesium is the principal alloying element
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belong to the class of non-heat-treatable alloys strengthened
predominantly by solid-solution hardening. These alloys are
characterized by low density, good machinability and welda-
bility, and excellent corrosion resistance. The Mg content has
a pronounced effect on the grain size in cast Al-Mg alloys.
In direct chill (DC) casting, a fine-grained microstructure of
the as-cast material is generally desirable. Grain refinement
affects the mechanical properties of the solidified material,
the kinetics of homogenization treatment, formability, defect
formation during subsequent thermomechanical processing,
and the quality of anodizing. During solidification, grain
refinement directly influences porosity formation, suscepti-
bility to hot cracking, the nature of macrosegregation, and
the scale of microsegregation. At low temperatures, alumi-
num alloys with submicron grain sizes have been shown to
exhibit higher elongation and yield strength compared to
their coarse-grained counterparts [3, 4].

In recent years, improvements in strength and ductility of
aluminum alloys have been achieved through the develop-
ment of complex microstructures incorporating either re-
duced grain sizes (ultrafine-grained and nanocrystalline ma-
terials), grain size distributions (bimodal microstructures),
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strengthening particles, or combinations thereof. Optimiza-
tion of such microstructures requires a fundamental under-
standing of the properties of conventional coarse-grained
base alloys [5]. Furthermore, Mg retards dynamic recrystalli-
zation and suppresses the growth of recrystallized grains
during annealing. Magnesium is recognized as the primary
solid-solution strengthening element in Al-Mg alloys. With-
in a certain compositional range, both strength and ductility
increase with increasing Mg content. The susceptibility of
Al-Mg alloys to corrosion and stress corrosion cracking is
associated with the precipitation of the Mg-rich B-phase
(AlsMgy), rather than with mere elemental magnesium en-
richment at grain boundaries below the critical enrichment
level [6, 7].

Alloying elements such as Zn, Mn, Cu, Cr, Si, and others
added to aluminum alloys can effectively modify the micro-
structure, refine the grain structure, remove dissolved gases
and harmful impurities, reduce crack initiation sites, and
thereby enhance the overall performance of aluminum. The
addition of chromium to 6061 aluminum alloy may lead to
the formation of a-Ali2(Fe,Cr)sSi dispersoids during homog-
enization. However, continuously cast ingots do not undergo
a homogenization stage and are rolled directly after casting.
Therefore, it is of interest to determine the effect of chromi-
um addition on the microstructure and mechanical properties
of continuously cast 6061-T6 rod. Microstructural examina-
tion of a 0.5-inch diameter continuously cast and rolled 6061
w/Cr T6 rod revealed a fully recrystallized microstructure
with pancake-shaped grains, indicating the presence of dis-
persoids in the aluminum alloy. Transmission electron mi-
croscopy (TEM) analysis confirmed the presence of a-
Ali»(Fe,Cr)sSi dispersoids in the T6 rod microstructure. X-
ray diffraction (Guinier method) showed that the 6061 w/Cr
T6 rod contained a-Ali2FesSi and a-Alio(Fe,Cr)sSi phases,
whereas the chromium-free 6061-T6 rod contained only the
B-AlgFe,Si, phase. Tensile test results demonstrated that the
addition of chromium to the 6061-T6 rod significantly im-
proved its ductility [8].

The principal strengthening mechanisms in aluminum al-
loys are strain hardening, solid-solution strengthening, and
precipitation hardening; in many cases, one of these mecha-
nisms predominates. In most applications of Al-Mn (3XXX)
and Al-Mg (5XXX) alloys, both strain hardening and solid-
solution strengthening are significant, while minor additions
of Cu can further increase strength through limited precipita-
tion hardening. These alloy systems have been extensively
used for decades in beverage can production. In addition,
aluminum alloys are increasingly employed as automotive
body sheet materials to reduce vehicle weight and thereby
improve fuel efficiency and reduce emissions. For this appli-
cation, 5XXX alloys with Cu additions are considered highly
promising candidates due to their excellent formability, ade-
quate strength, and the benefits of precipitation hardening
during paint-bake treatment resulting from Cu additions.
Alloys used in beverage can and automotive applications are
typically subjected to hot and/or cold rolling to produce sheet
products. During processing of Cu-containing alloys, precipi-
tation of strengthening phases occurs both during hot and
cold rolling and during post—cold-rolling heat treatment. In
both cases, precipitation alters the yield strength and work-
hardening behavior, thereby influencing subsequent pro-
cessing steps. For beverage can applications, cold-rolled
alloys are used in the strain-hardened condition. In contrast,

for automotive body sheet applications, the alloys are sup-
plied to manufacturers in the O temper (annealed condition)
due to stringent requirements for superior formability during
panel forming. For both applications, further thermal expo-
sure occurs during coating/painting and subsequent baking.
During these processes, both recovery and precipitation reac-
tions take place [9].

Alloys of the composition Al-5.8Mg—0.4Mn-0.25Sc—
0.1Zr (wt.%) were produced by conventional metallurgical
processing using water-cooled copper molds under active
flux protection. The recrystallization temperature and nuclea-
tion mechanism were investigated by hardness testing, opti-
cal microscopy, and transmission electron microscopy
(TEM). The results indicate that the recrystallization re-
sistance can be significantly improved by adding small
amounts of Sc and Zr to the AI-Mg—Mn alloy. This is evi-
denced by a substantially higher recrystallization temperature
(450 °C) compared to that of the Sc- and Zr-free AI-Mg—Mn
alloy (150 °C). The pronounced increase in recrystallization
temperature is primarily attributed to the strong pinning
effect exerted by highly dispersed Als(Sc,Zr) particles on
dislocations and subgrain boundaries. The recrystallization
process reveals a nucleation mechanism involving not only
subgrain coalescence but also subgrain growth [10].

Fe is generally regarded as an impurity element in alumi-
num alloys because it promotes the formation of brittle in-
termetallic compounds during solidification, such as needle-
like and platelet morphologies, which increase susceptibility
to cracking during subsequent plastic deformation. This
behavior is associated with the formation of the Fe-
containing B-Al-Fe-Si intermetallic phase during solidifica-
tion. This phase tends to form coarse plate-like particles
whose sharp edges act as stress concentrators, thereby reduc-
ing ductility. In addition, pre-eutectic B-Al-Fe-Si platelets
hinder effective feeding by blocking liquid metal flow, which
promotes shrinkage porosity. The presence of solid interme-
tallic particles also decreases melt fluidity. The formation
and growth of Fe-containing intermetallic phases strongly
depend on solidification conditions, particularly the cooling
rate and the presence of other alloying elements. A common
approach to modifying the morphology of Fe-containing
intermetallics is the addition of manganese to the melt, which
transforms the platelet f-phase into the cubic a-Al-(Fe,Mn)—
Si phase with a “Chinese script” morphology that is less
detrimental to mechanical properties [11, 12].

Currently, approximately 75% of all aluminum ever pro-
duced remains in circulation. In Europe, more than half of
total aluminum production originates from secondary sources
(European Aluminium Association, 2018). According to
IndexBox Marketing research data, up to 100% of new scrap
(production waste, stampings, rejected parts, etc.), up to 90%
of aluminum from the transport sector (end-of-life automotive
components and body panels), up to 85% of scrap from the
construction sector (structures, fittings, etc.), and up to 80%
of scrap from the electrical industry (cables, conductors,
equipment) are recycled. If aluminum scrap is not properly
refined, exogenous factors such as dissolved gases, oxide
inclusions, and impurity elements may lead to stress concen-
tration and significantly deteriorate mechanical properties
while simultaneously reducing service life. The presence of
iron as a major impurity element in secondary aluminum
alloys further aggravates these adverse effects on mechanical
performance, casting characteristics, and corrosion resistance.
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Alloy behavior during casting is governed by various
physicochemical properties (liquidus and solidus tempera-
tures, heat capacity, thermal conductivity, gas solubility,
etc.), which in turn determine technological casting proper-
ties such as fluidity, volumetric and linear shrinkage, suscep-
tibility to hot tearing, and macrosegregation.

To quantitatively evaluate casting properties, various
technological tests have been developed. During casting, the
solidification period is of primary importance, and most
casting characteristics are closely associated with alloy be-
havior in this interval. The processes occurring during crys-
tallization depend on the type of phase diagram and the al-
loy’s position within it. Consequently, chemical composition
has a decisive influence on casting performance [13].

Accordingly, the development of new alloys and the im-
provement of existing ones require a scientifically grounded
approach that ensures not only high strength, heat resistance,
and other service properties but also high resistance to hot
cracking. Over recent decades, several criteria have been
proposed to assess hot cracking susceptibility, including
strength-based, ductility-based, and strain-rate-based criteria,
as well as alternative criteria for semi-continuous ingot cast-
ing. All of these criteria are determined either experimentally
or through combined experimental-analytical approaches.
The selection (or development) of an appropriate criterion
depends on the specific casting technology, available materi-
al parameters, and must be validated experimentally. How-
ever, none of the existing criteria enables prediction of hot
cracking susceptibility of casting alloys directly from techno-
logical test data. Therefore, the search for a universal criteri-
on capable of predicting hot tearing susceptibility based on
alloy composition remains a highly relevant task. Such a
criterion would provide an essential complement to mathe-
matical modeling and thermodynamic calculations, which are
increasingly used in the development of new alloys for com-
prehensive prediction of service properties.

The influence of composition and structure on hot crack-
ing susceptibility is commonly evaluated using specialized
technological tests. Many of these are ring-type tests. Anoth-
er widely used method, often referred to as the “pencil test,”
employs a permanent metal mold (die) for casting rod-shaped
specimens with enlarged heads. These dumbbell-shaped
specimens have identical circular or square cross-sections
and differ only in the length of the gauge section between the
heads. The greater the length, the larger the restrained linear
shrinkage, which promotes hot cracking under the constraint
imposed by the rigid mold. The minimum (critical) specimen
length at which a crack appears serves as a measure of the
alloy’s resistance to hot cracking. In another variant of the
pencil test, specimens have identical lengths but different
diameters; in this case, the smallest diameter at which a crack
forms is used as the measure of hot tearing susceptibility.
The geometry of the test creates non-uniform cooling and
shrinkage conditions: the thinner section solidifies more
rapidly, while the thicker section cools more slowly. As a
result, tensile stresses arise in the transition zone, promoting
hot crack formation when the alloy exhibits insufficient
strength and ductility during solidification.

The effect of impurities on hot tearing susceptibility is
manifested primarily through changes in ductility. Impurities
may broaden or narrow the brittle temperature range and
increase or decrease elongation within this interval. Control

of impurity content, including specification of both upper
and lower limits, can raise the solidus temperature, alter the
quantity and distribution of low-melting constituents, and
significantly reduce hot cracking susceptibility.

Grain refinement, particularly the transition from a co-
lumnar to an equiaxed structure, narrows the brittle tempera-
ture range, increases elongation within this range, lowers the
temperature of onset of linear shrinkage, and reduces its
magnitude within the solidification interval. These factors
increase the ductility reserve in the solid-liquid state and
reduce hot tearing susceptibility. Conversely, grain coarsen-
ing and the development of a columnar crystal zone, caused
by excessive melt superheat and prolonged holding, general-
ly increase hot cracking susceptibility. Grain modification by
minor alloying additions can substantially reduce hot tearing
tendency [14].

2. Materials and methods

The objects of investigation were alloys based on the
nanocomposite Al-Zn—Mg system with varying Zn and Mg
contents up to 6 wt.%, containing eutectic-forming additions
such as nickel, iron, and manganese, provided that these
elements participate in eutectic phase formation. Thermody-
namic calculations were performed using the Thermo-Calc
software package, which has demonstrated reliability in the
analysis of phase composition in economically alloyed alu-
minum alloys. Software for phase diagram calculation and
thermodynamic property evaluation has been developed
since the 1970s. The Thermo-Calc package is produced by
Thermo-Calc Software (TCS), founded in 1997 as a spin-off
from the Department of Materials Science and Engineering at
the Royal Institute of Technology (KTH, Stockholm, Swe-
den). The software is the result of many years of research
conducted at KTH and through international collaborative
R&D projects. Thermo-Calc Software is one of the most
experienced providers of numerical simulation tools in the
field of materials development and research.

Thermo-Calc is widely used worldwide and is among the
most frequently applied tools for thermodynamic modeling.
Its advantages include not only standard equilibrium calcula-
tions and evaluation of thermodynamic quantities based on
assessed databases, but also advanced simulation capabilities.
For example, the DICTRA module enables accurate diffusion
modeling in multicomponent alloys. The program operates
on a universal Gibbs energy global minimization algorithm,
allowing calculations for multicomponent systems (up to 40
components) without predefined initial approximations. In
addition to phase diagram construction, the software enables
calculation of thermodynamic properties of phases (Gibbs
energy, enthalpy, heat capacity, etc.), metastable equilibria,
and related quantities. Thermo-Calc also allows the use of
multiple thermodynamic databases employing different
phase models within a given system [15, 16]. Hot tearing
susceptibility (HTS) was evaluated using the pencil test.

In this test, molten aluminum alloy is poured into a perma-
nent metal or sand mold of specified geometry. After complete
solidification, the casting is removed and subjected to visual
inspection. Particular attention is paid to the transition region
between the thin and thick sections, where crack initiation is
most likely. Assessment is based on the presence, length, and
morphology of cracks. In some cases, a rating scale is applied
to enable quantitative comparison of hot tearing susceptibility
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among different alloys. The pencil test is characterized by
procedural simplicity, clarity of results, and rapid comparative
evaluation of various aluminum alloy compositions. The
method does not require complex equipment and is widely
used in both academic and industrial practice.

016 ku H 912 H 910
1 | B | |

Figure 1. Schematic representation of the pencil test for hot-
cracking susceptibility

The Al-Zn—Mg—Ni—Mn system is of considerable interest
because it allows the incorporation of relatively inexpensive
alloying elements such as nickel and manganese. A small
amount of iron is also present in the system, contributing to
the alloy’s properties. The combined presence of Fe, Ni, and
Mn promotes the formation of a significant fraction of ter-
nary eutectic constituents, such as (Al)-Als(Fe,Mn)-AlsFe,
which is expected to enhance the casting properties of the
alloys.

3. Results and discussion

Alloys based on the Al-Zn-Mg system with varying Zn
and Mg contents up to 6%, at a Zn/Mg ratio of 1:1, and with
additions of nickel, iron, and manganese-under the condition
that these additions enter eutectic-origin phases-were select-
ed as the objects of investigation.

Prior to experiments on the influence of various elements
on the structure of the matrix alloys, polythermal sections for
alloys with different Zn and Mg contents located within the
(Al + T) phase field were constructed using the Thermo-Calc
software [16]. Figure 2 presents one of the polythermal sec-
tions for different contents of transition metals.

The constructed sections indicate that, with increasing Zn
and Mg concentrations in aluminium, alloys containing more
than 5% Zn should also contain more than 5% Mg in order to
remain within the a-phase field Al-T(Al,MgsZns), since it is
in these alloys that the maximum strength level is achieved.

There is a direct relationship between an alloy’s tendency
to form cracks under constrained shrinkage and the magni-
tude of the effective solidification interval (the difference
between the temperature at the onset of linear shrinkage and
the solidus temperature). Within the same alloy system, as
the effective solidification interval increases, the propensity
for crack formation increases. At a constant shrinkage devel-
opment rate, the density and ductility of the surface layer of
the casting increase. However, in alloys with a small effec-
tive solidification interval (eutectic alloys and pure metals),
the heat extracted by the mould promotes the formation of a
thin but fully solidified shell. In contrast, in alloys with a
large effective solidification interval, the formation of a solid
structure proceeds in a dispersed manner within the solidify-
ing, non-ductile and low-strength two-phase region. There-
fore, under otherwise equal conditions, such alloys are more
prone to hot cracking.
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Figure 2. Polythermal sections of the Al-Zn-Mg-based alloy
system with transition-metal additions, calculated using Thermo-
Calc software (version TCW-5, TTAL5 database): (a) Al-5Zn—
5Mg-Mn; (b) AI-5Zn-5Mg—4Ni-Mn

The effective solidification interval (ESI) was determined
using the Thermo-Calc software package, where curves were
generated by the Scheil calculation method for the Al-Zn-Mg-
Ni-Mn system with different Zn and Mg contents (Figure 3).

To determine the hot-cracking index (HCI), i.e., the sus-
ceptibility of alloys to hot-crack formation during casting,
experiments were conducted using the pencil test.

Hot cracking occurs within the temperature range be-
tween the liquidus and solidus, when the metal is in a semi-
solid state. During this period, the material exhibits low
strength and limited ductility. The main causes of hot-crack
formation in aluminium alloys include:

—a wide solidification interval;

— the presence of alloying elements that form low-melting
eutectics along grain boundaries;

— non-uniform shrinkage during solidification;

— the development of tensile thermal stresses.

In the pencil test, the thin section of the specimen solidi-
fies more rapidly, whereas the massive section crystallizes
more slowly. Tensile stresses develop in the transition zone
between the sections; for alloys with high hot-cracking sus-
ceptibility, these stresses lead to crack formation.

During the experiments, the alloys were poured into a cold
and a preheated mould. The temperature of the cold mould was
25°C, which is considered optimal, while the temperature of the
heated mould was 150°C. Conducting experiments at different
mould temperatures is motivated by the fact that casting into
a cold mould produces higher stresses and a relatively high
solidification rate, increasing the probability of cracking.
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Figure 3. Effective solidification intervals (ESIs) of Al-Zn-
Mg-based alloys with transition-metal additions, calculated using
Thermo-Calc software (version TCW-5, TTALS5 database): (a) Al-
3.5Zn-3.5Mg-4Ni-1Mn; (b) Al-6Zn-6Mg—3Ni-1Mn

LB W —

This procedure makes it possible to determine whether
the alloy is weldable. When casting into a heated mould, the
conditions are less severe; moreover, most industrial high-
strength aluminium alloys are poured into heated moulds in
production practice, since otherwise it is impossible to obtain
defect-free ingots. Figure 4 shows aluminium alloy speci-
mens cast into hot and cold moulds; at a diameter of 12 mm,
a fracture occurred at the base of the head.

Figure 4. Aluminium alloy specimens tested for hot-cracking
susceptibility using the pencil test

The results of the pencil-test experiments, expressed as
the hot-cracking index (HCI), are summarized in Table 1 for
the investigated alloys cast into cold (25°C) and preheated
(150°C) molds. For comparison, the table also includes the
corresponding HCI values reported for the Al-4Zn-Mg and
VAL-12 casting alloys [14]. These data provide a basis for
evaluating the effects of alloy composition and mold temper-
ature on hot-cracking susceptibility.

Table 1. Hot-cracking indices (HCI) of the alloys

Alloy HCl at 25°C, HCl at 150°C, mm

mm (cold mold) (preheated mold)
Al-4Zn-Mg alloy [14] >16 16
VAL-12 aluminum casting alloy [14] >16 >16
Al-3.5Zn-3.5Mg-4Ni-1Mn 14 12
Al-6Zn-6Mg—-3Ni-1Mn 16 14

As shown in Table 1, the Al-3.5Zn-3.5Mg-4Ni-1Mn al-
loy exhibited the lowest HCI values under both casting con-
ditions, reaching 14 mm in the cold mold and 12 mm in the
preheated mold. For the Al-6Zn-6Mg—3Ni—1Mn alloy, the
corresponding values were 16 and 14 mm. Increasing the
mold temperature from 25 to 150 °C reduced the HCI by 2
mm for both investigated alloys, indicating a decrease in
their susceptibility to hot cracking. Compared with the refer-
ence Al-4Zn-Mg and VAL-12 alloys, both experimental
compositions exhibited lower HCI values under the investi-
gated conditions. These results indicate that the proposed
alloy compositions have more favorable hot-cracking charac-
teristics than the reference alloys, with the Al-3.5Zn—
3.5Mg-4Ni-1Mn alloy demonstrating the highest resistance
among the compositions considered.

4. Conclusions

Determination of the hot-cracking susceptibility of alu-
minium alloys using the pencil test is an effective and acces-
sible approach for assessing the tendency of alloys to form
hot cracks. The method makes it possible to identify the
influence of chemical composition and process parameters
on solidification behaviour and casting quality. Despite its
limited accuracy, the pencil test remains relevant as a simple
and informative technique for studying hot-cracking suscep-
tibility in aluminium alloys. The results of the pencil test
enable a qualitative evaluation of the effects of chemical
composition and casting conditions on the hot-cracking ten-
dency of aluminium alloys. Alloys with a narrow solidifica-
tion interval generally exhibit a lower propensity for crack
formation.

As can be seen from the data presented in Table 1, all al-
loys containing a eutectic constituent show lower hot-
cracking indices compared with standard eutectic-free alloys.
Accordingly, alloying with eutectic-forming elements made
it possible to noticeably improve the casting properties. It is
shown that the alloys may be used as casting alloys, since
their HCI values are better than those of standard matrix
aluminium casting alloys. As a result of the experiments, all
alloys containing a eutectic constituent exhibit lower hot-
cracking index (HCI =12 mm) than standard eutectic-free
alloys (HCI = 16 mm). In addition, the level of casting prop-
erties was assessed from the external appearance of thin-
walled castings with respect to the absence of cracks, mis-
runs, and other visible defects.



A. Mailybayeva et al. (2026). Engineering Journal of Satbayev University, 148(5), 1-7

Author contributions

Conceptualization: ADM, GMK, DUS; Data curation:
ADM; Formal analysis: DUS; Funding acquisition: ADM,;
Investigation: ADM; Methodology: DUS; Project admin-
istration: ADM; Resources: ADM; Software: BDB; Supervi-
sion: GMK; Validation: DUS; Visualization: GMK, DUS;
Writing — original draft: ADM; Writing — review & editing:
GMK. All authors have read and agreed to the published
version of the manuscript.

Funding

This research was funded by Science Committee of the
Republic of Kazakhstan for the project «Zhas Galym 2025-
2027», AP25794615 «Research and development of methods
for optimizing the production of secondary aluminium alloys
with improved mechanical properties».

Acknowledgements

The authors express their sincere gratitude to the editor
and anonymous reviewers for their constructive comments
and valuable suggestions, which have significantly improved
the quality of this manuscript.

Conflicts of interests

The authors declare no conflict of interest.

Data availability statement

The original contributions presented in this study are in-
cluded in the article. Further inquiries can be directed to the
corresponding author.

References

[1] Novikov, L.I., Zolotorevskii, V.S., Portnoi, V.K., Belov, N.A,,
Livanov, D.V., Medvedeva, S.V., Aksenov, A.A., & Evseev,
Yu.V. (2009). Metallovedenie (Physical metallurgy). Vol. 2:
Heat treatment and alloys. Moscow, Russia: MISIS.

[2] Zolotorevskii, V.S., & Belov, N.A. (2005). Physical metallurgy
of casting aluminium alloys. Moscow, Russia: MISIS.

[3] Li, H.T., Wang, Y., & Fan, Z. (2012). Mechanisms of enhanced
heterogeneous nucleation during solidification in binary Al-Mg
alloys. Acta Materialia, 60(4), 1528-1537.
https://doi.org/10.1016/j.actamat.2011.11.044

[4] Gholinia, A., Humphreys, F.J., & Prangnell, P.B. (2002). Pro-
duction of ultra-fine grain microstructures in Al-Mg alloys by
conventional rolling. Acta Materialia, 50(18), 4461-4476.
https://doi.org/10.1016/S1359-6454(02)00253-7

[5] Huskins, E.L., Cao, B., & Ramesh, K.T. (2010). Strengthen-
ing mechanisms in an Al-Mg alloy. Materials Science
and Engineering: A, 527(6), 1292-1298.
https://doi.org/10.1016/j.msea.2009.11.056

[6] Mukai, T., Higashi, K., & Tanimura, S. (1994). Influence of the
magnesium concentration on the relationship between fracture
mechanism and strain rate in high purity Al-Mg alloys. Materi-
als Science and Engineering: A, 176(1-2), 181-189.
https://doi.org/10.1016/0921-5093(94)90974-1

[7] Jones, R.H., Baer, D.R., Danielson, M.J., & Vetrano, J.S. (2001).
Role of Mg in the stress corrosion cracking of an Al-Mg alloy.
Metallurgical and Materials Transactions A, 32(7), 1699-1711.
https://doi.org/10.1007/s11661-001-0148-0

[8] Jeniski, R.A. (1997). Effects of Cr addition on the microstructure
and mechanical behavior of 6061-T6 continuously cast and
rolled redraw rod. Materials Science and Engineering: A, 237(1),
52-64. https://doi.org/10.1016/S0921-5093(97)00116-0

[9] Sun, Y.C., Zhang, B., Xu, Z., Wang, H.B., Li, S.L., & Tian, S.Y.
(2022). Microstructure evolution and recrystallization behavior
of hot rolled AA6061 twin-roll casting plate with different man-
ganese contents. Journal of Alloys and Compounds, 918,
165618. https://doi.org/10.1016/j.jallcom.2022.165618

[10] Zhu, Z., & Starink, M.J. (2008). Age hardening and softening in
cold-rolled Al-Mg-Mn alloys with up to 0.4 wt.% Cu. Materials
Science and  Engineering: A,  489(1-2), 138-149.
https://doi.org/10.1016/j.msea.2007.12.019

[11] Wang, Y., Pan, Q.L., Song, Y.F., Li, C., Li, Z.F,, Chen, Q., &
Yin, Z.M. (2013). Recrystallization of Al-5.8Mg—Mn-Sc—Zr al-
loy. Transactions of Nonferrous Metals Society of China, 23(11),
3235-3241. https://doi.org/10.1016/S1003-6326(13)62858-7

[12] Dietrich, B.G., Becker, H., Smolka, M., KeRler, A., Leineweber,
A, & Wolf, G. (2017). Intermetallic sludge formation in Fe-
containing secondary Al-Si alloys influenced by Cr and Mn as
preparative tool for metal melt filtration. Advanced Engineering
Materials, (9), 1700161. https://doi.org/10.1002/adem.201700161

[13] Shurkin, P.K., Belov, N.A., Musin, AFF., & Aksenov, AA.
(2020). A new high-strength casting aluminium alloy based on the
Al-Zn—-Mg-Ca—Fe system not requiring heat treatment. Proceed-
ings of Higher Educational Institutions. Non-Ferrous Metallurgy,
(1), 48-58. https://doi.org/10.17073/0021-3438-2020-1-48-58

[14] Zolotorevskii, V.S., Pozdnyakov, A.V., & Churyumov, A.Yu.
(2014). Search for promising compositions for developing new
multiphase casting alloys based on an Al-Zn—Mg matrix using
thermodynamic calculations and mathematical simulation. Phys-
ics of Metals and Metallography, 115(3), 286-294.
https://doi.org/10.1134/S0031918X13120107

[15] Andersson, J.-O., Helander, T., Hoglund, L., Shi, P.F., &
Sundman, B. (2002). Thermo-Calc & DICTRA, computational
tools for materials science. Calphad, 26(2), 273-312.
https://doi.org/10.1016/S0364-5916(02)00037-8

[16] Thermo-Calc Software. (2006). Software system: Thermodynam-
ic framework and data. Stockholm, Sweden: Thermo-Calc Soft-
ware.

[17] Mailybaeva, A.D., Zolotorevskii, V.S., Smagulov, D.U., &
Islamkulov, K.M. (2017). A study of phase composition and
structure of alloys of the Al-Mg-Si—Fe system. Metal Science
and Heat Treatment, 58(11-12), 724-728.
https://doi.org/10.1007/s11041-017-0085-1



https://doi.org/10.1016/j.actamat.2011.11.044?utm_source=chatgpt.com
https://doi.org/10.1016/S1359-6454(02)00253-7?utm_source=chatgpt.com
https://doi.org/10.1016/j.msea.2009.11.056?utm_source=chatgpt.com
https://doi.org/10.1016/0921-5093(94)90974-1?utm_source=chatgpt.com
https://doi.org/10.1007/s11661-001-0148-0?utm_source=chatgpt.com
https://doi.org/10.1016/S0921-5093(97)00116-0?utm_source=chatgpt.com
https://doi.org/10.1016/j.jallcom.2022.165618?utm_source=chatgpt.com
https://doi.org/10.1016/j.msea.2007.12.019?utm_source=chatgpt.com
https://doi.org/10.1016/S1003-6326(13)62858-7?utm_source=chatgpt.com
https://doi.org/10.1002/adem.201700161?utm_source=chatgpt.com
https://doi.org/10.17073/0021-3438-2020-1-48-58?utm_source=chatgpt.com
https://doi.org/10.1134/S0031918X13120107?utm_source=chatgpt.com
https://doi.org/10.1016/S0364-5916(02)00037-8?utm_source=chatgpt.com
https://doi.org/10.1007/s11041-017-0085-1?utm_source=chatgpt.com

A. Mailybayeva et al. (2026). Engineering Journal of Satbayev University, 148(5), 1-7

MeTtana maTepuaagapabiH bICTHIK CHIHFBIIITHIFBIH 3€PTTEYiH
Kasipri agicrepi

A.J1. Maiinsi6aesal, I'.M. Koitmuna?, JI.V. Cmarynos?, B.JI. Benos?

Satbayev University, Azvamei, Kazaxcman
2«MUCuCy ¥ummuix, 3epmmey mexuono2usavik ynusepcumemi, Mackey, Peceii

*Koppecnonoenyus ywin asmop: g.koishina@satbayev.university

Anpmarna. Ka3ipri 3aMaHfbl FbUTBIM MEH TEXHUKAHBIH JaMybl OYHBIMIAPIbIH KOFAphI CAachlH KAMTaMachl3 €Ty/Ie MaTepu-
anjgapply Naianany KacCHeTTepiMeH KaTap OJIap/IbIH TEXHOJIOTHSUIBIK KACUCTTEPIHIH JIC MAaHBI3Ibl €KCHIH KOPCETTi. AJIFOMHU-
HUH KOpBITIIANApBIH OHAIpyAe AedopMaIisIaHaTEIH KOPBITHANAP YIIiH OacTamkel JalbIHIaAMa peTiHae keOiHece KyiiMa CIu-
TOKTap KOJJIAHBUIAIBI, ajl KYIO KOpBITHAJAphl YIIiH (acoHIpl KyliMamap maiinamaHeuianel. KyiiMamap MEH CIMTOKTapabl
eHJIpy OapbICHIHIA KHi Ke3IECEeTiH aKayIapIablH Oipi - BICTHIK CHIHFBIIITHIK, SIFHU KaTy MPOIECiHAe KPUCTAIIAHY KaphIKTapbl-
HBIH Maia 00JyblHA MaTepHUANIBIH OeHiMaiTiri. bICTBIK KaphIKTapIbIH Maiaa 00y Maceseci acipece Koraphl OCPIKTI JKOHE
BICTBIKKA TO3IMJIi aTIOMHUHUI KOPBITIATIAPBIH 93ipJiey MCH OHIIpY Ke3iHAe ©3¢KTi OObIn TaObuIansl, ce0eli omapaplH XUMHU-
SUTBIK KypaM aiiMakTapbl KOOIHECe BICTHIK ChIHFBIIITHIFBI JKOFAPhl KOPBITIATAPABIH KYpaM aiMaKTapbIMeH coiikec keneri. Kyto
JKOHE OANKBITBII AOHEKepIiey Ke3iH/Ie KOPhITIAIAPAbIH alKbIH BICTHIK CHIHFBIIITHIFBI KYH/IbI Maii/laNaHy KaCHETTEpiHe Kapama-
CTaH, OJap/Jbl CEPUSUIBIK OHJIpICKE EHTi3yl aiTapibIKTail KMBIHAATAbl, ajl KeHOip jkaraiiapia ic jKy3iHOe MYMKIH eMec
eteni. XKaHa KopbITIanapabl a3ipiey 0apbIChIHAA BICTHIK CHIHFBIIITHIKTEI TOMEH/IETY, /ICTTE, Y3aK opi €HOCK CHIABIMIIBI IKCIIE-
PUMEHTTIK 3epTTeyJep apKbUIBI JKy3ere achlpbuiafbpl. Makanana allOMUHUI KOPBITHAJAPBIHBIH BICTHIK CBHIHFBIIITHIFBIH
OarasayIplH KapaHIalll ChIHAMACKI 9/IiCi KapacThIpbUIFaH. bICTBIK CBIHFBIIITBHIK KYOBUIBICHIHBIH (DU3HKAIBIK MOHI CHIIATTAIIBIII,
OMICTIH TPHUHIINII, CBIHAK JKYPri3y O[iCTEMECi JKOHE aJbIHFaH HOTWKEJIepAl Tangay kenripiireH. COHBIMEH KaTap KapaH[alll
CBIHAMACHI 9JIici OOMBIHIIIA BICTHIK CBIHFBIIITHIKTEI aHBIKTAY CHI30aCHI )KOHE MaiJaaHbUTFaH oIeONeTTep Ti3iMi YCHIHBUIFaH.

Hezizzi co30ep: aniomMunuil KOpbIMNAcyl, 36MEKMUKA, bICHIBIKJICAPBLIZLIUMbBIK, KOpcemKiumepi, ae2ipiey, Ky, blCMblK
JACapelKmap, muimoi KpUcmaioany apanvlebl.

COBpeMeHHbIe METOAbI HCCJICA0OBAHUSA IMNOPAYCIOMKOCTH
METAUVIMYECCKUX MAaTCPHUAJIOB
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AHHoTanus. Pa3BuTHe COBpEeMEHHBIX HAyYHO-TEXHUUECKUX HAIPABICHUH MOKA3aJo, 9YTO MpU 00eCIIeYeHUH BBICOKOTO Ka-
YecTBa M3/ENIUH PEeNIalonIylo poJib UTPAIOT HE TOJBKO AKCIITyaTAllMOHHBIC XapaKTePUCTUKH MaTepHaIoB, HO M UX TEXHOJIOTH-
YecKue CBOWCTBA. B NPOM3BONCTBE aJIOMUHHMEBBIX CILIABOB B OOJIBIIMHCTBE CIy4aeB MCXOJHBIM MaTepHaoM JUisi 1eGpopMu-
PYEMBIX CIIJIABOB CIIY’KaT CIMTKH, TOTAA KaK JUIsl JJUTEHHBIX CIUIaBOB NPUMEHSIOTCS (hacoHHBIE OTIIMBKU. OJHAM U3 Hanboiee
pactpocTpaHEHHBIX JIe(eKTOB, BOSHUKAIOIINX MPH MOIYYEHUHU CIUTKOB M OTJIHBOK, SBISETCA TOPSYETIOMKOCTD - CKIIOHHOCTB
Marepuana K 00pa3oBaHUIO KPUCTAUIM3AIMOHHBIX TPEIIMH B IIpolecce 3aTBepieBaHus. [IpobieMa BOZHMKHOBEHUS TOPSYMX
TPEUINH OCOOCHHO aKTyajbHa MPH pa3paboTKe W M3TOTOBICHWH HOBBIX BBICOKONPOYHBIX M KAPONPOYHBIX ATIOMHHHEBBIX
CIIaBOB, TTOCKOJIBKY JHAna3oHbl MX XMMHYECKOTO COCTaBa YacTO COBIAAAIOT C OOJIACTSMH IOBBIIIEHHOW TOPSYEIOMKOCTH.
3HaynTeNbHAs CKIIOHHOCTD CIDTABOB K 00Pa30BaHUIO TOPSYHNX TPEIINH NPH JTUTHE U CBAPKE IIABJICHUEM CYIIECTBEHHO YCIOXK-
HSIET, a B Psifie CIy4aeB JeNaeT NPaKTUYECKH HEBO3MOKHBIM UX BHEJPEHHE B CEPHIIHOE MPOU3BOACTBO, HECMOTPS Ha HAIUUUE
[IEHHBIX AKCIUTYaTaIlMOHHBIX CBOHCTB. Kak MmpaBuio, CHIDKEHHE TOPSYEIOMKOCTH MIPH CO3AaHMUU HOBBIX CIUIABOB JOCTHTAETCS
MyTeM AJIUTENBHBIX U TPYJOEMKUX JKCIEPUMEHTAIbHBIX UCCIeNoBaHUNA. B craThe paccMaTpuBaeTcs METOH OLEHKH ropsie-
JIOMKOCTH aJTIOMHHHMEBBIX CIDIABOB C MIPUMEHEHHEM KapaHJamHoi npoOsl. Onucana gu3nyeckast CynIHOCTh SBJICHUS ropsde-
JIOMKOCTH, W3J10KE€H MPHUHIUI METOJa, IPUBEAECHAa METOAMKA MPOBEIECHUS UCIBITAHUNA U aHAJIN3 MOJIyYEHHBIX PE3yIbTAaTOB.
Taroke mpencraBieHa cxeMa oQOpPMIICHHS MPOOBI TOPSISITIOMKOCTH 10 METOAY KapaHIamnrHOH NmpoObl M MPHUBEIEH IepeueHb
UCIIOJIb30BaHHOM JTUTEPATYPHI.

Kniouegvie cnoea: anomunuesviii cniag, 36meKmuKd, nokazamenu 20paieiomMKocmy, iecuposanue, 1umoe, 20psauue mpe-
wunbl, dPhexmusHvlil UHMEPEaL KPUCIAIIUZAYUY.
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